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Preface 
Rapid advances continue to occur in eve1y area of critical care 
medicine. Since the publication in 1985 of the first edition of 
our comprehensive textbook, Irwin and Rippe's Intensive Care 
Medicine (now in its fifth edition), important breakthroughs 
have occurred in every branch of medicine, surge1y, and 
anesthesiology, revolutionizing the management of critically 
ill patients. Procedures and techniques used to treat such des
perately ill patients have also witnessed significant advances. 
Since the second edition of our book, Procedures and Tech
niques in Intensive Care Medicine, advances have occurred in 
virtually eve1y interventional procedure and technique used in 
the intensive care unit. 

Procedures and Techniques in Intensive Care Medicine (third 
edition) is an outgrowth of our textbook, Irwin and Rippe's 
Intensive Care Medicine, in which procedures and techniques 
have come to occupy increasingly prominent roles. Please note 
that all chapter cross-references in this volume are to corre
sponding chapters in the larger text. We have chosen to publish 
this vitally important information on modern procedures and 
techniques both as the first section of the current edition of 
Irwin and Rtppe's Intensive Care Medicine and in this separate, 
smaller text. We are convinced that this smaller, more portable 
book will continue to be useful not only to the critical care spe
cialist but also to emergency department physicians; surgeons; 
critical care nurses; medical ,  surgical, and anesthesia residents; 
and medical students. 

The third edition of Procedures and Techniques in Intensive 
Care Medicine is a completely updated monograph. Compre
hensive, evidence-based, updated information is included on 
virtually eve1y technique and procedure used in the field of 
adult critical care. Detailed illustrations regarding how to per
form each procedure, along with step-by-step instructions, are 
also included. Thorough, evidence-based discussions address 
indications, contraindications, complications, equipment, and 
ongoing equipment maintenance for conunon procedures 
used in critical care. Tbe procedures and techniques required 
for certification in critical care or tested in internal medicine, 
surgical, or anesthesiology critical care hoard examinations 
are presented and discussed in depth. 

In the current edition, the reader will find comprehensive 
guides to most techniques and procedures performed in 
intensive care. Techniques such as endotracheal intubation 

and pulmonary artery catheterization should be mastered by 
all critical care physicians. Other procedures, such as percuta
neous tracheotomy and percutaneous cystotomy, which were 
once only performed by consulting specialists, are now 
increasingly performed by critical care practitioners and are 
included, along with detailed instructions. Other techniques 
that are still performed by consulting specialists are also 
included, because the i..ntensivist must understand the indica
tions, contraindications, likely results, and complications of 
these procedures. 

Publication of medical textbooks is a team effort. The com
pletion of Procedures and Techniques in Intensive Care Med
icine would not have been possible without the combined 
efforts, talent, and hard work of many fine individuals. We 
have been blessed over the years with wonderful friends, col
leagues, and staff members who have played crucial roles at 
eve1y stage of the preparation of this text. Special gratitude 
and thanks are due Elizabeth Porcaro, Editorial Director of Dr. 
Rippe's laboratory, as well as of this text and our larger text
book, Irwin and Rippe's Intensive Care Medicine. Beth pos
sesses superb organizational skills, a solid background in 
medical publishing, and the work ethic and good humor 
required to bring a textbook to completion. Karen Barrell, 
Administrative Assistant to Dr. Irwin, continued to organize a 
very busy schedule, allowing time to complete this and many 
other editorial tasks. Susan St. Martin, Administrative Assistant 
to Dr. Heard, helped facilitate every aspect of this project from 
start to finish. We also appreciate the continued help of our 
friend and Editor at Lippincott Williams & Wilkins, Craig 
Percy, who always provides encouragement, guidance, and 
great skill throughout the editorial process. 

Finally, we wish to thank our colleagues, students, and fam
ilies, who continue to inspire, teach, and support us. We hope 
that this third edition of Procedures and Techniques in Inten
sive Care Medicine will continue to serve as a useful guide to 
the dedicated physicians who practice critical care and will 
also advance the field of critical care medicine. 

Ric/Jard S. Irwin, M.D. 
fames M. Rippe, M.D. 

Frederick}. Curley, M.D. 
Step/Jen 0. Heard, M.D. 

xi 
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1 .  Airway Management and 
Endotracheal Intubation 

In the emergency room and critical care environment, man
agement of the airway to ensure optimal ventilation and oxy
genation is of prime importance. Although initial efforts 
should be directed toward improving oxygenation and venti
lation without intubating the patient, any prolonged efforts 
eventually require the placement of an endotracheal tube. 
Although endotracheal intubation is best left to the trained 
specialist, emergencies often require that the procedure be 
performed before a specialist arrives. Because intubated 
patients are commonly seen in the intensive care unit (ICU) 
and coronary care unit, all physicians who work in these envi
ronments should be skilled in the techniques of airway man
agement, endotracheal intubation, and management of 
intubated patients. 

Anatomy 
An understanding of the techniques of endotracheal intuba
tion and potential complications is based on knowledge of the 
anatomy of the respiratory passages [l]. Although a detailed 
anatomic description is beyond the scope of this book, an 
understanding of some features and relationships is essential 
to performing intubation. 

NOSE. The roof of the nose is partially formed by the cribri
form plate. The anatomic proximity of the roof to intracranial 
structures dictates that special caution be exercised during 
nasotracheal incubations. This is particularly true in patients 
with significant maxillofacial injuries. 

The mucosa of the nose is provided with a rich blood sup
ply from branches of the ophthalmic and maxillary arteries, 
which allow air to be warmed and humidified. Because the 
conchae provide an irregular, highly vascularized surface, they 
are particularly susceptible to trauma and subsequent hemor
rhage. The orifices from the paranasal sinuses and nasolacri
mal duct open onto the lateral wall. Blockage of these orifices 
by prolonged nasotracheal intubation may result in sinusitis [2] .  

MOUTH AND ]AW. The mouth i s  formed inferiorly by the 
tongue, alveolar ridge, and mandible. The hard and soft pal
ates compose the superior surface, and the oropharynx forms 
the posterior surface. Assessment of the anatomic features of 
the mouth and jaw is essential before orotracheal intubation. 
A clear understanding of the anatomy is also essential when 
dealing with a patient who has a difficult airway and learning 
how to insert newer airway devices such as the laryngeal 
mask airway (LMA; discussed in the section Management of 
the Difficult Airway). 

NASOPHARYNX. The base of the skull forms the roof of the 
nasopharynx, and the soft palate forms the floor. The roof and 
the posterior walls of the nasopharynx contain lymphoid tis
sue (aclenoicls), which may become enlarged and compromise 
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nasal airflow or become injured during nasal intubation, par
ticularly in children. The eustachian tubes enter the nasophar
ynx on the lateral ·walls and may become blocked secondary 
to swelling during prolonged nasotracheal intubation. 

OROPHARYNX. The soft palate defines the beginning of the 
orophaiynx, which extends inferiorly to the epiglottis. The 
palatine tonsils protrude from the lateral walls and in children 
occasionally become so enlarged that exposure of the larynx 
for intubation becomes difficult. A large tongue can also cause 
oropharyngeal obstruction. Contraction of the genioglossus 
muscle normally moves the tongue forward to open the oro
pharyngeal passage during inspiration. Decreased tone of this 
muscle (e.g., in the anesthetized state) can cause obstruction. 
The oropharynx connects the posterior portion of the oral 
cavity to the hypopharynx. 

HYPOPHARYNX. The epiglottis defines the superior border 
of the hypopharynx, and the beginning of the esophagus 
forms the inferior boundary. The larynx is anterior to the 
hypopharynx. The pyriform sinuses that extend around both 
sides of the larynx are part of the hypopharynx. 

LARYNX. The larynx (Fig. 1-1) is a complex, highly integrated 
area that houses the vocal cords. It allows the passage of air 
into the trachea, prevents aspiration, and provides support and 
protection to the apparatus of voice production. The larynx is 
bounded by the hypopharyn,"X superiorly and is continuous 
with the trachea inferiorly. The thyroid, cricoid, epiglottic, 
cuneiform, corniculate, and arytenoid cartilages compose the 
laryngeal skeleton. The thyroid and cricoid cartilages are 
readily palpated in the anterior neck. The cricoid cartilage artic
ulates with the thyroid cartilage and is joined to it by the crico
thyroid ligament. When the patient's head is extended, the 
cricothyroid ligament can be pierced with a scalpel or large 
needle to provide an emergency airway (see Chapter 15). The 
cricoid cartilage completely encircles the airway. It is attached 
to the first cartilage ring of the trachea by the cricotracheal liga
ment. The anterior wall of the larynx is formed by the epiglottic 
cartilage, to which the arytenoid cartilages are attached. Fine 
muscles span the arytenoid and thyroid cartilages, as do the 
vocal cords. The true vocal cords and space between them are 
collectively termed the glottis (Fig. 1-2). The glottis is the nar
rowest space in the adult upper ai.Jway. In children, the cricoid 
cartilage defines the narrowest po1tion of the airway. Because 
normal voice production relies on the precise apposition of the 
true vocal cords, even a small lesion can cause hoarseness. The 
fact that lymphatic drainage to the true vocal cords is sparse 
indicates that in.flanunation or swelling caused by tube irritation 
or trauma may take considerable ti.Jne to resolve. The structures 
of the larynx are innervated by the superior and recurrent 
la1yngeal nerve branches of the vagus nerve. The superior 
la1yngeal nerve supplies senso1y innervation from the inferior 
surface of the epiglottis to the superior surface of the vocal 
cords. From its takeoff from the vagus nerve, it passes deep to 
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Fig. 1-1. Anatomy of the larynx, anterior and lateral aspects. (From 
Ellis H: Anatomy for Anaesthetists. Oxford, Blackwell Scientific, 
1963, with permission.) 

both branches of the carotid a1te1y. A large internal branch 
pierces the thyrohyoid membrane just inferior to the greater 
cornu of the hyoid. This branch can be blocked with local 
anesthetics for oral or nasal intubations in awake patients. The 
recurrent la1yngeal branch of the vagus nerve provides senso1y 
innervation below the cords. It also supplies all the muscles of 
the la1ynx except the cricothyroid, which is innervated by the 
external branch of the superior la1yngeal nerve. 

1RACHEA. The adult trachea averages 15 cm long. Its exter
nal skeleton is composed of a series of C-shaped ca1tilages. It 
is bounded in the rear by the esophagus and in front for the 
first few cartilage rings by the thyroid gland. The trachea is 
lined with ciliated cells that secrete mucus; through the beat
ing action of the cilia, foreign substances are propelled toward 
the larynx. The carina is located at the fourth thoracic verte
bral level (of relevance when judging proper endotracheal 
tube positioning on chest radiograph). The right main bron
chus takes off at a less acute angle than the left, making right 
main bronchial intubation more common if the endotracheal 
tube is in too far. 

Emergency Airway Management 
In an emergency situation, establishing adequate ventilation 
and oxygenation assumes prima1y importance [3]. Too fre-

Fig. 1 -2. Superior view of the larynx (inspiration). (From Stoelting 
RH, Miller RD: Basics of Anestbesia. 2nd ed. New York, Churchill Liv
ingstone, 1 989, with permission.) 

quently, inexperienced personnel believe that this requires 
immediate intubation; ho ever, attempts at intubati n may 
delay establishment of an adequate airway. Such efforts are 
time consuming, can induce arrhythmias, and may induce 
bleeding and regurgitation, making subsequent attempts to 
intubate significantly more difficult. Some simple techniques 
and principles of emergency airway management can play an 
important role until t11e ar ·val of an individual who is skilled 
at intubation. 

AIRWAY OBSTRUCTION. Compromised ventilation often 
results from upper airway obstruction by the tongue, by sub
stances retained in t11e mout11, or by laryngospasm. Relaxation 
of t11e tongue and jaw leading to a reduction in the space 
between the base of the tongue and t11e posterior pharyngeal 
wall is the most common use of upper ai1way ob truction. 
Obstruction may be partial or complete. The latter is c aracter
ized by total lack of air exd1ange. The former is recognized by 
inspiratory su·idor and reu·action of neck and interco ta! mus
cles. If respiration is inadequate, the head-tilt-chin-life or jaw
thrust maneuver should be performed. In patients with 
suspected cervical spine injuries, t11e jaw-tluust maneuver 
(without the head tilt) may result in t11e least movement of the 
cervical spine. The head-tilt maneuver is accomplished by plac
ing a palm on the patient' forehead and applying pressure to 
extend the head about the atlantooccipital joint. The chin lift is 
performed by placing several fingers of the ot11er hand in the 
submental area and lifting the mandible. Care must be taken to 
avoid airway obstruction by pressing too firmly on the soft tis
sues in the submenta1 area. The jaw thrust is performed by lift
ing up on t11e angles of the mandible [3] (Fig. 1-3). Both of 
t11ese maneuvers open up the oropharyngeal passage. Laryn
gospasm can be treated by maintaining positive ai1way pres
sure using a face mask and bag valve device (see the following 
section). If the patient resumes spontaneous breathin.g, estab
lishing this head position may constitute sufficient treaunent. If 
obstruction persists, a check for foreign bodies, emesis, or 
secretions should be performed [4]. 

USE OF FACE MASK AND BAG VALVE DEVICE. If an ade
quate ai1way has been established and the patient is not 
breathing spontaneously, oxygen can be delivered via a face 
mask and a bag valve device. It is important to establish a tight 

Fig. 1-3. In an obtunded or comatose patient, the soft tissues of the 
oropharynx become relaxed and may obstruct the upper airway. 
Obstruction can be alleviated by placing the thumbs on the maxilla 
with the index fingers under the ramus of the mandible and rotating 
the mandible forward with ressure from the index fingers (arrow). 
This maneuver brings the soft tissues forward and, therefore, fre
quently reduces the airway obstruction. 
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Fig. 1 -4. Nasopharyngeal (A) or oropharyngeal (B) aiiways can be used to relieve soft tissue obstruction if elevating 
the mandible proves ineffective. 

fit with the face mask, covering the patient's mouth and nose. 
This is accomplished by applying the mask initially to the 
bridge of the nose and drawing it downward toward the 
mouth, using both hands. The operator stands at the patient's 
head and presses the mask onto the patient's face with the left 
hand. The thumb should be on the nasal portion of the mask, 
the index finger near the oral portion, and the rest of the fin
gers spread on the left side of the patient's mandible so as to 
pull it slightly forward. The bag is then alternately compressed 
and released with the right hand. A good ai1way is indicated 
by the rise and fall of the chest; moreover, lung-chest wall 
compliance can be estimated from the amount of pressure 
required to compress the bag. The minimum effective insuffla
tion pressure should be used to decrease the risk of aspiration. 

Fig. 1-5. The mechanism of upper ai1way obstruction and the 
proper position of the oropharyngeal aiiway. (From Textbook of 
Advanced Cardiac Life Support. Dallas, American Heart Association, 
1997, with permission.) 

AIRWAY Al)JUNCTS. If proper positioning of the head and 
neck or clearance of foreign bodies and secretions fails to 
establish an adequate airway, several airway adjuncts may be 
helpful if an individual who is skilled in intubation is not 
immediately available. An oropharyngeal or nasopha1yngeal 
ai1way occasionally helps to establish an adequate airway 
when proper head positioning alone is insufficient (Figs. 1-4 
and 1-5). The oropharyngeal airway is semicircular and made 
of plastic or hard rubber. The two types are the Guedel air
way, with a hollow tubular design, and the Berman airway, 
with ai1way channels along the sides. Both types are most 
easily inserted by turning the curved portion toward the pal
ate as it enters the mouth. It is then advanced beyond the pos
terior portion of the tongue and rotated downward into the 
proper position (Fig. 1 -5).  Often, depressing the tongue or 
moving it laterally with a tongue blade helps to position the 
oropha1yngeal ai1way. Care must be exercised not to push the 
tongue into the posterior pha1ynx, causing or exacerbating 
obstruction. Because insertion of the oropha1yngeal airway 
can cause gagging or vomiting, or both, it should be used 
only in unconscious patients. 

The nasopha1yngeal ai1way is a soft tube approximately 1 5  
cm long that i s  made of rubber o r  plastic (Figs. 1 -4 and 1 -6). It 

Fig. 1-6. The proper position of the nasopha1yngeal airway. (From 
Textbook of Advanced Cardiac Life Support. Dallas, American Heart 
Association, 1997, with permission.) 
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is inserted via the nostril into the posterior pharynx. Before 
insertion, the ai1way should be lubricated with an anesthetic 
gel, and, preferably, a vasoconstrictor should be administered 
into the nostril. The nasophaiyngeal ai1way should not be 
used in patients with extensive facial trauma or cerebrospinal 
rhinorrhea, as it could be inserted through the cribriform plate 
into the brain. 

Indications for Intubation 
The indications for endotracheal intubation can be divided 
into four broad categories: (a) acute ai1way obstruction, 
(b) excessive pulmonary secretions or inability to clear secre
tions adequately, (c) loss of protective reflexes, and (cl) respi
rato1y failure (Table 1-1) .  

Preintubation Evaluation 
Even in the most urgent situation, a rapid assessment of the 
patient's airway anatomy can expedite the choice of the 
proper route for intubation, the appropriate equipment, and 
the most useful precautions to be taken. In the less emergent 
situation, several minutes of preintubation evaluation can 
decrease the likelihood of complications and increase the 
probability of successful intubation with minimal trauma. 

Tab/,e 1-1. Indications for Endotracheal Intubation 

Acute airway obstruction 
Trauma 

Mandible 
La1yn:x (direct or indirect inju1y) 

Inhalation 
Smoke 
Noxious chemicals 
Foreign bodies 

Infection 
Acute epiglottitis 
Croup 
Retropha1yngeal abscess 

Hematoma 
Tumor 
Congenital anomalies 

La1yngeal web 
Supraglottic fusion 

La1yngeal edema 
La1yngeal spasm (anaphylactic response) 

Access for suctioning 
Debilitated patients 
Copious secretions 

Loss of protective reflexes 
Head inju1y 
Drug overdose 
Cerebrovascular accident 

Respirat01y failure 
Hypoxemia 

Acute respirato1y distress syndrome 
Hypovencilation 
Atelectasis 
Secretions 
Pulmona1y edema 

Hypercapnia 
Hypovemilation 
Neuromuscular failure 
Drug overdose 

Anatomic structures of the upper ai1way, head, and neck 
must be examined, with particular attention to abn rmalities 
that might preclude a particular route of intubation. Evalua
tion of ce1vical spine mobility, temporomandibular joint func
tion, and dentition is important. Any abnormalities that might 
prohibit alignment of the oral, pharyngeal, and la1yngeal axes 
should be noted. 

Ce1vical spine mobility is assessed by flexion and extension of 
the neck (performed only after ascenaining that no ce1vical spine 
inju1y exists). The normal range of neck flexion-extension varies 
from 165 to 90 degrees, wi the range decreasing approximately 
20% by age 75 years. Conditions associated with decreased range 
of motion include any cause of degenerative disk disease (e.g., 
rheumatoid a1th1itis, osteoarthritis, ankylosing spondylitis), previ
ous trauma, or age older than 70 years. Temporomandibular joint 
dysfunction can occur in any form of degenerative arthritis (par
ticularly rheumatoid a1thritis), in any condition that causes a 
receding mandible, and in rare conditions such as acromegaly. 

Examination of the oral cavity is mandatory. Loose, missing, or 
chipped teeth and permanent bridgework are noted, and remov
able bridgework and dentures should be taken out. Mallampati 
et al. [5] developed a clinical indicator based on the size of the 
posterior aspect of the tongue relative to the size of the oral phar
ynx (Fig. 1-7). The patient should be sitting, with the head fully 
extended, protruding the tongue and phonating (6]. When the 
faucial pillars, the uvula, the soft palate, and the posterior pha
ryngeal wall are well visualized, the ai.Jway is classified as class I, 
and a relatively easy intubation can be anticipated. When d1e 
faucial pillars and soft palate (class II) or soft palate only (class 
III) are visible, there is a greater chance of problems visualizing 
d1e glottis during direct laryngoscopy. Difficulties in orotracheal 
intubation may also be anticipated if (a) the patient is an adult 
and cannot open his or her moud1 more than 40 mm (two finger 
breadd1s), Cb) the distance from the thyroid notch to d1e mandi
ble is less than three finger breadths (less than or equal to 7 cm), 
(c) the patient has a high arched palate, or (cl) d1e normal range 
of flexion-extension of the neck is decreased (less than or equal 
to 80 degrees) [7]. The positive predictive values of these tests 
alone or in combination are not particularly high; however, a 
straightforward intubation can be anticipated if the test results are 
negative [8] . 

Equipment for Intubation 
Assembly of all appropriate equipment before attem red intu
bation can prevent potentially serious delays in the event of 
an unforeseen complication. Most equipment and supplies are 
readily available in the ICU but must be gathered so that they 
are immediately at hand. A supply of 100% oxygen and a 
well-fitting mask with attached bag valve device are manda
to1y, as is suctioning equipment, including a large-bore tonsil 
suction attachment (Yankauer) and suction catheters. Ade
quate lighting facilitates airway visualization. The bed should 
be at the proper height, with the headboard removed and the 
wheels locked. Other necessa1y supplies include gloves, Mag
ill forceps, oral and nasal airways, laryngoscope handle and 
blades (straight and cuf\'ed), endotracheal tubes of various 
sizes, styler, tongue depressors, a syringe for cuff inflation, 
and tape for securing the enclotracheal tube in positi on. Table 
1-2 is a checklist of supplies needed. 

It is particularly imponant that an adequate n mber of 
personnel be available to assist the operator. Endotracheal intu
bation and emergency airway management are not o e-person 
jobs. While the operator is performing a rapid premtubation 
assessment, ICU personnel should be gathering equipment. 
During and before intubation, a respiratory therapist should be 
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Fig. 1- 7. Samsoon and Young modification of the Mallampati classification. Class I: Tonsillar pillars are easily visual
ized. Class II: The entire uvula is visualized. Class III: Only the base of  the uvula is visualized. Class IV: Only the hard 
palate is seen. (From Samsoon GL, Young JR: Difficult tracheal intubation: a retrospective study. A naesthesia 42:487-
490, 1987, with permission.) 

present, whose sole concerns should be assisting in airway 
control before intubation and providing adequate oxygenation. 
It is helpful to have another assistant present who is familiar 
with the procedure and equipment and who should be ready 
to hand items to the operator on request. 

LARYNGOSCOPES. The two-piece la1yngoscope has a han
dle containing batteries that power the bulb in the blade. The 
blade snaps securely into the top of the handle, making the 
electrical connection. Failure of the bulb to illuminate sug
gests improper blade positioning, bulb failure, a loose bulb, 
or dead batteries. Modern laryngoscope blades with fiberoptic 
lights obviate the problem of bulb failure. Many blade shapes 
and sizes are available. The two most commonly used blades 
are the curved (Macintosh) and straight (Miller) blades (Fig. 
1-8). Although pediatric blades are available for use with the 
adult-sized handle, most anesthesiologists prefer a smaller 
handle for better control in the pediatric population. The 
choice of blade shape is a matter of personal preference and 
experience; however, one study has suggested that less force 
and head extension are required when performing direct 
laryngoscopy with a straight blade [9]. 

ENDOTRACHEAL lUBES. The internal diameter of the 
endotracheal tube is measured using both millimeters and 

Table 1-2. Equipment Needed for Intubation 

Supply of 100% oxygen 
Face mask 
Bag valve device 
Suction equipment 

Suction cad1eters 
Large-bore tonsil suction apparatus (Yankauer) 

Sty let 
Magill forceps 
Oral airways 
Nasal airways 
Laryngoscope handle and blades (curved, straight; various sizes) 
Endotracheal tubes (various sizes) 
Tongue depressors 
Syringe for cuff inflation 
Headrest 
Supplies for vasoconstriction and local anesthesia 
Tape 
Tincture of benzoin 

French units (the former being most commonly used in the 
United States). This number is stamped on the tube. Tubes are 
available in 0 . 5-mm increments, staning at 2 .5  mm. Length
wise dimensions are also marked on the tube in centimeters, 
beginning at the distal tracheal end. 

Selection of the proper tube diameter is of utmost impor
tance and is a frequently underemphasized consideration. The 
resistance to airflow varies with the fourth power of the radius 
of the endotracheal tube. Thus, selection of an inappropriately 
small tube can significantly increase the work of breathing 
[10] .  Moreover, certain diagnostic procedures (e.g., bronchos
copy) done through endotracheal tubes require appropriately 
large tubes (see Chapter 12).  

In general ,  the larger the patient, the larger the endotra
cheal tube that should be used. Approximate guidelines for 
tube sizes and lengths by age are summarized in Table 1-3. 
Most adults should be intubated with an endotracheal tube 
with an inner diameter of at least 8.0 mm, although occasion
ally nasal intubation in a small adult requires a 7.0-mm rube. 

ENDOTRACHEAL TUBE CUFF. Endotracheal tubes have 
low-pressure, high-volume cuffs to reduce the incidence of 
ischemia-related complications. Tracheal ischemia can occur 
any time cuff pressure exceeds capilla1y pressure (approxi
mately 32 mm Hg), thereby causing inflammation, ulceration, 
infection, and dissolution of cartilaginous rings. Failure to rec
ognize this progressive degeneration sometimes results in ero
sion through the tracheal wall (into the innominate arte1y if 
the erosion was anterior or the esophagus if the erosion was 
posterior) or long-term sequelae of tracheomalacia or tracheal 
stenosis. With cuff pressures of 1 5  to 30 mm Hg, the low
pressure, high-volume cuffs conform well to the tracheal wall 
and provide an adequate seal during positive-pressure ventila
tion. Although low cuff pressures can cause some damage 
(primarily cilia1y denudation), major complications are rare. 
Nevertheless, it is important to realize that a low-pressure, 
high-volume cuff can be converted to a high-pressure cuff if 
sufficient quantities of air are injected into the cuff. 

Anesthesia before Intubation 
Because patients who require intubation often have a 
depressed level of consciousness, anesthesia is usually not 
required. If intubation must be performed on the alert, respon-
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Fig. 1-8. The two basic types of la1yngoscope blades, Macintosh (A) and Miller (B). The Macintosh blade is curved. 
The blade tip is placed in the vallecula and the handle of the laryngoscope pulled fo1ward at a 45-degree angle. This 
allows visualization of the epiglottis. The Miller blade is straight. The tip is placed posterior to the epiglottis, pinning 
the epiglottis between the base of the tongue and the straight laryngoscope blade. The motion on the laryngoscope 
handle is the same as that used with the Macintosh blade. 

sive patient, sedation or general anesthesia exposes the indi
vidual to potential pulmonary aspiration of gastric contents 
because protective reflexes are lost. This risk is a panicularly 
imponant consideration if the patient has recently eaten and 
must be weighed against the risk of various hemodynamic 
derangements that may occur secondary to tracheal intubation 
and initiation of positive-pressure ventilation. Laiyngoscopy in 
an inadequately anesthetized patient can result in tachycardia 
and an increase in blood pressure. This may be well tolerated 
in younger patients but may be detrimental in a patient with 
coronary ane1y disease or raised intracranial pressure. Some
times laryngoscopy and intubation may result in a vasovagal 
response, leading to bradycardia and hypotension. Initiation 
of positive-pressure ventilation in a hypovolemic patient can 
lead to hypotension from diminished venous return. 

Some of these responses can be attenuated by providing 
local anesthesia to the nares, mouth, and posterior pharynx 

Tabk 1-3. Dimensions of Endotracheal Tubes Based on Patient Age 

Internal Distance between lips and 
diameter French location in midtrachea of 

Age (nun) unit distal end (cm)" 

Premature 2.5 10--1 2  10 
Full term 3.0 1 2-14 1 1  
1-6 mo 3 .5  16 1 1  
6--1 2  mo 4.0 18 1 2  
2 yr 4 .5 20 13 
4 yr 5.0 22 14 
6 yr 55 24 1 5-16 
8 yr 6.5 26 16--17 
10 yr 7.0 28 17-18 
12 yr 7 .5 30 1 8-20 
�14 yr 8.0--9.0 32-36 20--24 

"Add 2 to 3 cm for nasal rubes. 
From Sroelring RK: Endotracheal intubation, in Miller RD Ced): Anestbesia. 2nd 
ed. New York, Churchill Livingstone, 1986, p 531, with permission. 

before intubation. Topical lidocaine (1% to 4%) with phenyl
ephrine (0.25%) or cocaine (4%, 200 mg total dos ) can be 
used to anesthetize the nasal passages and provide local vaso
constriction. This allows the passage of a larger en otracheal 
tube with less likelihood of bleeding. Aqueous lidoca · e-phen
ylephrine or cocaine can be administered via atomizer, nose 
dropper, or long cotton-tipped swabs insened into the nares. 
Alternatively, viscous 2% lidocaine can be applied via a 3.5-
mm endotracheal tube or small nasopharyngeaJ airway 
inserted into the nose. Anesthesia of the tongue and posterior 
pha1ynx can be accomplished with lidocaine spray (4% to 
10%) admirlistered via an atomizer or an eutectic mixture of 
local anesthetics (EMLA) cream applied on a tongue blade and 
oral airway [1 1 ] .  Alternati ely, the glossopharyngeal ne1ve can 
be blocked bilaterally with an injection of a local anesthetic, 
but this should be performed by experienced personnel .  

Anesthetizing the larynx below the vocal cords before intu
bation is controversial. TI1e cough reflex can be compromised, 
increasing the risk of aspiration. However, tracheal nesthesia 
may decrease the incidence of arrhythmias or untoward circu
latrny responses to intubation and improve patient tolerance of 
the endotracheal tube. Clinical judgment in this situation is 
necessa1y. Several methods can be used to anesthetize these 
sm1ctures. Trans tracheal lidocaine ( 4%, 160 mg) is adminis
tered by cricothyroid membrane puncture with a sm 11 needle 
and anesthetizes the trachea and larynx below the vocal cords. 
Alternatively, after exposure of the vocal cords with d1e laryn
goscope, the cords can be sprayed with lidocaine via an atom
izer. Aerosolized lidocaine ( 4%, 6 mL) provides excellent 
anesthesia to the mouth, pha1ynx, larynx, and trache [ 12] .  The 
superior laryngeal neive an be blocked with 2 mL of 1 .0% to 
1 .5% lidocaine injected ju t inferior to the greater cornu of the 
hyoid bone. The rate of absorption of lidocaine differs by 
method, being greater with the aerosol and transtrac ea! tech
niques. The patient should be obseived for signs of lidocaine 
toxicity (circumoral paresthesia, agitation, and seizur s). 

If adequate topical anesd1esia cannot be achieved or if the 
patient is not cooperative, general anesthesia may be required 



Tab/,e 1-4. Drugs Used to Facilitate Intubation 

Onset of 
IV dose action 

Drug (mg/kg) (sec) Side effects 

Induction drugs 
Thiopental 2.5--4.5 20-50 Hypotension 
Propofol 1 .0-2.5 <60 Pain on injection 

Hypotension 
Midazolam 0.02--0.20 30-60 Hypotension 
Ketamine 0.5-2.0 30-60 Increases in intra-

cranial pressure 
I ncrease in secretions 
Emergence reactions 

Eromidate 0.2--0.3 20-50 Adrenal insufficiency 
Pain on injection 

Muscle relaxants 
Succinyl- 1-2 45-60 Hyperkalemia 

choline Increased intragastric 
pressure 

Increased intracranial 
pressure 

Mivacurium 0.20--0.25 90-120 Mild hypotension 
Rocuronium 0.6-1.0 60-90 

for intubation. Table 1-4 lists common drugs and doses that are 
used to facilitate intubation. Ketamine and etomidate are two 
drugs that are used commonly because cardiovascular stability 
is maintained. Use of opioids such as morphine, fentanyl, 
sufentanil, alfentanil, or remifentanil allow the dose of the 
induction drugs to be reduced and may attenuate the hemody-· 
namic response to laryngoscopy and intubation. Muscle relax
ants can be used to facilitate intubation, but unless the 
practitioner has extensive experience with these drugs and air
way management, alternative means of ailway control and o:i-'Y
genation should be used until an anesthesiologist arrives to 
administer the anesthetic and perform the intubation. 

Techniques of Intubation 
In a true emergency, sol(le of the preintubation evaluation is 
necessarily neglected in li{lvor of rapid control of the aiiway. 
Attempts at tracheal intubation should not cause or exacerbate 
hypoxia. Whenever possible, an m .. 'Ygen saturation monitor 
should be used. The risk of hypoxemia during iI1tubation can 
be minimized with preoxygenation and by limiting the duration 
of the attempt to 30 seconds or less [131. 

Preoxygenation (denitrogenation), which replaces the nitro
gen in the patient's functional residual capacity with oxygen, 
can maximize the time available for intubation. During laryn
goscopy, apneic oxygenation can occur from this reservoir. 
Preoxygenation is achieved by providing 100% oxygen at a 
high flow rate via a tight-fitting face mask for 3 .5 to 4.0 min
utes. Just before intubation, the physician should assess the 
likelihood of success of each route of intubation, the urgency 
of the clinical situation, the likelihood that intubation will be 
prolonged, and the prospect of whether diagnostic or thera
peutic procedures such as bronchoscopy will eventually be 
required. Factors that can affect patient comfort should also 
be weighed. In the unconscious patient in whom a secure air
way must be established immediately, orotracheal intubation 
with direct visualization of the vocal cords is generally the 
preferred technique. In the conscious patient, blind nasorra
cheal intubation is often favored because it affords greater 
patient comfort. Nasotracheal intubation should be avoided in 
patients with coagulopathies or those who are anticoagulated 
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for medical indications. In the trauma victim with extensive 
maxilla1y and mandibular fractures and inadequate ventilation 
or oxygenation, cricothyrotomy may be mandatory (see Chap
ter 15) .  In the patient with cervical spine injury or decreased 
neck mobility, intubation using the fiberoptic bronchoscope 
may be necessa1y. Many of these techniques require consider
able skill and should be performed only by those who are 
experienced in ailway management [14].  

Specific Techniques and Routes 
of Endotracheal Intubation 

OROTRACHEAL INTUBATION. Orotracheal intubation is 
the technique most easily learned and most often used for 
emergency intubations in the ICU. Traditional teaching dic
tates that successful orotracheal intubation requires alignment 
of the oral, pharyngeal, and la1yngeal axes by putting the 
patient in the "sniffing position," in which the neck is flexed 
and the head is slightly extended about the atlantooccipital 
joint. However, a magnetic resonance imaging study has 
called this concept into question, as tl1e alignment of these 
three axes could not be achieved ill any of the three positions 
tested: neutral, simple extension, and the "sniffing position" 
[ 15] .  In addition, a randomized study in elective surgery 
patients examinillg tl1e utility of the sniffing position as a 
means to facilitate orotracheal intubation failed to demon
strate that such positioning was superior to simple head 
extension [16] .  In a patient with a full stomach, the esophagus 
can be occluded by compressing the cricoid cartilage posteri
orly against the vertebral body. This technique, known as Sel
Uck 's maneuver, can prevent passive regurgitation of stomach 
contents into the trachea during intubation [17] .  

The laryngoscope handle is grasped in the left hand while 
the patient's mouth is opened with the gloved right hand. 
Often, when the head is extended in the unconscious patient, 
the mouth opens; if not, the thumb and index finger of the 
right hand are placed on the lower and upper incisors, 
respectively, and moved past each other in a scissor-like 
motion. The la1yngoscope blade is illserted on the right side 
of the mouth and advanced to the base of the tongue, push
ing it toward the left. If the straight blade is used, it should be 
extended below the epiglottis. If the curved blade is used, it 
is inserted in the vallecula. 

With the blade in place, the operator should lift forward in 
a plane 45 degrees from the horizontal to expose the vocal 
cords (Figs. 1-2 and 1-8). It is essential to keep the left wrist 
stiff and to do all lifting from the arm and shoulder, to avoid 
turning the patient's teeth into a fulcrum. The endotracheal 
tube is then held in the right hand and inse1ted at the right 
corner of the patient's mouth in a plane that intersects with 
the laryngoscope blade at the level of the glottis. This pre
vents the endotracheal tube from obscuring the view of the 
vocal cords. The endotracheal tube is advanced through the 
vocal cords until the cuff just disappears from sight. The cuff 
is then inflated witl1 enough air to prevent a leak during positive
pressure ventilation with a bag valve device. 

A classification grading the view of the laryngeal aperture 
during direct laiyngoscopy has been described [ 18] and is 
depicted in Figure 1-9 .  Occasionally, the vocal cords cannot 
be seen entirely; only the corniculate and cuneiform tuber
cles, interarytenoid incisure, and posterior portion of the 
vocal cords or only the epiglottis is visualized (grades II to 
IV view, Fig. 1 -9). In this situation, it is helpful to insert the 
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Grade I Grade ][ Grade JI[ Grade TI[ 

Fig. 1-9. The four grades of la1yngeal view during direct laiyngoscopy. Gracie I: The entire glottis is seen. Gracie II: 
Only the posterior aspect of the glottis is seen. Grade III: Only the epiglottis is seen. Gracie IV: The epiglottis is not 
visualized. (From Cormack RS, Lehane J: D ifficult tracheal inrubation in obstetrics. A naesthesia 39: 1 105-1 1 1 1 ,  1984, 
with permission.) 

soft metal styler into the endotracheal tube and bend it into 
a hockey-stick configuration. The styler should be bent or 
coiled at the proximal end to prevent the distal encl from 
extending beyond the endotracheal tube and causing tissue 
damage. The stylet should be lubricated to ensure easy 
removal. The BURP maneuver (backward-upward-rightward 
pressure on the larynx) improves the view of the laryngeal 
aperture [ 1 9] .  Alternatively, a control-tip enclotracheal tube 
can be used. This tube has a nylon cord running the length 
of the tube attached to a ring at the proximal encl, which 
allows the operator to direct the tip of the tube anteriorly. 
Another aid is a styler with a light (light wand). With the 
room lights dimmed, the enclotracheal tube containing the 
lighted stylet is inserted into the oropharynx and advanced 
in the miclline. When it is just superior to the larynx, a glow 
is seen over the anterior neck. The stylet is advanced into 
the trachea, and the tube is threaded over it. The light inten
sity is diminished if the wand enters the esophagus [20]. 
Endotracheal tubes are now available that have a fiberoptic 
bundle intrinsic to the tube that can be attached to a video 
monitor. If the attempt to intubate is still unsuccessful, the 
algorithm as detailed in the section Management of the Diffi
cult Airway should be followed. 

Proper depth of tube placement is clinically ascertained by 
observing symmetric expansion of both sides of the chest 
and auscultating equal breath sounds in both lungs. The 
stomach should a lso be auscultated to ensure that the esoph
agus has not been entered. If the tube has been advanced 
too far, it will lodge in one of the main bronchi (particularly 
the right bronchus), and only one lung will be ventilated. If 
this error goes unnoticed, the nonventilatecl lung may col
lapse. A useful rule of thumb for tube placement in adults of 
average size is that the incisors should be at the 23-cm mark 
in men and the 21-cm mark in women [21 ] .  Palpation of the 
anterior trachea in the neck may detect cuff inflation as air is 
injected into the pilot tube and can serve as a means to 
ascertain correct tube position [22]. Placement can also be 
confirmed by measurement of encl-tidal carbon dioxide by 
standard capnography if available or by means of a calori
metric chemical detector of encl-tidal carbon dioxide (e.g. ,  
Easy Cap II ,  Nellcor, Inc . ,  Pleasanton, CA), which can be 
used to verify correct enclotracheal tube placement or detect 
esophageal intubation. This device is attached to the proxi
mal encl of the enclotracheal tube and changes color on 
exposure to carbon dioxide. An additional method to detect 
esophageal intubation uses a bulb that attaches to the proxi
mal end of the enclotracheal tube [23] . The bulb is squeezed: 
If the tube is in the trachea, the bulb reexpancls, and if the 
tube is in the esophagus, the bulb remains collapsed. It must 
be remembered that none of these techniques is foolproof. 
Bronchoscopy is the only method to be absolutely sure the 
tube is in the trachea. After estimating proper tube place
ment clinically, it should be confirmed by chest racliograph 

or bronchoscopy because the tube may be malpositionecl. 
The tip of the endotracheal tube should be several centime
ters above the carina (T-4 level). It must be remembered that 
flexion or extension of e head can advance or withdraw 
the tube 2 to 5 cm, respectively. 

NASOTRACHEAL INTUBATION. Many of the considerations 
concerning patient preparation and positioning outlined for 
orotracheal intubation apply to nasal intubation as well. Blind 
nasal intubation is more difficult to perform than oral intubation, 
because the tube ca1mor be observed directly as it passes 
between the vocal cords. However, nasal intubation is usually 
more comfortable for the patient and is generally preferable in 
the awake, conscious pa ·ent. Nasal intubation should not be 
attempted in patients with abnormal bleeding parameters, 
nasal polyps, extensive facial trauma, cerebrospinal rhinorrhea, 
sinusitis, or any anatomic abnormality tl1at would inhibit 
atraumatic passage of the tube. 

As discussed in the section Airway Adjuncts, after the 
operator has alternately occluclecl each nostril to ascertain 
that both are patent, the nostril to be intubated is anesthe
tized. The patient should be monitored with a pulse oxime
ter, and supplemental oxygen should be given as necessa1y. 
The patient may be either supine or sitting with the head 
extended in the sniffing position. The tube is guided slowly 
but firmly through tl1e nostril to the posterior pha . nx. Here 
the tube operator must continually monitor for the presence 
of air movement through the tube by listening f r breath 
sounds with the ear near tl1e open encl of the tube. The tube 
must never be forced or pushed forward if breath sounds are 
lost, because damage to the retropharyngeal mucosa can 
result. If resistance is met. the tube should be withdrawn 1 to 
2 cm and the patient's head repositioned (extended further 
or turned to either side). If the turn still cannot be negoti
ated, the other nostril r a smaller tube should be tried. 
Attempts at nasal intubation should be abandone and oral 
intubation performed if these methods fail. 

Once positioned in the oropha1ynx, the tube hould be 
advanced to the glottis while listening for breath sounds 
through the tube. If breath sounds cease, the tube is with
drawn several centimeters until breath sounds resume, and 
the plane of ent1y is adjusted slightly. Passage th ough the 
vocal cords should be timed to coincide with inspir tion. This 
is often signaled by a paroxysm of coughing and an inability 
to speak. The cuff should be inflated and proper positioning 
of the tube ascertained as previously outlined. 

Occasionally, blind nasal intubation cannot be accom
plished. In this case, after adequate topical anesthesia, laiyn
goscopy can be used to visualize the vocal cords directly and 
Magill forceps used to grasp the distal encl of the tube and 
guide it through the vocal cords (Fig. 1 -10). Assistance in 
pushing the tube fo1ward is essential during this ma euver, so 



Fig. 1-10. Magill forceps may be required to guide the enclotra
cheal tube into d1e larynx during nasotracheal intubation. (From 
Barash PG, Cullen BF, Stoelting RK: Clinical A nestbesia. 2nd eel. Phil
adelphia, JB Lippincott Co, 1992, with permission.) 

rhar the operator merely guides the rube. The balloon on the 
tube should not be grasped with the Magill forceps. 

Occasionally, one may not be able to successfully place the 
endotracheal tube in the trachea. The technique of managing 
a difficult airway is detailed below. 

Management of the 
Difficult Airway 
A difficult airway may be recognized (anticipated) or unrec
ognized at the time of the initial preintubation ai1way evalua
tion. Difficulty managing the airway may be the result of 
abnormalities such as congenital hypoplasia, hyperplasia of 
the mandible or maxilla, or prominent incisors; injuries to the 
face or neck; acromegaly; tumors; and previous head and 
neck surge1y. Difficulties ventilating the patient with a mask 
can be anticipated if two of the following factors are present: 
age older than 55 years, body mass index greater than 26 kg 
per m2, beard, lack of teeth, and a history of snoring [24]. 
When a difficult airway is encountered, the algorithm as 
detailed in Figure 1-1 1 should be followed [25]. 

When a difficult airway is recognized before the patient is 
anesthetized, an awake tracheal intubation is usually the best 
option. Multiple techniques can be used and include (after 
adequate topical or local anesthesia) direct la1yngoscopy, LMA 
(or variants), blind or bronchoscopic oral or nasal intubation, 
retrograde technique, rigid bronchoscopy, l ighted styler, or a 
surgical ai1way. 

FIBEROPTIC BRONCHOSCOPIC INTUBATION. Fiberop
tic bronchoscopy is an efficacious method of intubating the 
trachea in difficult cases. It may be particularly useful when 
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the upper airway anatomy has been distorted by rumors, 
trauma, endocrinoparhies, or congenital anomalies. This 
technique is sometimes valuable in accident victims in 
whom a question of cervical spine injury exists and the 
patient's neck cannot be manipulated [26] . An analogous sit
uation exists in patients with severe degenerative disk dis
ease of the neck or rheumatoid arthritis with markedly 
impaired neck mobility. After adequate topical anesthesia is 
obtained as described in the section Anesthesia before Intu
bation, the bronchoscope can be used to intubate the tra
chea via either the nasal or oral route. An appropriately 
sized endotracheal tube is positioned over the broncho
scope, which is inserted into the mouth or nose and 
advanced through the vocal cords into the trachea. The 
endotracheal tube is moved over the bronchoscope and 
positioned above the carina under direct vision. The fiberop
tic bronchoscope has also been used as a stent over which 
enclotracheal rubes are exchanged and as a means to assess 
tracheal damage periodically during prolonged incubations. 
(A detailed discussion of bronchoscopy is found in Chapter 
1 2 . )  Intubation by this technique requires skill and experi
ence and is best performed by a fully trained operator. 

If the operator is able to maintain mask ventilation in a 
patient with an unrecognized difficult ai1way, a call for expe
rienced help should be initiated (Fig. 1-1 1) .  If mask ventilation 
cannot be maintained, a cannot ventilate-cannot intubare situ
ation exists and immediate lifesaving rescue maneuvers are 
required. Options include an emergency cricothyrotomy or 
insertion of specialized ai1way devices [LMA or Combitube 
(Sheridan Catheter, Argyle, NY)]. 

OTHER AIRWAY ADJUNCTS. The LMA is composed of a 
plastic tube attached to a shallow mask with an inflatable rim 
(Fig. 1 -12) .  When properly inserted, it fits over the la1yngeal 
inlet and allows positive-pressure ventilation of the lungs. 
Although aspiration can occur around the mask, the LMA 
can be lifesaving in a cannot ventilate-cannot intubate situa
tion. A new intubating LMA (LMA-Fastrach, LMA North 
America, Inc . ,  San Diego, CA) has been developed [27] that 
has a shorter plastic tube and can be used to provide venti
l�ttion as well as to intubate the trachea with or without the 
aid of a fiberoptic bronchoscope (Fig. 1- 13).  The esophageal 
tracheal Combitube (Tyco-Healthcare-Kendall USA, Mans
field, MA; Fig. 1 - 14)  combines the features of an endorra
cheal tube and an esophageal obturator ai1way and reduces 
the risk of aspiration [28] . Use of the LMA and the Combitube 
together can be easily learned by personnel who are 
unskilled in ai1way management [29] . 

Special rigid fiberoptic la1yngoscopes [Bullard Elite La1yn
goscope, ACMI Circon, Stamford, CT (Fig. 1-15) or the Upsher 
La1yngoscope, Mercu1y Medical, Clearwater, FL] are useful in 
patients with difficult airways [30]. In addition, cervical spine 
extension appears to be reduced with their use [31 ] .  The use 
of these la1yngoscopes requires much more training and skill 
than the use of the LMA or Combitube. 

CRICOTHYROTOMY. In a truly emergent situation, when 
intubation is unsuccessful, a cricothyrotomy may be 
required. The technique is described in detail in Chapter 1 5 .  
The quickest method, needle cricothyrotomy, i s  accom
plished by introducing a large-bore ( i .e . ,  14-gauge) catheter 
into the airway through the cricothyroid membrane while 
aspirating on a syringe attached to the needle of the cathe
ter. When air is aspirated the needle is in the airway, and 
the catheter is passed over the needle into the trachea. The 
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Fig. 1-11. Modification of the difficult airway algoritlun. Awake inrubation choices include direct laryngoscopy with 
topical or local anesthesia, blind nasal inrubation, fiberoptic-assisted oral or nasal intubation, intubation through a 
laryngeal mask ai1way (LMA), or the retrograde technique. TIJV, transtracheal jet ventilation. (Adapted from Benumof 
JL: La1yngeal mask airway and the ASA difficult ai1way algorithm. Anesthesiology 84:686--699, 1996, with permission.) 

A 

Fig. 1-12. Technique for insertion of the la1yngeal mask ai1way. (From Civetta JM, Taylor RW, Kirby RR: Critical 
Care. 3rd ed. Philadelphia, Lippincott-Raven Publ ishers, 1997, with permission.) 



Fig. 1-13. The laryngeal mask airway (LMA)-Fastrach (A) has a 
shorter tube than a conventional LMA. A special endorracheal rube 
(B) [without the adapter (C)) is advanced through d1e LMA-Fasrrach 
into the trachea. The extender (D) is attached to the endotracheal 
tube, and the LMA-Fastrach is removed. After the extender is 
removed, d1e adapter is placed back on the tube. 

needle is attached to a high-frequency jet ventilation appa
ratus .  Alternatively, a 3-mL syringe barrel can be connected 
to the catheter. A 7-mm inside diameter endotracheal tube 
adapter fits into the syringe and can be connected to a high
pressure gas source or a high-frequency jet ventilator (Fig. 
1 - 16). 

MANAGEMENT OF AIRWAY IN PATIENT WITH 
SUSPECTED CERVICAL SPINE INJURY. Any patient with 
multiple trauma who requires intubation should be treated as 
if cervical spine injury is present. In the absence of severe 
maxillofacial trauma or cerebrospinal rhinorrhea, nasal intuba
tion can be considered. However, in the profoundly hypox
emic or apneic patient, the orotracheal approach should be 
used. If oral intubation is required, an assistant should main
tain the neck in the neutral position by ensuring axial srabili-

Fig. 1-14. The proper placement of the Combitube. (Sheridan 
Catheter, Argyle, NY, with permission.) 
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Fig. 1-15. The Bullard laryngoscope. The endotracheal tube is 
loaded onto the stylet (A) and advanced into the trachea under visu
alization via the eyepiece (B). 

zation of the head and neck as the patient is intubated (32]. A 
cervical collar also assists in immobilizing the cervical spine. 
In a patient with maxillofacial trauma and suspected cervical 
spine injrny, retrograde intubation can be performed by punc
turing the cricothyroid membrane with an 18-gauge catheter 
and threading a 1 25-cm Teflon-coated (0.025-cm diameter) 
guidewire through the catheter. The wire is advanced into the 
oral cavity, and the endotracheal rube is then advanced over 
the wire into the trachea. Alternatively, the wire can be 
threaded through the suction port of a 3.9-nun bronchoscope. 

Airway Management in 
the Intubated Patient 
Once the endotracheal tube is in position, proper manage
ment assumes the utmost importance. From a pulmonary 
standpoint, an intubated patient is a compromised host, 
robbed of normal upper ai1way defenses that protect the 
lungs from bacteria, other foreign bodies, and the aspiration 
of secretions. Some simple precautions and a careful 
approach to aiiway management can minimize complications. 

SECURING THE TUBE. Properly securing the endotracheal 
tube in the desired position is important for three reasons: 
(a) to prevent accidental extubation, (b) to prevent advance
ment into one of the main bronchi, and (c) to minimize fric-
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Fig. 1-1 6. A needle cricothyrotorny set. A large-bore (14-gauge) 
catheter is inserted through d1e cricod1yroid membrane. The needle is 
removed, and d1e catheter is attached to a 3-ml syringe barrel. A 7-
mm endotracheal tube adapter is then attached to the syringe barrel. 
Alternatively, a 3-rnm endoa-acheal tube adapter can be attached 
directly to d1e catheter. 

tional damage to the upper airway, larynx, and trachea caused 
by patient motion. The endotracheal tube is usually secured in 
place with adhesive tape wrapped around the tube and 
applied to the patient's cheeks. Tincture of benzoin sprayed 
on the skin provides greater fixation. Alternatively, tape, intra
venous (IV) tubing, or umbilical tape can be tied to the endot
racheal tube and brought around the patient's neck to secure 
the tube. Care must be taken to prevent occlusion of neck 
veins. Other products (e.g., Velcro straps) to secure the tube 
are available. A bite block can be positioned in patients who 
are orally intubated to prevent them from biting down on the 
tube and occluding it. Once the tube has been secured and its 
proper position verified, it should be plainly marked on the 
portion protruding from the patient's mouth or nose so that 
advancement can be noted. 

CUFF MANAGEMENT. Although low-pressure cuffs have 
markedly reduced the incidence of complications related to 
tracheal ischemia, monitoring cuff pressures remains impor
tant. The cuff should be inflated just beyond the point where 
an audible air leak occurs. Maintenance of intracuff pres
sures between 17 and 23 mm Hg should allow an adequate 
seal to permit mechanical ventilation under most circum
stances while not compromising blood flow to the tracheal 
mucosa. The intracuff pressure should be checked periodi
cally by attaching a pressure gauge and syringe to the cuff 
port via a three-way stopcock. The need to add air continu
ally to the cuff to maintain its seal with the tracheal wall indi
cates that (a) the cuff or pilot tube has a hole in it, (b) the 
pilot tube valve is broken or cracked, or (c) the tube is posi
tioned incorrectly, and the cuff is between the vocal cords. 
The tube position should be reevaluated to exclude the latter 
possibility. If  the valve is broken, attaching a three-way stop
cock to it will solve the problem. If the valve housing is 
cracked, cutting the pilot tube and inserting a blunt needle 
with a stopcock into the lumen of the pilot tube can main
tain a competent system. A hole in the cuff necessitates a 
change of tubes. 

TUBE SUCTIONING. A complete discussion of tube suc
tioning can be found in Chapter 62. Routine suctioning 
should not be performed in patients in whom secretions are 
not a problem. Suctioning can produce a variety of compli
cations, including hypoxemia, elevations in intracranial pres
sure, and serious ventricular arrhythmias. Prem .. )'genation 
should reduce the likelihood of arrhythmias. Closed ventila
tion suction systems (Stericath) may reduce the risk of 
hypoxemia and infection. 

HUMIDIFICATION. Intubation of the trachea bypasses the 
normal upper airway structures responsible for heating and 
humidifying inspired air. I t  is thus essential that inspired air be 
heated and humidified (see Chapter 62). 

Tube Replacement 
At times, endotracheal tubes may need to be replaced 
because of an air leak, obstruction, or other prol:le . Before 
attempting to change an endotracheal tube, one should 
assess how difficult it will be. After obtaining appropriate 
topical anesthesia or IV sedation and achieving muscle relax
ation, direct laryngoscopy can be performed to ascertain 
whether there will be difficulties in visualizing the vocal 
cords. If the cords can be seen, the defective tube is 
removed under direct visualization and reintubmion per
formed using the new tube . If the cords cannot be seen on 
direct laryngoscopy, the tube can be changed over a long, 
plastic styler (Eschmann tylet), an ai1way exchange catheter, 
or fiberoptic bronchoscope. The airway exchange catheter 
(Cook Critical Care, Bloomington, IN) allows insufflation of 
oxygen via either standard oxygen tubing or a bag valve 
device [33). The disadvantage to using the bronchoscope is 
that the old tube must be cut away with a scalpel before the 
new tube can be advanced into the trachea. In a patient with 
a large intrapulmonary shunt, severe hypoxemfa might 
develop while the old tube is being replaced. Alternatively, 
the bronchoscope (with the new tube on it) can be 
advanced into the trachea next to (rather than through) the 
old endotracheal tube aher deflating the cuff. The old tube 
is then withdrawn and the new rube positioned over the 
bronchoscope. 

Complications of 
Endotracheal Intubation 
Complications associated with endotracheal intubation may 
occur (a) during intubati n, (b) while the endotracheal tube 
is in place, or (c) after eA.wbation. Table 1-5 is a panial listing 
of these complications. The exact incidence of complications 
is difficult to determine, varying widely in published reports 
and depending to some extent on the vigor of efforts to iden
tify them. Factors implicated in the etiology of complications 
include tube size, characteristics of the tube and cuff, trauma 
during intubation, duration and route of intubation, meta
bolic or nutritional status of the patient, tube m tion, and 
laryngeal motor activity. 

COMPLICATIONS DURING INTUBATION. During 
endotracheal intubation, traumatic injury can occur to any ana
tomic structure from the lips to the trachea. Possible complica
tions include (a) aspiration, (b) damage to teeth and dental 
work, (c) corneal abrasions, (cl) perforation or laceration of the 
pha1ynx, la1ynx, or trachea, (e) dislocation of an a1ytenoid carti
lage, (f) retropha1yngeal perforation, (g) epistaxis, 
(h) hypoxemia, (i) myocardial ischemia, (j) laryngospasm with 
noncardiogenic pulmonalJ' edema, and (k) death [34) . Many of 
these complications can be avoided by paying careful attention 
to technique and ensurin0 that personnel with the greatest skill 
and experience perform e intubation. 



Table 1-5. Complications of Endotracheal Intubation 

Complications during intubation 
Spinal cord injury 
Excessive delay of cardiopulmonary resuscitation 
Aspiration 
Damage to teet:h and dental work 
Corneal abrasions 
Perforation or laceration of 

Pharyn,x 
Larynx 
Trachea 

Dislocation of an a1ytenoid cartilage 
Passage of endotracheal tube into cranial vault 
Epistaxis 
Cardiovascular problems 

Ventricular premature contractions 
Ventricular tachycardia 
Bradyarrhythmias 
Hypotension 
Hypertension 
Hypoxemia 

Complications while tube is in place 
Blockage or kinking of tube 
Dislodgment of tube 
Advancement of tube into a bronchus 
Mechanical damage to any upper airway structure 
Problems related to mechanical ventilation (see Chapter 58) 

Complications following einubation 
Immediate complications 

Laryngospasm 
Aspiration 

Intermediate and long-term complications 
Sore throat 
Ulcerations of lips, mouth, pharyn,x, or vocal cords 
Tongue numbness (hypoglossal nerve compression) 
Laryngitis 
Vocal cord paralysis (unilateral or bilateral) 
Laryngeal edema 
Laryngeal ulcerations 
Laryngeal granuloma 
Vocal cord synechiae 
Tracheal stenosis 

A variety of cardiovascular complicarions can accompany 
incubation. Ventricular arrhythmias have been reported in 5% 
ro 10% of inrubarions. Ventricular rachycardia and vemricular 
fibrillation are uncommon bur have been reporred. Parienrs 
with myocardial ischemia are susceprible ro ventricular 
arrhyrhmias, and lidocaine prophylaxis ( 1 00 mg IV bolus) 
before intubation may be warranred in such individuals. 
Bradyarrhyrhmias can also be observed and are probably 
caused by stimulation of rhe la1yngeal branches of rhe vagus 
nerve. They may nor require therapy bur usually respond ro 
IV arropine (1 mg IV bolus). Hyporension and hyperrension 
can occur during intubarion. In rhe parient with myocardial 
ischemia, short-acting agenrs ro control blood pressure 
(nitroprusside) and hearr rare (esmolol) during intubation 
may be needed. 

COMPLICATIONS WHILE TUBE IS IN PLACE. Despire 
adherence ro guidelines designed to minimize damage from 
endotracheal intubation, the tube can damage local srruc
rures. Microscopic alrerarions to rhe surface of rhe vocal 
cords can occur wirhin 2 hours afrer intubarion. Evidence of 
macroscopic damage can occur wirhin 6 hours. As mighr be 
expecred, clinically significant damage typically occurs 
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when intubarion is  prolonged. The sudden appearance of 
blood in rracheal secrerions suggesrs anterior erosion into 
overlying vascular structures, and the appearance of gastric 
contents suggests posterior erosion imo the esophagus. 
Boch situations require urgern bronchoscopy, and ir is 
imperarive thar rhe mucosa underlying rhe cuff be exam
ined. Other complications include tracheomalacia and sre
nosis and damage ro the larynx. Failure to secure the 
endorracheal rube properly or parient agirarion can contrib
ure ro mechanical damage. 

Another complication is blockage or kinking of the tube, 
resulring in compromised vernilarion. Occlusion of the tube 
caused by rhe parient biring down on ir can be minimized by 
placing a bire block in the parienr's mourh. Blockage from 
secrerions can usually be solved by suctioning, alrhough 
changing rhe rube may be necessa1y. 

Unplanned extubarion and endobronchial intubarion are 
potentially life threatening. Appropriately securing and mark
ing the tube should minimize rhese problems. Daily chest 
radiographs wirh rhe head always in rhe same posirion can be 
used to assess rhe position of rhe tube. Ocher complications 
chat occur while rhe rube is in posirion relare ro mechanical 
ventilarion (e.g. ,  pneumothorax) and are discussed in detail in 
Chaprer 58. 

COMPLICATIONS AFTER EXTIJBATION. Sore throar occurs 
after 40% ro 100% of incubations. The incidence of posrextu
barion sore rhroar and hoarseness may be decreased by using 
a smaller endotracheal tube (351. Ulcerarions of rhe lips, 
mourh, or pha1ynx can occur, being more common if the ini
rial intubarion was rraumaric. Pressure from the endotracheal 
tube can traumarize rhe hypoglossal nerve, resulring in 
numbness of rhe tongue char can persisr for 1 to 2 weeks. Irri
rarion of rhe larynx appears ro be due to local mucosa! dam
age and occurs in as many as 45% of individuals afrer 
extubation. Unilareral or bilateral vocal cord paralysis is an 
uncommon bur serious complicarion following extubarion. 
Recurrent la1yngeal nerve damage can be caused by inflation 
of the cuff in the larynx, which compresses and damages the 
recurrent la1yngeal nerve as it passes between the a1ytenoid 
cartilage and thyroid lamina (36]. 

Some degree of la1yngeal edema accompanies almost all 
endotracheal irnubations. In adults, this is usually clinically 
insignificant. In children, however, even a small amount of 
edema can compromise the already small subglottic opening. 
In a newborn, 1 mm of la1yngeal edema resulrs in a 65% nar
rowing of the ai1way. La1yngeal ulcerations are commonly 
observed afrer exrubation. They are more commonly located 
at the posrerior porrion of the vocal cords, where the endotra
cheal rube tends ro rub. Ulcerations become increasingly 
common the longer the tube is left in place. The incidence of 
ulceration is decreased by the use of endotracheal tubes that 
conform ro the anatomic shape of rhe la1ynx (371. Laryngeal 
granulomas and synechiae of the vocal cords are extremely 
rare, but rhese complicarions can seriously compromise air
way parency. Surgical rrearmem is ofren required to rrear 
these problems. 

A feared late complication of endotracheal intubarion is tra
cheal stenosis. This occurs much less frequently now char 
high-volume, low-pressure cuffs are rourinely used. Symproms 
can occur weeks ro monrhs after extubarion. In mild cases, the 
patient may experience dyspnea or ineffective cough. If the 
ai1way is narrowed to less than 5 mm, the patient presents 
wirh srridor. Dilarion may provide effective rrearment, but in 
some instances surgical intervention is necessary. 
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Extubation 
The decision to extubate a patient is based on (a) a favorable 
clinical response to a carefully planned regimen of weaning 
from mechanical ventilation (see Chapter 60), (b) recove1y of 
consciousness following anesthesia, or (c) sufficient resolu
tion of the initial indications for intubation. 

TECHNIQUE OF EXTUBATION. The patient should be alert, 
lying with the head of the bed elevated to at least a 45-degree 
angle. The posterior pharynx must be thoroughly suctioned. 
The procedure is explained to the patient. The cuff is deflated, 
and positive pressure is applied to expel any foreign material 
that has collected above the cuff as the tube is withdrawn. Sup
plemental oxygen is then provided. 

In situations in which postextubation difficulties are antic
ipated, equipment for emergency reintubation should be 
assembled at the bedside. Some clinicians have advocated 
the "leak test" as a means to ensure that no significant sub
glottic edema is present that could compromise the ai1way 
after extubation; however, the utility of this procedure 
appears to be limited (381. Probably the safest means to extu
bate the patient if there are concerns about airway edema or 
the potential need to reintubate a patient with a difficult air
way is to use an airway exchange catheter (Cook Critical 
Care, Bloomington, IN) (331 . This device is inserted through 
the endotracheal tube, and then the tube is removed over 
the catheter. Supplemental oxygen can be provided via the 
catheter to the patient, and the catheter can be used as a 
stent for reintubation if necessa1y. 

One of the most serious complications of extubation is 
la1yngospasm, which is much more likely to occur if the 
patient is not fully conscious. The application of positive 
pressure can sometimes relieve la1yngospasm. If this maneu
ver is not successful, succinylcholine (by the IV or intramus
cular route) can be administered. Succinylcholine can cause 
severe hyperkalemia in a variety of clinical settings; there
fore, only clinicians who are experienced with its use should 
administer it. Mechanical ventilation is needed until the 
patient has recovered from the succinylcholine. 

1RACHEOSTOMY. In the past it was common to perform a 
tracheostomy to replace the endotracheal tube as soon as 
the need for prolonged airway control became apparent. 
Improvements in cuff design have permitted progressively 
longer periods of transla1yngeal intubation. The optimal 
time of conversion from an endotracheal tube to a tracheos
tomy remains controversial, and decisions regarding the tim
ing of tracheostomy should be based on the overall clinical 
situation. The reader is referred to Chapter 1 5  for details on 
tracheostomy. 
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2. Central Venous Catheters 

Central venous catheter-related complications, especially 
infection, are a major cause of morbidity in the critically ill .  
For example, vascular catheters are the most common 
source for methicillin-resistant Staphylococcus aureus and 
vancomycin-resistant enterococcal bloodstream infection, 
one of the most important problems facing intensivists today 
[1] .  Fortunately, our knowledge of catheter-related complica
tions and how to prevent them has been greatly expanded 
through better catheter technology and an increased number 
of scientifically conducted clinical trials. This chapter 
reviews the techniques and complications of the various 
routes of cannulation and presents an overall strategy for 
catheter management that incorporates many of the recent 
advances. The guidelines presented should be used by every 
hospital to develop intensive care unit (ICU)-specific catheter 
management protocols and continuous quality improvement 
efforts that definitively reduce catheter-related complications, 
especially infection [2] . 

Historical Perspective 
Aubaniac [3] is credited with the first description of infraclav
icular subclavian venipuncture in humans in 1 952.  A major 
advance in intravenous catheter technique came the following 
year, when Seldinger [4] described the replacement of a cath
eter needle using a guidewire, a technique that now bears his 
name. During the mid-1950s, percutaneous catheterization of 
the inferior vena cava via a femoral vein (FV) approach 
became popular until reports of a high incidence of complica
tions were published [5,6]. 

An important development occurred in 1 959, when 
Hughes and Magovern [7] described the clinical use of cen
tral venous pressure (CVP) measurements in humans under
going thoracotomy. In 1 962, Wilson et al. [8] extended the 
practicality of CVP monitoring by using percutaneous infra
clavicular subclavian vein (SV) catheterization. This tech-
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nique achieved wide clinical acceptance, but enthusiasm 
was tempered when various, sometimes fatal, complications 
were reported. Subsequently, Yoffa [9] reported his experi
ence with supraclavicular subclavian venipuncture, claiming 
a lower incidence of complications, but his results were not 
uniformly reproduced. 

Motivated by the search for a "golden route" [10], Nordlund 
and Thoren [ 1 1 ]  and then Rams et al. [ 1 2] performed external 
jugular vein (E]V) catheterization and advocated more exten
sive use of this approach. Although EJV catheterization met 
the goal of causing fewer complications during venipuncture, 
positioning of the catheter tip in a central venous location was 
sometimes impossible. 

The first large series on internal jugular vein (IJV) catheter
ization appeared in 1 969, when English et al. [ 13] reported on 
500 percutaneous IJV catheterizations. Reports confirming this 
route's efficiency and low complication rate followed, and it 
has remained a popular site for central venous access. Finally, 
the antecubital veins have once again become a viable option 
for central venous access because of the increased use of 
peripherally inserted central catheters (PICCs) and midline 
catheters in the critically ill [ 14-16] .  

Indications and Site Selection 
Technical advances and a better understanding of anatomy 
have made insertion of central venous catheters easier and 
safer, but there still is an underappreciation of the inherent 
risks. Like any medical procedure, central venous catheteriza
tion (CVC) has specific indications and should be reserved for 
the patient who has the potential to benefit from it. After 
determining that eve is necessary, physicians often proceed 
with catheterization at the site with which they are most expe
rienced, which might not be the most appropriate route in 
that particular patient. Table 2-1 lists general priorities in site 
selection for different indications of CVC; the actual site cho-
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Tabl,e 2-1. Indications for Central Venous Catheterization 

Indication 

Pulmonary artery catheterization 
With coagulopathy 

First 

Site selection 

Second Third 

LI.JV or RSV 
FV 

With pulmonary compromise or high-level positive end-expiratory pressure 
Total parenteral nutrition 

Rl]V 
EJV 
Rl]V 
sv 

LS\/ 
!JV 
LIJV 
!JV 
PICC 
FV 
SV 
sv 
!JV 
sv 
sv 
FV 
!JV 
sv 
EJV 

E 

Long term 
Acute hemodialysis/plasmapheresis 
Cardiopulmonary arrest 
Emergency transvenous pacemaker 
Hypovolemia, inability to perform peripheral cad1eterization 
Preoperative preparation 
Neurosurgical procedure 

SV (surgically implanted) 

!JV 
FV 
Rl]\I 

s 
!JV 
FV 

General purpose venous access, vasoactive agents, caustic medications, radiologic procedures 
With coagulopathy 

SV or FV 
!JV 
AV/PICC 
!JV or SV 
EJV 

E 
FV 

Emergency ai1way management 
Inability to lie supine 

FV 
FV 

IJV 
AV/PICC 

AV, anrecubital vein; EJV, external jugular vein; FV, femoral vein; !JV, internal jugular vein; L, left; PICC, peripherally inserted central venous catheter; R, right; SY, sub
clavian vein. 

sen in a particular patient should vary based on individual 
institutional and operator experiences. 

Volume resuscitation alone is not an indication for CVC. A 
2 .5-in . ,  16-gauge catheter used to cannulate a peripheral vein 
can infuse two times the amount of fluid as an 8-in., 1 6-gauge 
central venous catheter [17] .  However, peripheral vein cannu
lation can be impossible in the hypovolemic, shocked individ
ual. In this instance, the SV is the most reliable central site 
because it remains patent as a result of its fibrous attachments 
to the clavicle. Depending on the clinical situation, the FV is a 
reasonable alternative, but multiple reports have increased the 
long-standing concern of deep venous thrombosis associated 
with this route [ 18--2 1] .  

Central venous access is often required for the infusion of 
irritant medications (concentrated potassium chloride) or 
vasoactive agents and certain diagnostic or therapeutic radio
logic procedures and in any patient in whom peripheral 
access is not possible. For these indications, the IJV is a rea
sonable choice because of its reliability and low rate of major 
complications with insertion. However, the risk for infection is 
probably higher with IJV insertions, and for experienced 
operators, the SV is an excellent alternative. 

Long-term total parenteral nutrition is best administered 
through SV catheters, which should be surgically implanted if 
appropriate. The IJV is now the preferred site for acute hemo
dialysis because of the relatively high incidence of subclavian 
stenosis following tempora1y dialysis using the SV [22-25]. 
The FV is also suitable for acute short-term hemodialysis or 
plasmapheresis in nonambulatory patients [26]. 

Emergency transvenous pacemakers and flow-directed pul
monary artery catheters are best inserted through the right IJV 
because of the direct path to the right ventricle. This route is 
associated with the fewest catheter tip malpositions. For 
patients with coagulopathy, the E]V, if part of the surface anat
omy, is an acceptable alternative, but we rarely find it neces
sary. The SV is an alternative second choice for pulmonary 
artery catheterization, even in many patients with coagulopa
thy [27], but the left SV is preferred to the right SV [28]. The 
reader is referred to Chapter 4 for additional information on 
the insertion and care of pulmonary artery catheters. 

Preoperative CVC is desirable in a wide variety of clinical 
situations. If  fluid status requires close monitoring, a pulmo
nary arte1y catheter should be inserted, because CVP can be 
an unreliable predictor of left heart filling pressures [29]. In 

most preoperative patients, the IJV is the best route , because 
pneumothorax is very rare, and even a small pneum thorax is 
at risk of expanding under general anesthesia [30]. One spe
cific indication for preoperative right ventricular catheteriza
tion is the patient undergoing a posterior crani tomy or 
cervical laminectomy in the sitting position. These patients are 
at risk for air embolism, nd the catheter can be used to aspi
rate air from the right ventricle [31] .  Neurosurgery is the only 
common indication for an antecubital approach, as IJV cathe
ters are in the operative field and theoretically can obstruct 
blood return from the cranial vault and increase intracranial 
pressure. Subclavian catheters are an excellent alternative for 
preoperative neurosurgical patients if pneumothorax is ruled 
out before induction of general anesthesia. 

Venous access during cardiopulmona1y resuscitation war
rants special comment. Peripheral vein cannulation in circula
tory arrest may prove impossible, and circulation times of 
drugs administered peripheral ly are prolonged when com
pared to central injection [32] . Drugs injected through femoral 
catheters also have a prolonged circulation time unless the 
catheter tip is advanced beyond the diaphragm, although the 
clinical significance of this is controversial . Effective drug 
administration is an extremely important element f success
ful cardiopulmona1y resuscitation, and all physicians should 
understand the appropriate techniques for e tablishing 
venous access. It is logical to establish venous access as 
quickly as possible, either peripherally or centrally, if quali
fied personnel are present. Prolonged attempts at arm vein 
cannulation are not warranted, and under thes circum
stances the FV is a good alternative. If circulation is not 
restored after administration of appropriate drugs and 
defibrillation, central access should be obtained by the most 
experienced operator available with a minimum interruption 
of cardiopulmonary resuscitation [33]. 

General Considerations 
and Complications 
General considerations for CVC independent of the site of 
insertion are catheter tip location, vascular erosion , catheter
associated thrombosis, air and catheter embolism, and coagu-



lopathy, which are discussed below. Catheter-associated 
infection is discussed separately. 

CATHETER TIP LOCATION. Catheter tip location is a very 
important consideration in CVC. The ideal location for the 
catheter tip is the distal innominate or proximal SVC, 3 to 5 cm 
proximal to the caval-atrial junction. Positioning of the catheter 
tip within the right atrium or right ventricle must be avoided. 
Cardiac tamponade secondary to catheter tip perforation of the 
cardiac wall is not rare, and two-thirds of patients who experi
ence this complication die (34]. Perforation results from cathe
ter tip migration that occurs from the motion of the beating 
heart as well as patient arm and neck movements. Migration of 
catheter tips can be impressive: 5 to 10 cm with antecubital 
catheters and 1 to 5 cm with IJV or SV catheters (35,36] . Other 
complications from intracardiac catheter tip position include 
provocation of arrhythmias from mechanical irritation and 
infusion of caustic medications or unwarmecl blood [37J. 

CoITect placement of the catheter tip is relatively simple, 
beginning with an appreciation of anatomy. The caval-atrial 
junction is approximately 16 to 18 cm from right-sided skin 
punctures and 19 to 2 1  cm from left-sided insertions and is rel
atively independent of patient gender and body habitus [38,391. 
Insertion of a standard triple-lumen catheter to its full 20 cm 
frequently places the tip within the heart, especially after right
sidecl inse1tions. A chest radiograph should be obtained follow
ing every initial central venous catheter insertion to ascertain 
catheter tip location and to detect complications. The right tra
cheobronchial angle is the most reliable landmark on plain film 
chest x-ray for the upper margin of the SVC, which averages 6 
to 7 cm in length. The catheter tip should lie 2 to 3 cm below 
this landmark and above the right upper cardiac silhouette [40] . 

VASCULAR EROSIONS. Large-vessel perforations seconcla1y 
to central venous catheters are uncommon and often not 
immediately recognized. Vessel perforation typically occurs 1 
to 7 clays after catheter insertion. Patients usually present with 
sudden onset of clyspnea and often with new pleural effu
sions on chest radiography (41 ] .  Catheter stiffness, position of 
the tip within the vessel, and the site of insertion are impor
tant factors causing vessel perforation. The relative impor
tance of these variables is unknown. Repeated irritation of the 
vessel wall by a stiff catheter tip or infusion of hyperosmolar 
solutions may be the initiating event. Vascular erosions are 
commoner with left IjV and EJV catheters, because for ana
tomic reasons the catheter tip is more likely to be positioned 
laterally under tension against the SVC wall [42]. Positioning of 
the catheter tip within the vein parallel to the vessel wall must 
be confirmed on chest radiograph. Free aspiration of blood 
from the catheter is not always sufficient to rule out a vascular 
perforation. 

AIR AND CATHETER EMBOLISM. Significant air and cathe
ter embolism are rare and preventable complications of CVC. 
Catheter embolism can occur at the time of insertion when a 
catheter-through- or over-needle technique is used and the 
operator withdraws the catheter without simultaneously 
retracting the needle. It more commonly occurs with antecu
bital or femoral catheters after insertion, because they are 
prone to breakage when the agitated patient vigorously bends 
an arm or leg. Prevention, recognition, and management of 
catheter embolism are covered in detail elsewhere [43]. 

Air embolism is of greater clinical importance, often goes 
undiagnosed, and may prove fatal [44-47]. Theoretically, it is 
totally preventable with compulsive attention to proper cathe
ter insertion and maintenance. Factors resulting in air embolism 
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during insertion are well known, and methods to increase 
venous pressure, such as the use of Trenclelenburg's position, 
should not be forgotten. Catheter disconnect or passage of air 
through a patent tract after catheter removal is a more common 
cause of catheter-associated air embolism. An air embolus 
should be suspected in any patient with an indwelling or 
recently discontinued eve in whom sudden unexplained 
hypoxemia or cardiovascular collapse develops, often after 
being moved out of bed or to another stretcher. A characteristic 
mill wheel sound may be auscultated over the precorclium. 
Treatment involves placing the patient in the left lateral decubi
tus position and using the catheter to aspirate air from the right 
ventricle. Hyperbaric oxygen therapy to reduce bubble size has 
a controversial role in treatment [44]. The best treatment is pre
vention, and prevention can be most effectively achieved 
through comprehensive physician-in-training educational mod
ules and proper supervision of inexperienced operators [45]. 

COAGULOPATHY. Central venous access in the patient with 
a bleeding diathesis is problematic. The SV and IJV routes 
have increased risks in the presence of coagulopathy, but it is 
not known at what degree of abnormality the risk becomes 
unacceptable. A coagulopathy is generally defined as a pro
thrombin time greater than 1 5  seconds, platelet count less than 
50,000, or bleeding time greater than 10 minutes. Although it 
is clear that safe venipuncture is possible with greater degrees 
of coagulopathy [27], the literature is also fraught with case 
reports of serious hemorrhagic complications. In patients with 
severe coagulopathy, the EJV is an alternative for central 
venous access, especially pulmona1y arte1y catheterization, 
whereas the FV offers a safe alternative for general purpose 
venous access. In appropriate patients, PICC catheters are use
ful. If these sites cannot be used, the IJV is the best alternative, 
because it is a compressible site and there is positive experi
ence with this route in patients witl1 coagulopathy (51] .  

THROMBOSIS. Catheter-related thrombosis is very common 
but usually of little clinical significance. The spectrum of throm
botic complications ranges from a sleeve of fibrin that sur
rounds the catheter from its point of enuy into the vein distal to 
the tip; to mural thrombus, a clot that forms on the wall of tl1e 
vein seconcla1y to mechanical or chem.ical irritation; or occlu
sive thrombus, which occludes flow and may result in collateral 
formation [49]. All of these lesions are usually clinically silent; 
therefore, studies that do not use venography or color flow 
Doppler imaging to confirm the diagnosis underestimate its 
incidence. Using venography, fibrin sleeve formation can be 
documented in a majority of catheters, mural tl1rombi in 10% to 
30%, and occlusive thrombi in 0% to 1 0% [49-56] . In contrast, 
clinical symptoms of thrombosis occur in only 0% to 3% of 
patients [21 ,49,52]. The incidence of thrombosis probably 
increases with duration of catheterization but does not appear 
reliably related to the site of insertion [21 ,49-571 . However, FV 
catl1eter-associatecl thrombosis in the lower extremity is almost 
certainly more clinically important than upper extrem.ity throm
bosis caused by IJ and SV catheters [18-20] . The presence of 
catheter-associated thrombosis is also associated with a higher 
incidence of infection [56,58]. 

Catheter design and composition have an impact on the fre
quency of thrombotic complications. The ideal catheter mate
rial is nonthrombogenic and relatively stiff at room temperature 
to facilitate percutaneous insertion, yet soft and pliable at body 
temperature to minimize intravascular mechanical trauma. Not 
all studies are consistent, but polyurethane, especially when 
coated with hyclromer, appears to be the best material available 
for bedside catheter insertions [59,60]. Silastic catheters have 
low thrombogenicity but must be surgically implanted, and 
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pressure monitoring may not be possible. Heparin bonding of 
catheters decreases thrombogenicity, but the clinical impor
tance of this remains uncenain [61-63]. Low-dose heparin 
infused through the catheter or administered subcutaneously 
and very-low-dose warfarin therapy also decrease the inci
dence of venogram-proven and clinically apparent thrombosis 
[64-66]. This approach holds promise, but heparin and war
farin have several relevant drug interactions and complications 
in the critically ill patient, and funher study is warranted. 

Routes of Central 
Venous Cannulation 

ANTECUBITAL APPROACH. The antecubital veins are increas
ingly used in the ICU for CVC with PICC and midline cathe
ters. Use of PICC catheters in critically ill adults is limited by 
lack of surface anatomy in obese and edematous patients, 
lack of technological versatility (i .e. ,  limited pressure monitor
ing [67] , small lumens, and no triple-lumen capability), and 
increased time and decreased predictability of bedside inser
tion. PICC catheters are potentially useful in highly selected ICU 
patients undergoing neurosurge1y, with coagulopathy, or in the 
rehabilitative phase of critical illness for which general purpose 
central venous access is required for parenteral nutrition or 
long-term medication access [14--16,68] (Table 2-1). The tech
nique of percutaneous insertion of these catheters using the 
basilic, cephalic, or brachia! vein is described below. 

Anatomy. The basilic vein is formed in the ulnar part of the 
dorsal venous network of the hand (Fig. 2-1).  It may be found 
in the medial part of the antecubital fossa, where it is usually 
joined by the median basilic vein. It then ascends in the 
groove between the biceps brachii and pronator teres on the 
medial aspect of the arm to perforate the deep fascia distal to 
the midportion of the arm, where it joins the brachia! vein to 
become the axilla1y vein. The basilic vein is almost always of 
substantial size, and the anatomy is predictable; because the 
axilla1y vein is a direct continuation of it, the basilic vein pro
vides an unimpeded path to the central venous circulation 
[69,70]. 

The cephalic vein begins in the radial part of the dorsal 
venous network of the hand and ascends around the radial 
border of the forearm (Fig. 2-1). In the lateral aspect of the 
antecubital fossa, it forms an anastomosis with the median 
basilic vein and then ascends the lateral part of the arm in the 
groove along the lateral border of the biceps brachii .  It pierces 
the clavipectoral fascia in the deltopectoral triangle and emp
ties into the proximal part of the axillary vein caudal to the 
clavicle. The variability of the cephalic vein anatomy renders it 
less suitable than the basilic vein for CVC. It joins the axillary 
vein at nearly a right angle, which can be difficult for a cathe
ter to traverse. Instead of passing beneath the clavicle, the 
cephalic vein may pass through the clavicle, compressing the 
vein and making catheter passage impossible. Funhermore, in 
a significant percentage of cases, the cephalic does not empty 
into the axillary vein but divides into smaller branches or a 
venous plexus, which empties into the ipsilateral EJV. The 
cephalic vein may also simply terminate or become attenuated 
just proximal to the antecubital fossa [69,70]. 

Technique of Cannulation. Several kits are available for 
antecubital CVC. The PICC and midline catheters are made of 
silicone or polyurethane and, depending on catheter stiffness 
and size, are usually placed through an introducer. The method 
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Fig. 2-1. Venous anatomy of the upper extremity. The internal jug
ular, external jugular, and subclavian veins are also shown . 

described below is for a PICC catheter insened through a tear
away introducer. 

The right basilic vein should be selected for the initial 
attempt at CVC because of anatomic considerations and clini
cal studies that confirm a higher success rate with the basilic 
than the cephalic vein [ 1 ,72]. The success rates from either 
arm are comparable, although the catheter must traverse a 
greater distance from the left. With the patient's ar at his or 
her side, the antecubital fossa is prepared and draped, adher
ing to strict aseptic technique. A tourniquet is placed proxi
mally, and if an appropriate vein is not pa1t of the surface 
anatomy, we use a bedside ultrasound device (SiteRite, 
DyMAX Corp. ,  Pittsburgh, PA) to identify the basilic or its main 
branches. After local anesthesia, venipuncture is erformed 
with the thin-wall entry needle proximal to the antecubital 
crease to avoid catheter breakage and embolism. When free 
back flow of venous blood is confirmed, the tourniquet is 
released and the guidewire carefully threaded into the vein for 
a distance of 1 5  to 20 cm. Leaving the guidewire in place, the 
thin-wall needle is withdrawn and the puncture site enlarged 
with a scalpel blade. The sheath-introducer assembly is then 
threaded over the guidewire with a twisting motio , and the 
guidewire is removed. -ext, leaving the sheath in place, the 
dilator is removed, and the introducer is now ready for PICC 
insertion. The PICC is supplied with an inner ob 1rator that 
provides stiffness for insenion and must be inserted into the 
PICC after it has been flU5hed and before inse1tion. The length 



of insertion is estimated by measuring the distance along the 
predicted vein path from the venipuncture site to the manubri
osternal junction. Once the PICC has been trimmed to the 
desired length, the obturator is inserted into the PICC and 
advanced until the tips are equal. The PICC/obturator is then 
inserted through the introducer to the appropriate distance, the 
inu·oducer peeled away, and the obturator removed. The PICC 
is then secured in place and a chest x-ray obtained to deter
mine tip position. 

If resistance to advancing the PICC is met, options are lim
ited. Techniques such as abducting the arm are of limited value. 
If a catheter-through- or over-needle device has been used, the 
catheter must never be withdrawn without simultaneously 
retracting the needle to avoid catheter embolism. If the catheter 
cannot be advanced easily, another site should be chosen. 

Success Rate and Complications. Using the above tech
nique, PICC catheters have a 75% to 95% successful placement 
rate, and success is increased with operator experience, identi
fication of a large vein, or the use of fluoroscopy [14-16,68,73]. 
Overall ,  PICCs appear to be at least as safe as CVCs, but impor
tant complications include sterile phlebitis, thrombosis (espe
cially of the SV and !JV), infection, limb edema, and pericardia! 
tamponade. Phlebitis may be conunoner with antecubital cen
u·al venous catheters, probably due to less blood flow in these 
veins as well as the proximity of the venipuncture site to the 
skin [74,75]. The risk of pericardia! tamponade may also be 
increased because of greater catheter tip migration occurring 
with arm movements (76]. Complications are minimized by 
su'ict adherence to reconunended techniques for catheter place
ment and care. 

INTERNAL-EXTERNAL JUGULAR APPROACH. The !JV 
provides one of the most favorable sites for access to the great 
thoracic veins. IJV cannulation offers a high success rate with 
few complications. Pediatricians used the IJV for venous access 
long before Hermosura et al .  (77] described the technique and 
advocated its use in adults in 1966. In 1 969, English et al. ( 13] 
reported the first large series of IJV cannulations; subsequently, 
the procedure became conu11onplace and in many centers the 
preferred metl10d of CVC. In 1 974, Blitt et al. (78] described a 
teclmique of CVC via the EJV employing a J wire. Altl1ough tl1e 
success rate of this route is lower than witl1 the IJV, a "central" 
venipuncture is avoided, and in selected cases catheterization 
via the EJV is an excellent alternative. 

Anatomy. The !JV emerges from the base of the skull through 
tlie jugular foramen and enters the carotid sheatl1 dorsally with 
tl1e internal carotid arte1y (ICA) (Fig. 2-1).  It tl1en courses poste
rolaterally to the artery and runs beneath tl1e sternocleidomas
toid (SCM) muscle. The vein lies medial to the anterior portion 
of tl1e SCM muscle in its upper part and then runs beneath tl1e 
triangle formed by tl1e two heads of the muscle in its medial 
po1tion before entering the SV near tl1e medial border of the 
anterior scalene muscle beneath the sternal border of the clavi
cle. The junction of the right I)V (which averages 2 to 3 cm in 
diameter) with the right SV and then the innominate vein forms 
a straight path to tl1e SVC. As a result, malpositions and looping 
of a catl1eter inserted tlu·ough the right IJV are unusual. In con
u·ast, a catheter passed through the left IJV must negotiate a 
sharp turn at the left jugulosubclavian junction, which results in 
a greater percentage of catheter malpositions (79]. This sharp 
turn may also produce tension and torque at tlie catl1eter tip, 
resulting in a higher incidence of vessel erosion (41 ,42]. 

Knowledge of the su·uctures neighboring the IJV is essential, 
as they may be compromised by a misdirected needle. The 
!CA runs medial to the IJV but, rarely, may lie directly posteri
orly. Behind the ICA, just outside the sheath, lie the stellate 
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ganglion and the cervical sympatl1etic trunk. The dome o f  the 
pleura, which is higher on the left, lies caudal to the junction 
of the IJV and SY. Posteriorly, at the root of the neck, course 
the phrenic and vagus nerves [69,70]. The thoracic duct lies 
behind the left IJV and enters the superior margin of the SV 
near the jugulosubclavian junction. The right lymphatic duct 
has the same anatomic relationship but is much smaller, and 
chylous effusions typically occur only with left-sided IJV 
cannulations. 

Techniques of Cannulation. Internal jugular venipuncture 
can be accomplished by a variety of methods; all methods use 
the same landmarks but differ in the site of venipuncture or 
orientation of the needle. Defalque (80] grouped the methods 
into three general approaches: anterior, central, and posterior 
(Fig. 2-2). The author prefers the central approach for the ini
tial attempt, but the method chosen varies with the institution 
and operator's experience. All approaches require identical 
equipment, and the operator may choose from many different 
catheters and prepackaged kits. 

Standard triple-lumen catheter kits include the equivalent of 
a 7-French (Fr) triple-lumen catheter with 20 (reconunended) 
or 30 cm of usable length, a 0.032-in. diameter guidewire with 
straight and J tip, an 1 8-gauge thin-wall needle, an 18-gauge 
catheter-over-needle, a 7-Fr vessel dilator, a 22-gauge "finder" 
needle, and appropriate syringes and suture material. Prepara
tion of the guidewire and catheter before insertion is impor
tant; all lumens should be flushed with saline and the cap to 
the distal lumen removed. The patient is placed in a 1 5-degree 
Trendelenburg's position to distend the vein and minimize the 
risk of air embolism, with the head turned gently to the con
tralateral side. The surface anatomy is identified, especially 
the angle of the mandible, the two heads of the SCM, the clav
icle, the EJV, and the trachea (Fig. 2-2). The neck is then pre
pared with an appropriate antiseptic solution and fully 
draped, following full triple barrier protection. 

For tl1e central approach (80-82], skin puncture is at tl1e apex 
of the triangle formed by the two muscle bellies of the SCM 
and tl1e clavicle. The ICA pulsation is usually felt 1 to 2 cm 
medial to this point, beneath or just medial to the sternal head 
of the SCM. The skin at the apex of the triangle is infilu·ated 
with 1% lidocaine using the 22-gauge needle, which is then 
used to locate the IJV. Use of a small-bore finder needle to 
locate the IJV should prevent inadvertent ICA puncture and 
unnecessary probing witl1 a larger-bore needle. The operator 
should maintain slight or no pressure on the ICA with the left 
hand and insert the finder needle witl1 the right hand at tl1e 
apex of the u·iangle (or slightly more caudal) at a 30- to 45-
degree angle witl1 the frontal plane, directed at the ipsilateral 
nipple. After expulsion of any skin plug, the needle is 
advanced steadily with constant back pressure, and venipunc
ture occurs within 3 to 5 cm. If venipuncture does not occur on 
the initial tluust, back pressure should be maintained and the 
needle slowly withdrawn, as venipuncture frequently occurs 
on withdrawal. If the first attempt is unsuccessful, the operator 
should reassess patient position, landmarks, and teclmiques to 
ensure tl1at he or she is not doing anytl1ing to decrease IJV 
lumen size (see below). Subsequent attempts can be directed 
slightly laterally or medially to t11e initial thrust, as long as the 
plane of tl1e ICA is not violated. If venipuncture does not occur 
after three to five attempts, furtl1er attempts are unlikely to be 
successful and only increase complications (48,83,84]. 

When venipuncture has occurred with the finder needle, 
the operator can either withdraw the finder needle and intro
duce the large-bore needle in tl1e identical plane or leave the 
finder needle in place and introduce the larger needle directly 
above it. If using the latter technique, the operator or assistant 
must be careful not to exert tension on the finder needle, as 
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Fig. 2-2. Surface anatomy and various approaches to cannulation of the internal jugular vein. A: Surface anatomy. 
B: Anterior approach. C: Central approach. D: Posterior approach. 

this may decrease the lumen size of the IJV and make cathe
terization more difficult. Many kits provide an 18-gauge thin
wall needle through which a guidewire can be directly 
introduced and a 16-gauge catheter-over-needle device. With 
the latter apparatus, the catheter is threaded over the needle 
into the vein, the needle withdrawn, and the guidewire 
inserted through the catheter. Both techniques are effective; 
the choice is strictly a matter of operator preference. Regard
less of which large-bore needle is used, once venipuncture 
has occurred the syringe is removed during expiration or Val
salva maneuver and tl1e hub occluded with a finger after 
ensuring that the back flow of blood is not pulsatile. The J tip 
of the guiclewi.re is then inserted and should pass freely up to 
20 cm, at which point the thin-wall needle or catheter is with
drawn. The tendency to insert the guiclewire deeper than 1 5  
to 2 0  c m  should b e  avoided, a s  i t  i s  the most conunon cause 
of ventricular arrhythmias during insertion and also poses a 
risk for cardiac perforation. Occasionally, the guidewire does 
not pass easily beyond the tip of the thin-wall needle. The 
guiclewire should then be withdrawn, tl1e syringe attached, 
and free back flow of blood reestablished and maintained 
while the syringe and needle are brought to a more parallel 
plane with the vein. The guidewire should then pass easily. If 

resistance is still encountered, rotation of tl1e guide ire dur
ing insertion often allows passage, but extensive manipulation 
and force only lead to complications. 

With the guidewire in place, a scalpel is used to make two 
generous 90-degree stab incisions at the skin entry site to 
facilitate passage of the 7-Fr vessel dilator. The dilator is 
inserted down tl1e wire to the hub, ensuring that control and 
sterility of the guidewire are not compromised. The dilator is 
then withdrawn and gauze used at the puncture site to control 
oozing and prevent air embolism clown the needle · ·act. The 
triple-lumen catl1eter is then inserted over the guidewire, 
ensuring that the guidewire protrudes from the distal lumen 
hub before the catl1eter tip penetrates the skin. The catl1eter is 
then advanced 15 to 17 cm (17 to 19 cm for left I]V )  into the 
vein, the guidewire withdrawn, and the distal lumen capped. 
The catheter is sutured securely to limit tip migration and is 
bandaged in a standard manner. A chest radiograph should be 
obtained to detect complications and tip location. 

Alternative Approaches. The anterior and posterior 
approaches are identical in technique, diffei·ing onl . in veni
puncture site and plane of insertion. For the anterior approach 
[80,85--87] (Fig. 2-2) the important landmark is tl1e midpoint of 



the sternal head of the SCM, approximately 5 cm from the 
angle of the mandible and the sternum. At this point, the 
carotid artery can be palpated 1 cm inside the lateral border of 
the sternal head. The index and middle fingers of the left 
hand gently palpate the arte1y, and the needle is introduced 
0.5 to 1 .0 cm lateral to the pulsation. The needle should form 
a 30- to 45-degree angle with the frontal plane and be 
directed caudally parallel to the carotid artery toward the ipsi
lateral nipple. Venipuncture occurs within 2 to 4 cm, some
times only while the needle is slowly withdrawn. If the initial 
thrust is unsuccessful, the next attempt should be at a 5-
degree lateral angle, followed by a cautious attempt more 
medially, never crossing the plane of the carotid artery. 

The posterior approach [80,88-90] (Fig. 2-2) uses the EJV as 
a surface landmark. The needle is introduced 1 cm dorsally to 
the point where the EJV crosses the posterior border of the 
SCM or 5 cm cephalad from the clavicle along the clavicular 
head of the SCM. The needle is directed caudally and ventrally 
toward the suprasternal notch at an angle of 45 degrees to the 
sagittal plane, with a 1 5-degree upward angulation. Venipunc
ture occurs within 5 to 7 cm. If this attempt is unsuccessful, 
the needle should be aimed slightly more cephalad on the 
next attempt. 

Success Rates and Complications. IJV catheterization is 
associated with a high rate of successfi.il catheter placement 
regardless of the approach used. Elective procedures are suc
cessful more than 90% of tl1e time, generally within tl1e first 
tlu·ee attempts, and catheter malposition is rare [79-81,83,85,86]. 
Operator experience does not appear to be as important a factor 
in altering the success rate of venipuncture as it is in increasing 
the number of complications [83,91] .  Emergent !JV catheteriza
tion is less successful and is not the prefeITed technique during 
ai1way emergencies or other situations that may make it difficult 
to identify landmarks in the neck. The use of ultrasound local
ization to aid in IJV cat11eterization improves success rate and 
decreases the need for multiple attempts [92], but it has not been 
widely adapted, probably because of cost and u-ai.ning issues. In 
special circumstances, ultrasound or Doppler localization is 
helpful in performing difficult or previously unsuccessful IJV 
catheterization [93l. 

Ultrasound studies have been useful in delineating factors 
that improve the efficiency of IJV cannulation. The ability to 
perform !JV venipuncture is directly proportional to its cross
sectional lumen area (CSLA); thus, maneuvers that increase or 
decrease the vein's caliber have an impact on the success rate 
[94,95]. Maneuvers that decrease the CSLA i.nclude hypov
olemia, carotid arte1y palpation, and excessive tension on a 
finder needle. Predictably, Valsalva maneuver and Trendelen
burg's position increase CSLA, as does high-level positive end
expiratory pressure. As the !JV nears the SV, there is also a pro
gressive increase in CSLA. Overrotation of the neck may place 
the vein beneath the SCM muscle belly [94]. 

Often, a difficult !JV cannulation is successful on the first 
attempt by optimizing CLSA through attention to the above 
measures. If the IJV is still not punctured after one or two 
attempts, it is usually because of anatomic variation, not 
because of the absence of jugular flow [95,96]. In this situation, 
the autl10r uses an ultrasound device to locate the IJV because 
of its portability, overall convenience, and need for less opera
tor expertise [97l. Whatever technique is used, prolonged 
attempts at catheterization after optimization of IJV CSLA are 
only likely to increase complications. 

Complications. The incidence and types of complications 
are similar regardless of the approach. Operator inexperience 
appears to increase the number of complications, but to an 
undefined extent, and probably does not have as great an 
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impact as it does on the incidence of pneumothorax in subcla
vian venipuncture [80,98,99]. 

The overall incidence of complications in !JV catheterization 
is 0.1% to 4.2% [13,80,88,98], with a few studies repo1ting 
higher rates [48,83, 100]. Impottant complications include !CA 
puncture, pneumothorax, vessel erosion, thrombosis, and 
infection. By far the most common complication is ICA punc
ture, which constitutes 80% to 90% of all complications. In the 
absence of a bleeding diathesis, arterial punctures are benign 
and are managed conservatively without sequelae by applying 
local pressure for 10 minutes. Even in the absence of clotting 
abnormalities, a sizable hematoma may form, frequently pre
venting further catheterization attempts or, rarely, exerting pres
sure on vital neck strnctures [101 , 102]. Unrecognized arterial 
puncture can lead to catheterization of the ICA with a large
bore catheter or introducer and can have disastrous conse
quences, especially when heparin is administered [103] . 
Management of carotid cannulation with a large-bore catheter, 
such as a 7-Fr introducer, is controversial. Some experts advise 
administration of anticoagulants to prevent tl1romboembolic 
complications, whereas others advise the opposite. The 
author's approach is to remove the catheter and avoid heparin
ization if possible, as hemorrhage appears to be a greater risk 
than thromboembolism [103] .  Chronic complications, which 
rarely result from !CA puncture, include hematomas that 
require surgical excision, arteriovenous fistula, and pseudoan
eurysm [104] . 

Coagulopatl1y is a relative conu-aindication to IJV catheteriza
tion, but extensive experience suggests that it is generally safe 
[48]. In patients with clinical bleeding abnormalities, it is prudent 
to proceed first with EJV or FV catheterization, but if the IJV is 
considered most appropriate, a finder needle should always be 
used to ny to avoid !CA puncture with a larger needle. 

Pneumorhorax is an unusual adverse consequence of IJV 
cannulation, with an average incidence of 0% to 0.2% 
[13,83,89,98]. It usually results from a skin puncture too close 
to the clavicle or, rarely, from other causes [48]. Pneumotho
rax may be complicated by heme, infusion of intravenous 
fluid, or tension. 

An extraordina1y number of case reports indicate that any 
complication from IJV catheterization is possible, even the 
intrathecal insertion of a Swan-Ganz catheter [105].  In reality, 
this route is reliable, with a low incidence of major complica
tions. Operator experience is not as important a factor as in 
SV catheterization; the incidence of catheter tip malposition is 
low, and patient acceptance is high. It is best suited for acute, 
short-term hemodialysis and for elective or urgent catheteriza
tions in volume-repleted patients, especially pulmona1y artery 
catheterizations and insertion of temporary transvenous pace
makers. It is not the preferred site during ai1way emergencies, 
for parenteral nutrition, or for long-term catheterization 
because infectious complications are higher with IJV com
pared to SCV catheterizations. 

EXTERNAL JUGULAR VEIN APPROACH. The main advan
tages to the EJV route for eve are that it is part of the surface 
anatomy, it can be cannulated in the presence of clotting 
abnormalities, and the risk of pneumotl10rax is avoided. The 
main disadvantage is the unpredictability of passage of the 
catheter to the central compartment. We rarely use this 
approach anymore, primarily because of greater experience 
with the IJ and SV in patients with coagulopathy. 

Anatomy. The EJV is formed anterior and caudal to the ear at 
the angle of the mandible by the union of the posterior auric
ular and retromandibular veins (Fig. 2-3). It courses obliquely 
across t11e anterior surface of the SCM, then pierces the deep 
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fascia just posterior to the SCM, and joins the SV behind the 
medial third of the clavicle. In 5% to 1 5% of patients, the EJV 
is not a distinct structure but a venous plexus, in which case it 
may receive the ipsilateral cephalic vein. The EJV varies in 
size and contains valves throughout its course. Its junction 
with the SY may be at a severe, narrow angle that can be dif
ficult for a catheter to traverse. 

Technique. The EJV should be cannulated using the 16-gauge 
catheter-over-needle, because guidewire manipulations are 
often necessary and secure venous access with a catheter is 
preferable. The patient is placed in a slight Trendelenburg's 
position, with arms to the side and head turned gently to tl1e 
contralateral side. The right EJV should be chosen for tl1e initial 
attempt and can be identified where it courses over tl1e anterior 
ponion of tl1e clavicular belly of tl1e SCM. After sterile prepara
tion, venipuncture is performed witl1 the 16-gauge catl1eter
over-needle using tl1e left index finger and tlrnmb to distend 
and anchor tl1e vein. Skin puncture should be well above the 
clavicle and tl1e needle advanced in tl1e axis of tl1e vein at 20 
degrees to tl1e frontal plane. The EJV may be more difficult to 
cannulate than expected because of its propensity to roll and 
displace rather tl1an puncture in response to tl1e advancing nee
dle. A firm, quick tl1rust is often required to effect venipunc
ture. When free back flow of blood is established, tl1e needle 
tip is advanced a few millimeters frnther into the vein and the 
catheter is threaded over tl1e needle. The catheter may not 
tl1read its entire lengtl1 because of valves, tortuosity, or the SV 
junction but should be advanced at least 3 to 5 cm to secure 
venous access. 111e syringe and needle can tl1en be removed 
and the guiclewire, J tip first, tlveadecl up to 20 cm and tl1e 
catheter removed. Manipulation and rotation of the guidewire, 
especially when it reaches tl1e SY junction, may be necessary 
but should not be excessive. On insenion, tl1e J is usually 
directed medially to facilitate central passage ratl1er tl1an out to 
tl1e arm. Various arm and head movements are advocated to 
facilitate guidewi.re passage; abduction of the ipsilateral arm 
and anterior-posterior pressure exened on tl1e clavicle may be 
helpful. Once the guiclewire has advanced 20 cm, two 90-
degree skin stabs are made with a scalpel and tl1e vein dilator 
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Fig. 2-3. External jugular vein. 

insened to its hub, maintaining control of tl1e guide ire. The 
triple-lumen catheter is then insened an appropriate Jengtl1 
(16-17 cm on me right, 18-20 cm on tl1e left). The gu1dewire is 
witl1clrawn, the catheter bandaged, and a chest racliograph 
obtained to screen for complications. 

Success Rates and Complications. CVC via the EJV is suc
cessful in 80% of patients (range 75% to 95%) [78. 106, 107].  
Inability to perform venipuncture accounts for up t 10% of 
failures [106,108, 109], and the remainder are a result of cathe
ter tip malpositioning. Failure to position the catheter tip is 
usually due to inability to negotiate the EJV-SV junction, loop 
formation, or retrograde passage clown the ipsilateral arm. 

Serious complications arising from the EJV approach are 
rare and almost always as ociated with catheter mai ntenance 
ratl1er than venipuncture. A local hematoma forms in 1% to 
5% of patients at the time of venipuncture [106, 10  , 1 10] but 
has little consequence unless it distorts the anatomy, leading 
to catheterization failure. External jugular venipunct re is safe 
in the presence of coagulopathy. Infectious, thrombotic, and 
other mechanical complications are no more frequent than 
with other central routes. 

FEMORAL VEIN APPROACH. The FY has many practical 
advantages for CVC; it i directly compressible, i t  1s remote 
from the ai1way and pleura, the technique is relatively simple, 
and Trendelenburg's position is not required during insertion. 
FV catl1eterization was a co111r11on site for eve in the 1950s 
but was largely abandoned after 1 959, when Moncrief [5] and 
Bansmer et al. [6] reported a high incidence of complications, 
especially infection and thrombosis . In the subsequent two 
decades, FY cannulation was restricted to specialized clinical 
situations. Interest in short-term (less tl1an 48 hours) FY catl1-
eterization was renewed by positive experiences during tl1e 
Vietnam Conflict and with patients in the emergency depart
ment [1 1 1 , 1 12] .  Reports on long-term FY catheterization 
[21 ,57, 1 13- 1 1 5] suggest an overall complication rate that is no 
higher than that with other routes, although deep vein throm
bosis remains a legitimate concern. 
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Fig. 2-4. Anatomy of the femoral vein. 

Anatomy. The FV (Fig. 2-4) is a direct continuation of the 
popliteal vein and becomes the external iliac vein at the 
inguinal ligament. At the inguinal ligament the FV lies within 
the femoral sheath a few centimeters from the skin surface. 
Within the intermediate compartment of the sheath, the FV lies 
medial to the femoral arte1y, which in turn lies medial to d1e 
femoral branch of the genitofemoral nerve. The medial com
partment contains lymphatic channels and Cloquet's node. The 
external iliac vein courses cephalad from d1e inguinal ligament 
along the anterior surface of the iliopsoas muscle to join its 
counterpait from the other leg and form the interior vena cava 
anterior to and to the right of the fifth lumbar vertebra [69,70]. 

Technique. FV cannulation is d1e easiest of all central venous 
procedures to learn and perform. Either side is suitable, and 
the side chosen is based on operator convenience. The patient 
is placed in d1e supine position (if tolerated) with d1e leg 
extended and slightly abducted at d1e hip. Excessive hair 
should be clipped wid1 scissors and the skin prepped in stan
dard fashion. The FV lies 1 .0 to 1 . 5  cm medial to d1e arterial 
pulsation, and d1e overlying skin is infiltrated wid1 1% 
lidocaine. In a patient without femoral artery pulsations, the FV 
can be located by dividing the distance between the anterior 
superior iliac spine and the pubic tubercle is divided into three 
equal segments [1 1 1] .  The femoral arte1y is usually found 
where d1e medial segment meets the two lateral ones, and d1e 
FV Lies 1 .0 to 1 . 5  cm medial. An 1 8-gauge thin-wall needle is 
inserted at this point, 2 to 3 cm inferior to the inguinal liga
ment, ensuring d1at venipuncture occurs caudal to the inguinal 
ligament and rninimizing d1e risk of retroperitoneal hematoma 
in the event of arterial puncture. While maintaining constant 
back pressure on the syringe, the needle, tip pointed cephalad, 
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is advanced at a 45- to 60-degree angle to the frontal plane. 
Inse1tion of the needle to its hub is sometimes required in 
obese patients. Venipuncture may not occur until slow with
drawal. If the initial attempt is unsuccessful, landmarks should 
be reevaluated and subsequent thrusts oriented slightly more 
medial or lateral.  A common error is to direct d1e needle tip 
too medially, toward the umbilicus. The femoral vessels lie in 
d1e sagittal plane at d1e inguinal ligament (Fig. 2-4), and the 
needle should be directed accordingly. If inadvertent arterial 
puncture occurs, pressure is applied for 5 to 10 minutes. 

When venous blood return is established, the syringe is 
depressed to skin level and free aspiration of blood recon
firmed. The syringe is removed, ensuring that blood return is 
not pulsatile. The guidewire should pass easily and never 
forced, ald1ough rotation and minor manipulation are some
times required. The needle is d1en withdrawn, two scalpel 
blade stab incisions made at 90 degrees above the guidewire 
insertion site, and the vein dilator inserted over the wire to the 
hub. The dilator is then wid1drawn and a catheter appropriate 
to clinical requirements inserted, taking care never to lose 
control of the guidewire. The catheter is secured with a 
suture, and antiseptic ointment and a bandage are applied. 

Success Rate and Complications. FV catheterization is suc
cessful in 90% to 95% of patients, including those in shock or 
cardiopulmonary arrest [1 1 1 ,  1 1 3, 1 1 5-1 17]. Unsuccessful cathe
terizations are usually a result of venipuncture failure, 
hematoma formation, or inability to advance the guidewire 
into the vein. Operator inexperience may increase the number 
of attempts and complication rate but does not significantly 
decrease the overall success rate [1 1 3] .  

Only three complications occur regularly wid1 FV catheteriza
tion: arterial puncture with or wid1out local bleeding, infection, 
and d1romboembolic events. Other reported complications are 
rare and include scrotal hemorrhage, right lower quadrant 
bowel perforation, retroperitoneal hemorrhage, puncture of the 
kidney, and perforation of inferior vena cava u·ibutaries. These 
complications occur when skin puncture sites are cephalad to 
d1e inguinal ligament or when long catheters are threaded into 
the FV. 

Femoral arte1y puncture occurs in 5% to 10% of adults 
[1 1 1 , 1 1 3 , 1 1 6] .  Most arterial punctures are uncomplicated, but 
major hematomas may form in 1% of patients [1 1 1 , 1 1 3] .  Even 
in the presence of coagulopathy, arterial puncture with the 
18-gauge thin-wall needle is usually of no consequence, with 
only rare reports of life-threatening thigh or retroperitoneal 
hemorrhage [1 17, 1 18]. A.rteriovenous fistula and pseudoaneu
rysm are rare chronic complications of arterial puncture; the 
former is more likely to occur when both femoral vessels on 
the same side are cannulated concurrently [1 1 9] .  

Infectious complications probably occur more frequently 
with FV catheters than with SY catheters but are comparable 
to those with IJV catheters [ 18 ,120, 121 ] .  Series involving short
and long-term FV catheterization in adults and children have 
reported significant catheter-related infection (CRI) rates of 
approximately 5% or less [1 1 1 , 1 1 3 , 1 1 5, 1 22].  Further evidence 
d1at d1e inguinal site is not inherently "dirty" is provided by 
experience with femoral artery catheters, which have an infec
tion rate comparable to that with radial arte1y catheters [123] .  

The most feared complication of FV catheterization is deep 
venous thrombosis of the lower extremity. Two repo1ts in 
1 958 [5,6] highlighted the high incidence of FV catheter
associated deep vein thrombosis, but these studies were pri
marily autopsy based and before modern technological 
advances. Catheter-associated thrombosis is a risk of all cen
tral venous catheters, regardless of the site of insertion, and 
comparative studies using contrast venography, impedance 
plethysmography, or Doppler ultrasound suggest that FV cath-
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eters are no more prone to thrombosis than upper extremity 
catheters [21 ,50,52,53,55,57]. Pulmona1y emboli have been 
reported following eve-associated upper extremity thrombo
sis [55, 1 24], and the relative risk of femoral catheter-related 
thrombosis is unknown. Clearly, the potential thromboembo
lic complications of FV catheters cannot be discounted [125], 
but they do not warrant total abandonment of this approach. 
In patients at high risk for thrombotic complications, serial 
impedance plethysmography can be used to screen for femo
ral catheter-associated thrombosis [57, 1 26].  

In summary, available evidence supports the view that the 
FV can be cannulated safely in critically ill adults. It is particu
larly useful for inexperienced operators because of the high 
rate of success and lower incidence of major complications. FV 
catheterizations can be performed during airway emergencies 
and cardiopulmonary arrest, in patients with coagulopathy, and 
in patients who are unable to lie flat. The only major complica
tion during venipuncture is arterial puncture, which is usually 
easily managed. Infection is no more common than with IJV 
catheters. Catheter-associated thrombosis occurs with similar 
frequency as with IJ and SV catheters but is likely more clini
cally relevant. Additional, well-controlled studies are needed. 

SUBCLA VIAN VEIN APPROACH.  Since Aubaniac [3] described 
the use of subclavian venipuncture in humans, controversy has 
surrounded this route of access to the central circulation. The 
1962 report by Wilson et al. [8] generated much enthusiasm for 
SV catheterization, but soon the large number of serious com
plications, some fatal ,  resulted in some investigators urging a 
moratorium on the procedure [1 27]. A 1 994 report indicated 
that little changed over 30 years [1 28,1 29]. The controversy 
involving SV catheterization derives from the significant impact 
of operator experience on the incidence of complications. 
Experienced operators have a pneumothorax rate of 1% or less 
and can justify use of the SV as prima1y central venous access 
in almost all patients. Inexperienced operators have a far 
greater rate of pneumothorax; therefore, in settings in which 
relatively inexperienced physicians perform the majority of 
CVCs, the SV should be used selectively (1 28]. The advantages 
of this route include consistent identifiable landmarks, easier 
long-term catheter maintenance with a comparably lower rate 
of infection, and relatively high patient comfort. Assuming that 
an experienced operator is available, the SV is the preferred 
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site for eve in patients with hypovolemia, for long-term total 
parenteral nutrition, and in patients with elevated intracranial 
pressure who require hemodynamic monitoring. 

Anatomy. The SV is a direct continuation of d1e axilla1y vein, 
beginning at d1e lateral border of d1e first rib, extending 3 to 4 
cm along d1e undersurface of d1e clavicle and becoming the 
brachiocephalic vein where it joins the ipsilateral IJV at 
Pirogoffs confluence behind d1e sternoclavicular art iculation 
(69,70] (Fig. 2-5). The vein is 1 to 2 cm in diameter, contains a 
single set of valves just distal to d1e EJV junction, and is fixed in 
position directly benead1 d1e clavicle by its fibrous attachments. 
These attachments prevent collapse of the vein, even wid1 
severe volume depletion. Anterior to d1e vein d1roughout its 
course lies the subclavius muscle, clavicle, costoclavic lar liga
ment, pectoralis muscles, and epidermis. Posteriorly, 1e SV is 
separated from d1e subclavian arte1y and brachia! pleJ\.'l.lS by d1e 
anterior scalenus muscle, which is 10 to 15 mm thick in d1e 
adult. Posterior to the mectial portion of d1e SV are d1e phrenic 
nerve and internal mammary artery as d1ey pass into the d10rax. 
Superiorly, d1e relationships are the skin, platysma, and superfi
cial aponeurosis. Inferiorly, d1e vein rests on d1e first rib, Sib
son's fascia, d1e cupola of the pleura (0.5 cm behind the vein), 
and d1e pulmona1y apex [130]. The thoracic ducts on d1e left 
and right lymphatic duct cross the anterior scalene uscle to 
join d1e superior aspect of the SV near its union wid1 d1e IJV. 

Technique. Although there are many variations, the SV can 
be cannulated by two basic techniques: the infraclavicular 
(3,8, 10 ,130 , 131] or supraclavicular (132-134] approach (Fig. 
2-6). The differences in success rate, catheter tip malposition, 
and complications between the two approaches ar negligi
ble, although catheter tip malposition and pneumothorax may 
be less likely to occur wid1 supraclavicular cannulation 
(135,136]. In general, when discussing the success rate and 
incidence of complications of SV catheterization, d1ere is no 
need to specify the approach used. 

The 18-gauge thin-wall needle is preferable for S cannu
lation [104]. The patient is placed in a 1 5- to 30-degree Tren
delenburg's position, with a small bedroll betv.:een the 
shoulder blades. The head is turned gently to the contralat
eral side, and the arms are kept to the side. The pertinent 
landmarks are the clavicle, the two muscle bellies of the 
SCM, the suprasternal notch, and the manubriosternal junc-
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Fig. 2-6. A: Patient positioning for subclavian cannulation. B: Cannulation technique for supraclavicular approach. 

tion. For the infraclavicular approach (Fig. 2-6), the operator 
is positioned next to the patient's shoulder on the side to be 
cannulatecl. For reasons cited earlier, the left SV should be 
chosen for pulmonary artery catheterization; otherwise, the 
success rate appears to be equivalent regardless of the side 
chosen. Skin puncture is 2 to 3 cm caudal to the midpoint of 
the clavicle, corresponding to the area where the clavicle 
turns from the shoulder to the manubrium. Skin puncture 
should be distant enough from the clavicle to avoid a down
ward angle of the needle in clearing the inferior surface of 
the clavicle, which also obviates the need to bend the nee
dle. The path of the needle is toward the suprasternal notch 
or the medial encl of the contralateral clavicle. After skin 
infiltration and liberal injection of the clavicular periosteum 
with 1 % liclocaine, the 18-gauge thin-wall needle is mounted 
on a 1 0-mL syringe filled with saline. Skin puncture is 
accomplished with the needle bevel up, and a small amount 
of saline is expressed to eliminate any possible skin plug. 
The needle is advanced in the plane described above until 
the tip abuts the clavicle. The needle is then "walked" clown 
the clavicle until the inferior edge is cleared. 

As the needle is advanced further, the inferior surface of 
the clavicle should be felt hugging the needle. This ensures 
that the needle tip is as superior as possible to the pleura. 
The needle is advanced toward the suprasternal notch dur
ing breath holding or expiration, and venipuncture occurs 
when the needle tip lies beneath the medial encl of the clav
icle. This may require insertion of the needle to its hub. 
Venipuncture may not occur until slow withdrawal of the 
needle. If venipuncture is not accomplished on the initial 
thrust, the next attempt should be directed slightly more 
cephalad. If venipuncture does not occur by the third or 
fourth attempt, another site should be chosen, as additional 
attempts are unlikely to be successful and may result in com
plications [1 28]. 

When blood return is established, the bevel of the needle is 
rotated 90 degrees toward the heart. The needle is anchored 
firmly with the left hand while the syringe is detached with 
the right. Blood return should not be pulsatile, and air embo
lism prophylaxis is necessa1y at all times. The guiclewire is 
then advanced tlu·ough the needle to 15 cm and the needle 
withdrawn. The remainder of the procedure is as previously 
described. Triple-lumen catheters should be sutured at 16 to 
17 cm on the right and 18 to 19 cm on the left to avoid intra
carcliac tip placement [38-40,1371.  

For the supraclavicular approach (Fig. 2-6), the important 
landmarks are the clavicular insertion of the SCM muscle and 
the sternoclavicular joint . The operator is positioned at the 
head of tl1e patient on the side to be cannulatecl. The site of 
skin puncture is the claviculosternocleiclomastoicl angle, just 
above the clavicle and lateral to the insertion of me clavicular 
head of the SCM. The needle is advanced toward or just cau
dal to the contralateral nipple just under the clavicle. This cor
responds to a 45-clegree angle to the sagittal plane, bisecting a 
line between the sternoclavicular joint and clavicular insertion 
of the SCM [ 134] .  The depth of insertion is from just beneath 
the SCM clavicular head at a 10- to 1 5-clegree angle below the 
coronal plane. The needle should enter the jugulosubclavian 
venous bulb after 1 to 4 cm, and the operator can then pro
ceed with catheterization. 

Success and Complication Rates. SV catheterization is suc
cessful in 90% to 95% of cases, generally on the first attempt 
[ 1 28, 1 3 1 , 138]. The presence of shock does not alter the suc
cess rate as significantly as it does during IJV catl1eterization 
[1 38]. Unsuccessful catheterizations are a result of venipunc
ture failure or inability to advance the guidewire or catheter 
[79 , 131 ) .  Catheter tip malposition occurs in 5% to 20% of 
cases [79 , 1 3 1 , 135 , 138) and tends to be more frequent with the 
infraclavicular approach [79 , 1 3 1) .  Malposition occurs most 
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commonly to the ipsilateral IJV and contralateral SV and is 
usually correctable without repeat venipuncture. 

The overall incidence of noninfectious complications varies 
depending on the operator's experience and the circumstances 
under which the catheter is inserted. Large senes mvolvmg 
several thousand SV catheters have reported an incidence of 
major complications of 1 % to 3%, with an overall rate of 

.
5% 

(130, 131 ] .  In smaller, probably more clinically relevant studies, 
the major complication rate has ranged from 1 % to 1,0% 
(79, 1 1 1 , 1 28 ,13&-140]. Factors resulting in a higher comphcatmn 
rate are operator inexperience, multiple attempts at venipunc
ture, emergency conditions, variance from standardized tech
nique, and body mass index (1 28]. Major noninfectious 
complications include pneumothorax, a1terial puncture, and 
thromboembolism. Many cases of isolated major complications 
involvina neck structures or the brachia! plexus have been 
reported� the reader is referred elsewhere for a complete list
ing of rep01tecl complications ( 141 ] .  

Pneumothorax accounts for one-fourth to one-half of 
reported complications, with an incidence of 1% to 5% 
( 1 1 1 , 1 28 , 1 3 1 , 1 38 , 142 , 143] .  The incidence varies inversely 
with the operator's experience and the number of "breaks" 
in technique (91 , 1 28 , 1 3 5 , 1 36 , 1 38-1 40] .  No magic figure has 
been ascertained whereby an operator matures from inex
perienced to experienced. Fifty catheterizations is cited fre
quently as a cutoff number, but it is reasonable to expect 
an operator to be satisfactorily experienced after having 
performed fewer. For the experienced operator, a pneu
mothorax incidence of less than 1 % is expected. Most 
pneumothoraces are a result of lung puncture at the time of 
the procedure, but late-appearing pneumothoraces have 
been reported, and it is good practice to obtain a chest 
racliograph the clay after the procedure. 

Most pneumothoraces require thoracostomy tube drainage 
with a small chest tube and a Heimlich valve, but some can 
be managed conservatively with needle aspiration only 
( 1 3 1 , 1 38 , 1 44] .  Rarely, a pneumothorax is complicated by 
tension, heme, infusion of intravenous fluid (immediately or 
days to weeks after catheter placement), chyle, and massive 
subcutaneous emphysema . Bilateral pneumothoraces can 
occur from unilateral attempts at venipuncture. Pneumothorax, 
especially when it goes unrecognized, can result in death (145]. 

Subclavian arte1y puncture occurs in 0.5% to 1 .0% of cases, 
constituting one-fourth to one-third of all complications 
(79, 1 1 1 , 1 3 1 , 140] . Arterial puncture is usually managed easily 
by applying pressure above and below the clavicle. Bleeding 
can be catastrophic in patients with coagulopathy. As with 
other routes, a1terial puncture may result in arteriovenous fis
tula or pseucloaneu1ysm. 

Clinical evidence of central venous thrombosis, including 
SVC syndrome, development of collaterals around the shoul
der girdle, and pulmonary embolism, occurs in 0% to 3% of 
SV catheterizations (21 ,49,50,52,53 ,55 ,146], but routine phle
bography performed at catheter removal reveals a much 
higher incidence of thrombotic phenomena. The importance 
of the discrepancy between clinical symptoms and radiologic 
findings is unknown, but it exists for all routes of CVC. Dura
tion of catheterization, catheter material ,  and patient condition 
may have an impact on the frequency of thrombosis, but to an 
unce1tain degree. 

In summary, the SV is an extremely reliable and useful 
route for CVC, but it has significant limitations. It should not 
be the prima1y choice in patients at high risk for bronchopleu
ral fistula after lung puncture, in individuals who cannot toler
ate a pneumothorax (severe lung disease, one lung), or in 
patients with severe coagulopathy. Inexperienced operators 
should be closely supervised and not be allowed to perform 
SV catheterization independently. 

Infectious Complications 
Tremendous advances in the understanding of the pa ophysi
ology, causes, and prevention of CRI have occurred in recent 
years and have led to corresponding dramatic improve 1ents m 
catheter technology, insertion, and management. In our ICU, we 
have achieved a dramatic reduction in CRis by implementing an 
annual comprehensive standardized catheter educational semi
nar designed for the housestaff and other interested physicians 
(147], as well as incorporating some of the newer technological 
advances. Table 2-2 summarizes cunent recommendations or 
interventions that have been shown to reduce the risk of CRI. 
This section reviews these recommendations, focusing on the 
epidemiology, pathogenesis, diagnosis, management, ncl pre
vention of central CRI. A review is available for the reader who 
is interested in a more comprehensive discussion of in ·avascu
lar device-related infections (148] . 

DEFINITIONS AND EPIDEMIOLOGY. Consensus regarding 
the definition and diagnosis of CRI is a necessa1y initial step in 
discussing catheter-related infectious complications. The semi
quantitative culture method described by Maki et al. (149] for 
culturing catheter segments is the most accepted technique for 
diagnosing CRI. Which catheter segment to culn1re Ct e tip or 
intradermal segment) is still controversial; most centers rou
tinely culture the catheter tip. Alternative methods to diagnose 
CRI include quantitative cu1nire ( 149] and direct Gram's (1 50] or 
acridine-orange staining ( 151 ]  of catheters. If semiquantitative 
methods are used, catheter contamination (probably occurring 
at time of withdrawal) i defined as less than 1 5  colony
forming units per culture plate. CRI is defined as greater than 
15 colony-forming units and is identified as colonization (all 
other culn1res negative and no clinical symptoms), local or exit
site infection (skin site with e1ythema, cellulitis, or purulence), 
catheter-related bacteremia (systemic blood culn1res positive 
for identical organism on catheter segment and no other 
source), and catheter-related sepsis or septic shock. 

The morbidity and mortality associated with CRI are truly 
impressive. Estimates vary, but overall more than 5 million 
CVCs are inserted annually in the United States, with 850,000 
total episodes of CRI ( 152]. of which at least 60,000 to 80,000 
are associated with bacteremia ( 148, 153,  1 54]. The National 
Nosocomial Infection Surveillance System reports rates of 
eve-related bloodstream infection averaging 5 .3  per 1 ,000 
catheter clay [ 155]. The attributable mortality of catheter-

Table 2-2. Steps to Minimize Central Venous Catheterizat1on 
ceve)-Related Infection 

Institution-supported standardized education of all physicians 
involved in eve insertion and care 

Strict protocols for catheter maintenance (including bandage and tub
ing changes), preferably by dedicated IV catheter team 

Site preparation with approved chlorhexidine-based preparation 
Appropriate site selection, a\·oiding heavily colonized or anatomi

cally abnormal areas; use subclavian vein for anticipated eve of 
>4 d 

Maximal barrier precautions during catheter insertion 
For anticipated duration of catheterization exceeding 96 h, use of 

silver-impregnated cuff, sustained-release chlorhexidine gluconate 
patch, and/or anribiotic-/antiseptic-impregnated catheters 

Remove pulmonary artery ca eters and introducers after 5 d 
Use multilumen catheters only when indicated; remove when no 

longer needed 
Avoid "routine" guidewire exchanges 
Use surgically implanted cad1eters or peripherally inserted central 

catheters for long-term (i.e . .  >3 wk) or permanent eve 



related bloodstream infection is approximately 14% to 28% 
(1 56-1 59], and the added cost is as high as $40,000 per survi
vor ( 1 58). These figures are a powerful impetus for critical care 
physicians to do everything possible to minimize CRJ. 

PATHOPHYSIOLOGY OF CATHETER INFECTION. 
Assuming that they are not contaminated during insertion (see 
below), catheters can become infected from four potential 
sources: the skin insertion site, the catheter hub(s), hematoge
nous seeding, and infusate contamination. Animal and human 
studies have shown that catheters are most commonly 
infected by bacteria colonizing the skin site, followed by inva
sion of the intradermal catheter tract. Once the external sur
face of the intradermal catheter is infected, bacteria can 
quickly traverse the entire length and infect the catheter tip, 
sometimes encasing the catheter in a slime layer known as a 
biofilm (coagulase-negative staphyococcus). From the cathe
ter tip, bacteria may shed into the bloodstream, potentially 
creating metastatic foci of infection (153, 160,161) .  The patho
physiology of most catheter infections explains why 
guidewire exchanges are not effective in preventing or treat
ing CRJ: The colonized tract and, in many cases, biofilm, 
remain intact and quickly reinfect the new catheter (162). 

The catheter hub(s) also become(s) colonized bur contrib
ute(s) to catheter-related infectious complications less fre
quently tl1an the inse1tion site (163-165). Hub contamination 
may be relatively more important as a source of infection tl1e 
longer the catheter remains in place (166). Hematogenous seed
ing of catheters from bacteremia is an infrequent cause of CRI. 

SITE PREPARATION AND CATHETER MAINTENANCE. 
That the majority of CRJs are caused by skin flora highlights the 
importance of site sterility during insertion and catl1eter mainte
nance. Organisms tl1at colonize ti1e insertion site originate from 
the patient's own skin flora or tl1e hands of operators. Catl1eters 
are frequently contaminated at tl1e time of insertion, and scru
pulous attention to aseptic technique is mandatory. Thorough 
hand-washing and wearing sterile gloves are mandatory for 
persons involved in catl1erer insertion or care. A prospective 
study proved that a nonsterile cap and mask, sterile gown, and 
a large drape covering the patient's head and body (maximal 
sterile barriers, compared to sterile gloves and small drape) 
reduced the catl1eter-related bloodstream infection rate sixfold 
and were highly cost effective (167) . If a break in sterile tech
nique occurs during insertion, termination of ti1e procedure and 
replacement of contaminated equipment are mandatory. 

Iodine-containing disinfectants, such as 10% poviclone
iocline, are the most commonly used skin disinfectants, but 
comparative studies have clemonstrarecl the superiority of 
chlorhexicline preparations (168, 169). Chlorhexidine is now 
available for use in the United Stares and is the disinfectant of 
choice. Proper application includes liberally scrubbing the sire 
using expanding concentric circles. Excessive hair should be 
clipped with scissors before application of the antiseptic, as 
shaving can cause minor skin lacerations and disruption of tl1e 
epidermal barrier to infection. 

Care of tl1e catl1eter after insertion is extremely important in 
minimizing infection, and all medical personnel should follow 
stanclarclizecl protocols (170, 171 ) .  The number of piggyback 
infusions and medical personnel handling tubing changes and 
manipulation of the catheter sire should be minimized. Replace
ment of administration sets eve1y 72 to 96 hours is safe and cost 
efficient (172], unless tl1ere are specific recommendations for 
ti1e infusate (e .g., propofol). The use of transparent, semiocclu
sive dressings is prevalent, but these may actually increase the 
risk of site colonization because of moisture trapping, and no 
dressing has been proved to be superior to gauze and tape 
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(173). Application of iodophor or polymicrobial ointments to 
the skin sire at tl1e time of insertion or during dressing changes 
does nor convincingly reduce tl1e overall incidence of cati1eter 
infection, and certain polymicrobial ointments may increase tl1e 
proportion of Candida infections (174, 175) . 

FREQUENCY OF CATHETER-ASSOCIATED INFECTION. 
Observing tl1e above recommendations for catheter insertion 
and maintenance will minimize but not eliminate catheter
associated infection. Colonization of the insertion site can begin 
within 24 hours and increases witl1 duration of cati1eterization; 
10% to 40% of catl1eters eventually become colonized 
(163, 165, 167,168,176). Catl1erer-associated bacteremia and sepsis 
occur in 3% to 8% of cati1eters (2,18,1 20,163, 165, 167,168, 176,177-
179], altl10ugh some studies incorporating newer cati1erer 
technologies and procedures have demonstrated rates of 
catl1eter-associared bacteremia of 2% or less (163,167,180--183). 
Bacteremia is a significant complication, extending hospitaliza
tion, adding to cost, and resulting in metastatic infection and 
death in a significant percentage of patients (156-158, 177, 184). 
Gram-positive organisms, especially coagulase-negative Stapb
ylococcus species, are the most common infecting agents, but 
gram-negative enteric organisms are not rare. Candida species 
are more likely in certain clinical situations, such as ti1e diabetic 
patient with prolonged catheterization on broad-spectrum 
antibiotics. 

1YPE OF CATHETER. The data presented above are derived 
from large studies and are nor necessarily applicable to any 
given catl1eter because of variations in definitions, types of 
catl1eters, site of insertion, duration of catheterization, types of 
fluid infused, and policies regarding routine guiclewire 
changes, all of which have been implicated at some point as 
important factors in the incidence of cati1eter-associated infec
tion. The duration of catheterization in combination with the 
type of catheter are major factors; the site of insertion is less 
important. Guidewire changes have an important role in eval
uation of the febrile catheterized patient, but routine 
guiclewire changes do not prevent infection. Under ideal con
ditions, all of tl1ese factors are less important. Long-term total 
parenteral nutrition catheters can be maintained for months 
with low rates of infection, and there is no cutoff time at 
which colonization and clinical infection accelerate. Today, 
when the need for long-term cathererization is anticipated, 
surgically implanted catheters should be used. These catheters 
have low infection rates and are never changed routinely 
( 185). PICCs also appear to be an acceptable option for 
patients who require long-term eve (73-75) . 

Catl1eters inserted percutaneously in the critical care unit, 
however, are not subject to ideal conditions and have a finite 
lifespan. For practical purposes, multilumen catl1eters have 
replaced single-lumen catl1eters for many indications for central 
venous access. Because catl1eter hubs are a potential source of 
infection and triple-lumen catheters can require tlu·ee times tl1e 
number of tubing changes, it was widely believed that ti1ey 
would have a higher infection rate. Studies have presented con
flicting results, but overall the data support the view that triple
lumen catl1eters have a modestly higher rate of infection 
(176, 186-189]. If used efficiently, however, tl1ey provide greater 
intravascular access per device and can decrease the total num
ber of catheter clays and exposure to central venipuncture. A 
slight increase in infection rate per catl1eter is tl1erefore justifi
able from an overall risk-benefit analysis if multilumen catl1e
ters are used only when multiple infusion ports are truly 
indicated. 

Finally, it was hoped that routine subcutaneous tunneling 
of short-term central venous catheters, similar to long-term 
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catheters, might be an effective way to minimize CRI. This 
approach is rational because the long subcutaneous tract acts 
to stabilize the catheter and perhaps act as a barrier to bacte
rial invasion, and great technical skill is not required. A meta
analysis did not support the routine practice of tunneling all 
percutaneously inserted CVCs [ 190] , and it is not a common 
practice. However, further studies of the tunneling of short
term IJV and FV catheters is warranted, because these sites 
have a higher infection rate and past studies have generally 
favored this approach ( 190]. 

DURATION OF CATHETERIZATION. How long to leave 
catheters in place remains somewhat controversial, but evi
dence is mounting that multilumen catheters, especially if they 
are antiseptic coated or antibiotic impregnated, should remain 
in place routinely longer than 96 hours. Although changing 
triple-lumen catheters to a new site eve1y 72 to 96 hours mini
mizes infection, it also increases mechanical complications 
associated with insertion. Data suggest that the daily risk of 
infection remains relatively constant and routine replacement 
of eves without a clinical indication does not reduce the rate 
of CRI (2, 191 , 1 92] .  Multiple clinical and experimental studies 
have also demonstrated that guiclewire exchanges are not an 
effective method of infection control (2, 162 ,191-194]. Eve1y 
ICU should have its own protocol governing duration of cath
eterization that is based on its unique patient population and 
practice environment. Until additional data are available, 
many intensivists remain uncomfortable leaving multilumen 
catheters in place indefinitely, especially in critically ill 
patients with multiorgan dysfunction. Based on current infor
mation, it is reasonable to leave triple-lumen catheters in 
place for at least 6 to 7 clays before changing to a new site. 
For selected patients, especially those at increased risk for 
complications from central venipuncture, triple-lumen cathe
ters can be left in place for longer than a week, especially in 
the subclavian position. 

The above recommendations do not necessarily apply to 
other special-use catheters, which can be exposed to differ
ent clinical situations and risk. Pulmonary artery catheters 
and the introducer should be removed after 96 to 1 20 hours 
because of the increased risk of infection after this time 
( 176, 1 95-198]. These catheters are at greater risk for infec
tion because patients are sicker, the introducer used for 
insertion is shorter, and catheter manipulations are frequent 
[ 198]. 

Catheters inserted for acute temporary hemodialysis his
torically have had a higher rate of infection than other percu
taneously placed catheters. Factors contributing to the 
increased rate have not been completely elucidated, but log
ically patient factors probably influence the incidence of 
infection more than the type of catheter or site of insertion. 
For acutely ill, hospitalized patients, temporary dialysis cath
eters should be managed similarly to other multilumen cath
eters. For ambulatory outpatients, long-term experience with 
double-lumen, Dacron-cuffed, silicone CYCs inserted in the 
!JV has been positive ( 199] .  

SITE OF INSERTION. The condition of the site is  more 
important than the location. Whenever possible, sites involved 
by infection, burns, or other dermatologic processes, or in 
close proximity to a heavily colonized area (e.g., tracheos
tomy), should not be used as primary access. Data tend to 
support the fact that PICC and SY catheters are associated 
with the lowest rate of CRI, and IJV and FY catheters with the 
highest rate [ 18 , 120 ,148, 1 53,200] . 

GUIDEWIRE EXCHANGES. Guidewire exchanges have always 
been theoretically flawed as a form of infection control, 
because, although a new catheter is placed, the site, specifi
cally the intraclermal tract, remains the same. Studies have 
shown that when the tract and old catheter are colonized, 
the new catheter invariably also becomes infected (1 2 , 195] .  
Alternatively, if  the initial catheter is not colonized, there is  
no reason that the new catheter will be more resistant to 
subsequent infection than the original one.  In neither situa
tion does a guidewire change prevent infection ( 1 9 1 , 1 92]. 
However, guidewire changes continue to have a ,·aluable 
role for replacing defective catheters, exchanging one type 
of catheter for another, and evaluating a febrile patient with 
an existing central catheter. In the latter situation, the physi
cian can assess the sterility of the catheter tract without sub
jecting the patient to a ne venipuncture, as detaile below. 
However one decides to use guidewire exchanges, they 
must be performed properly. Using maximal barriers, the 
catheter should be withdrawn until an inu·avascular egment 
is exposed, transected sterilely, and the guiclewire inserted 
through the distal lumen. The catheter fragment c n then 
be removed (always culture the tip) and a new atheter 
threaded over the guidewire.  To ensure sterility, most oper
ators should reprep the site and change gloves befor insert
ing the new catheter or introducer over the guidewire. 
Insertion of the guidewire through the distal hu of the 
existing catheter is not appropriate. 

New Catheter Technologies 
Improvements in catheter technology continue to play an 
important role in minimizing catheter complications . Cathe
ter material is an important factor in promoting t rombo
genesis and adherence of organisms. Most cathet rs used 
for eve are composed of flexible silicone (for surgical 
implantation) and polyurethane (for percutaneou - inser
tion), because research has shown that these materials are 
less thrombogenic. Knowledge of the pathogenesis of most 
CRis has stimulated improvements designed to i terrupt 
bacterial colonization of the skin site, catheter, and intrader
mal tract and migration to the catheter tip. Two rincipal 
developments have resulred: the Vita-Cuff and antiseptic 
bonding or antibiotic impregnation of catheters. T e Yita
Cuff has been effective in clinical trials (163,  181 ]  but has not 
gained widespread acceptance. On the other hand, a tibiotic
and antiseptic-coated and impregnated catheters represent a 
major advance in catheter management. The catheters differ 
from one another in that one is coated with the antiseptics 
silver sulfacliazine and chlorhexidine (Arrowguard Blue, 
Arrow International, Reading, PA), whereas the other is 
impregnated with the antibiotics minocycline and rifampin 
(Cook Spectrum, Cook Critical Care, Bloomington, IN), 
which also protect the inner lumens. Clinical results with 
these commercially available catheters have been impres
sive, with a significant reduction in colonization and bacter
emia [63,120, 148,17&-180,1 2 ,183,201-204]. Direct comparisons 
of the two catheter types have generally favored the minocy
cline-rifampin combination (205, 206],  but the silv r sulfa
diazine-chlorhexicline catheter is now also availabl in an 
impregnated form, and fu1 er studies are needed. When used 
appropriately, these catheters are cost effective and prolong the 
duration of safe catheterization [63 , 1 20, 178], The emergence of 
resistant organisms and allergic reactions has not yet been a 
problem, but ongoing surveillance is needed. Likewise, other 
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Critically ill febrile patient with central venous catheter 

l 
Catheter site infected? 

yes Catheter still required no 
Remove catheter, culture 

catheter segment 
for management _________ __. 

yes 

Remove catheter 

Institute antibiotics 
Severe sepsis or shock? 

� 
Catheter < l 20 hours old and no 

Leave catheter in place 

Institute antibiotics 
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yes 
no 

Continue therapy 
Remove catheter 

no 

Remove catheter or perform 
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Noncatheter source for 
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yes -------1 
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no 

Obtain cultures. Guidewire exchange 

with catheter segment culture 

Catheter tip positive 

Remove catheter 

Catheter tip negative or 

other source identified 

• 
Observe. l nstitute appropriate antibiotics 

Fig. 2- 7. Recommended approach to the catheterized patient with fever. Assumes use of amiseptic-coated or antibiotic
impregnated catheters. 

catheter technologies currently being developed will require 
clinical validation before their impact is known. 

Management of 
the Febrile Patient 
Fever frequently develops in patients with a central venous 
catheter. Removal of the catheter in eve1y febrile patient is nei
ther feasible nor clinically indicated, because the fever is often 
unrelated to the catheter. Management must be incliviclualizecl 
(Fig. 2-7) and depends on type of catheter, duration of catheter
ization, anticipated need for continued central venous access, 
risk of establishing new central venous access, and underlying 
medical condition and prognosis. All critical care units must 
have protocols for managing the febrile, catheterized patient. 
Decisions to withdraw, change over a guidewire, or leave cath
eters in place must be based on a fundamental knowledge of 
risks and benefits for catheters inserted at each site. 

Catheter sites in the febrile patient should always be exam
ined. Clinical infection of the site mandates removal of the cad1e
ter and institution of antibiotics. Surgically implanted cad1eters 
are not easily removed or replaced and can often be left in place 
while the infection is cleared wid1 antibiotics, unless tunnel infec-

tion is present [ 185]. Percutaneously inserted central venous cath
eters are relatively easily removed, and the risks of leaving a 
catheter in place d1rough an infected site outweigh d1e risk of 
replacement at a new site, except in ve1y unusual circumstances. 

In patients wid1 severe sepsis or septic shock, central venous 
catheters should be considered a possible source. If all catheter 
sites appear normal and a noncad1eter site can be implicated as 
the source for infection, appropriate antibiotics are initiated and 
the catheters left in place. The usual guidelines for subsequent 
catheter management should be followed, and d1is rarely 
results in treatment failure. In contrast, if a noncatheter source 
cannot be identified, central catheters that are in place for more 
than a few clays should be managed individually, with attention 
to duration of cad1eterization (Fig. 2-7). For patients with exces
sive risks for new catheter placement (i .e . ,  severe coagulopa
thy), guiclewire exchange of the cad1eter is justifiable after 
obtaining blood cultures through d1e cad1eter and a peripheral 
site and semiquantitative culture of a catheter segment. If, 
within the next 24 hours, an alternative source for sepsis is 
found, or if d1e catheter segment culture is negative and the 
patient's condition improves and stabilizes, the guiclewire cath
eter can be left in place and a risky procedure avoided. Alterna
tively, if the catheter culture becomes positive, especially if the 
same organism is identified on peripheral blood cultures, the 
cutaneous tract is also infected and the guiclewire catheter 
should be removed and alternative access achieved. 
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The most common situation is the stable febrile patient with 
a central venous catheter in place. As above, if a noncatheter 
source for fever is identified, appropriate antibiotics are given 
and the catheter is left in place, assuming that it is still needed 
and the site is clinically uninvolved. In the patient with no 
obvious source of fever, indications for the centsal venous 
catheters should be reviewed and the catheter withdrawn if it 
is no longer required. Othe1wise, the physician must decide 
between observation, potential premature withdrawal, or a 
guidewire change of the catheter. If the catheter is less than 
1 20 hours old, observation is reasonable, as it is very unlikely 
that the catheter is already infected unless breaks in sterile 
technique occurred during insertion [2]. For catheters that are 
at least 1 20 hours old, guidewire exchanges are rational. An 
appropriately performed guiclewire change allows comparison 
of catheter segment cultures to other clinical cultures without 
subjecting the patient to repeat venipuncture. If, within the 
next 24 hours, an alternative source for fever is identified or 
the initial catheter segment culture is negative, or both, the 
guiclewire catheter can be left in place. Further management 
decisions regarding the catheter are complicated, but multiple 
guiclewire changes of the same insertion site are not advisable. 

When catheter-related bacteremia does develop, antibiotic 
therapy is necessary for a period of 7 to 14 clays. Even in 
patients who are treated for 1 4  clays, metastatic infection can 
develop. Catheter-related fever, infection, and septicemia are 
complicated diseases, and the expertise of an infectious dis
ease consultant may be required to assist with the decision on 
how long to continue antibiotic therapy [ 184]. 
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3 .  Arterial Line Placement and Care 

Alterial catheterization is the second most frequently performed 
invasive procedure in the intensive care unit (ICU). In many cen
ters, nonphysician personnel routinely insen, maintain, calibrate, 
and troubleshoot aiterial catl1eters and pressure-monito1ing 
equipment [1]. Although this has standardized care, many physi
cians no longer possess an adequate working knowledge of 
these impo1tant systems. This chapter reviews the indications, 
techniques, equipment, and complications of aiterial cannula
tion. AI1 overview of the principles governing pressure monitor
ing and equipment calibration is also presented, witl1 the intent 
that every physician who cares for critically ill patients will be 
able to troubleshoot measurement effors when they arise. 

Historical Perspective 
Physicians have achieved access to the aiterial circulation for 
many years, but early methods were comparatively m_1de and 
accompanied by a substantial risk of morbidity. The modern age 
of alterial monitoring was initiated by Farinas [2] in 1941,  when he 
described cannulation of the aorta witl1 a uretlm1l catheter intro
duced tl1rough a surgically exposed femoral a1te1y. Cannulation 
techniques, catl1eters, and monito1ing equipment have since 
improved. The strain gauge manometer, introduced in 1947, con
sisted of a wheatstone bridge witl1 four strain-sensitive wire ele
ments [3]. Displacement of a bellows attached to tl1e bridge 
caused a change in resistance of tl1e wires, alte1ing Clment output 
and convening a mechanical stimulus into a propo1tiona1 elecaical 
signal. Peterson et al. [4] described online anerial monitoring in 
1949, using specially adapted int1·aa1terial plastic cannulas, capaci
tance manometer, amplifier, and ink recorder. T11ese autl10rs were 
among the first to appreciate and desc1ibe the various factors tl1at 
can result in over- or underdamping of pressure tl-acings. 

Two impo!tant advances in arterial cannulation technique 
followed. In 1950, Massa et al. [5] reported the development 
of a cannula through which a needle protruded at the tip. Barr 
[6] described use of this device for radial arte1y cannulation in 
1 96 1 .  In 1953, Seldinger [7] described percutaneous placement 
of a catheter using a guidewire, a technique now used exten
sively for central venous and large arte1y cannulation. 

The technological explosion of the past few decades has 
resulted in improvements to each component of the monitoring 
system. Catheters are more uniform and Jess thrnmbogenic. 
Disposable pressure a·ansducers incorporate semiconductor 
technology and are very small, yet rugged and reliable [8]. Mon
itors are more user friendly, with internal calibration, better fil
tering capabilities, and pleasing color visual displays. Additional 
technological improvements will undoubtedly follow, but it is 
likely that future systems will continue to be plagued by cenain 
physical and manmade restraints. 

Indications for 
Arterial Cannulation 
Arterial catheters should be inserted only when they are spe
cifically required and removed inunediately when they are no 
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longer needed. Too often. they are left in place for conve
nience and to allow for easy access to blood sampli g. Many 
studies have documented that arterial catheters are associated 
with an increased number of laboratory blood tests, leading to 
greater costs and excessive diagnostic blood loss (DBL) (9-11 ] .  
Protocols incorporating guidelines fo r  arterial catheterization 
and alternative noninvasive monitoring, such as pulse oxime
tly and end-tidal carbon dioxide monitoring, have realized 
significant improvements in resource use and cost savings, 
without impacting the quality of care [ 1 2, 1 3] .  

The indications for arterial cannulation can be grouped into 
four broad categories (Table 3-1). These include (a) hemody
namic monitoring; (b) frequent arterial blood gas s mpling; 
(c) arterial adminisa·ation of drugs, such as thrombolytics; and 
(d) intraaortic balloon pump use. 

Noninvasive, indirect blood pressure measurements deter
mined by auscultation of Korotlwff sounds distal to an occluding 
cuff (Riva-Rocci metl1od) are generally accurnte, altl1oug systolic 
readings are consistently lower compared to a sinrnltaneous 
direct measurement. In hemodynamically unstable patients, 
however, indirect teclmiques may significantly underestimate 
blood pressure [14]. Automated noninvasive blood pressure mea
surement devices can also be inaccurate, pa1ticularly in rapidly 
changing situations, at tl1e eXtl·emes of blood pressure, and in 
patients witl1 clysrhytlunias (15] .  For tl1ese reasons, direct blood 
pressure monitoring is usually required for unstable patients. 
Rapid beat-to-beat changes can easily be monitored and appro
p1iate tl1erapeutic modalities initiated, and variations in individual 
pressure wavefom1s may prove diagnostic. Waveform inspection 
can rapidly diagnose eleca·ocardiograin lead disconnect, indicate 
me presence of ao1tic valve disease, help determine tl1e effect of 
clysrhytl1r11ias on perfusion, and reveal tl1e impact of tl1e respira
to1y cycle on blood pressure (pulsus paracloxus). 

Management of patients in critical care units typically 
requires multiple laborato1y determinations. Patients on 
mechanical ventilators or in whom intubation is contemplated 
need frequent monitoring of arterial blood gases. In rhese sit
uations, arterial cannulation prevents repeated trauma by fre
quent arterial punctures and permits routine laboratory tests 
without multiple needle ticks. Typically, an arterial line for 
blood gas determination should be placed when a patient will 
require three or more measurements per clay. 

Equipment) Monitoring 
Techniques) and Sources of Error 

The equipment necessary to display and measure an arterial 
waveform includes (a) an appropriate intravascular catheter, 
(b) fluid-filled noncompliant tubing with stopcocks, l_c) trans
ducer, (cl) constant flush device, and (e) electronic monitoring 
equipment, consisting of a connecting cable, momtor with 
amplifier, oscilloscope display screen, and recorder. Using this 
equipment, intravascular pressure changes are transmitted 
tl1rough the hydraulic (fluid-filled) elements to the tr nsclucer, 
which converts mechanical displacement into a proportional 
electrical signal. The signal is amplified and processed by the 
monitor, and the wavefom1 is displayed on the oscilloscope 



Tabk 3-1. Indications for Arterial Cannulation 

Hemodynamic monitoring 
Acutely hypertensive or hypotensive patients 
With use of vasoactive drugs 

Multiple blood sampling 
Ventilated patients 
Limited venous access 

Anerial administration of drugs 
lntraaortic balloon pump use 

screen, accompanied by a digital readout. Unclisto1tecl presen
tation of the arterial waveform is dependent on the perfor
mance of each component. A detailed discussion of relevant 
pressure monitoring principles is beyond the scope of this 
chapter, but consideration of a few basic concepts is adequate 
to understand the genesis of most monitoring inaccuracies. 

The major problems inherent to pressure monitoring with a 
cad1eter system are inadequate dynamic response, improper 
zeroing and zero drift, and improper transducer/monitor cali
bration (16]. Most physicians are aware of zeroing and calibra
tion techniques but unclerappreciate the in1ponance of dynamic 
response in ensuring system fidelity. Catheter-tubing-transducer 
systems used for pressure monitoring can best be characterized 
as unclerclamped second-order dynamic systems with mechan
ical parameters of elasticity, mass, and friction (16] .  Overall, the 
dynamic response of such a system is determined by its reso
nant frequency and damping coefficient (zeta). The resonant or 
natural frequency of a system is the frequency at which it oscil
lates when stimulated. When the frequency content of an input 
signal (i .e . ,  pressure waveform) approaches the resonant fre
quency of a system, progressive amplification of the output sig
nal occurs, a phenomenon known as ringing (17]. To ensure a 
flat frequency response (accurate recording across a spectrum 
of frequencies), the resonant frequency of a monitoring system 
should be at least five times higher than the highest frequency 
in the input signal (16] .  Physiologic peripheral a1terial wave
forms have a fundamental frequency of 3 to 5 Hz, and, there
fore, the resonant frequency of a system used to monitor 
anerial pressure should ideally be greater than 20 Hz to avoid 
ringing and systolic overshoot. 

The system components that are most likely to cause ampli
fication of a pressure waveform are the hydraulic elements. A 
good hydraulic system has a resonant frequency between 10 
and 20 Hz,  which may overlap with arterial pressure frequen
cies. Thus, amplification can occur, which may require clamp
ing to reproduce the waveform accurately (18] .  

The damping coefficient is a measure of how quickly an 
oscillating system comes to rest. A system with a high damp
ing coefficient absorbs mechanical energy well (i .e. , compliant 
tubing), causing a diminution in the transmitted waveform. 
Conversely, a system with a low clamping coefficient results in 
unclerclamping and systolic overshoot. Damping coefficient 
and resonant frequency together determine the dynamic 
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response of a recording system. If the system's resonant fre
quency is less than 7.5 Hz, the pressure waveform will be dis
torted no matter what the damping coefficient. On the other 
hand, a resonant frequency of 24 Hz allows a range in the 
clamping coefficient of 0 . 1 5  to 1 . 1  without resultant distortion 
of the pressure waveform (16,19] .  

Although there are other techniques (20], the easiest method 
to test the clamping coefficient and resonant frequency of a 
monitoring system is the fast-flush test, performed at the bed
side by briefly opening and closing the continuous flush 
device, which produces a square wave displacement on the 
monitor followed by a return to baseline, usually after a few 
smaller oscillations (Fig. 3-1). Values for the clamping coeffi
cient and resonant frequency can be computed by printing the 
wave on graph paper (16], but visual inspection is usually ade
quate to ensure a proper frequency response. An optimum 
fast-flush test results in one undershoot followed by a small 
overshoot, then settles to the patient's waveform (Fig. 3-1). 

For peripheral pulse pressure monitoring, an adequate fast
flush test usually corresponds to a resonant frequency of 10 to 
20 Hz coupled with a clamping coefficient of 0 .5 to 0.7 (191. To 
ensure the continuing fidelity of a monitoring system, dynamic 
response validation by fast-flush test should be performed fre
quently: with eve1y significant change in patient hemody
namic status, after each opening of the system (zeroing, blood 
sampling, tubing change), whenever the waveform appears 
dampened, and at least eve1y 8 hours. 

With consideration of the above concepts, components of 
the monitoring system are designed to optimize the frequency 
response of the entire system. The 18- and 20-gauge catheters 
used to gain vascular access are not a major source of distor
tion but can become kinked or occluded by thrombus, result
ing in overdamping of the system. Connecting tubing with 
stopcocks is the major source of unclerdamped tracings. Stan
dard, noncompliant tubing is provided with most disposable 
transducer kits and should be as shon as possible to minimize 
signal amplification (17] .  Air bubbles in the tubing and con
necting stopcocks are a notorious source of overdamping of 
the tracing and can be cleared by flushing through a stopcock. 
Currently available disposable transducers incorporate micro
chip technology, are ve1y reliable, and have relatively high 
resonant frequencies [8]. The transducer is attached to the 
electronic monitoring equipment by a cable. Modern monitors 
have internal calibration and filter artifacts and print the oscil
loscope display on request. The digital readout display is an 
average of values over time and may not be an accurate repre
sentation of beat-to-beat variability. Most monitors can freeze 
a display and provide onscreen calibration with a cursor to 
measure beat-to-beat differences in amplitude precisely. This 
allows measurement of the effect of ectopic beats on blood 
pressure or assessment of the severity of pulsus paradoxus. 

When one is presented with pressure data or readings that 
are believed to be inaccurate, or which are significantly differ
ent from indirect readings, a few quick checks can ensure sys-
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Fig. 3-1. Fast-flush test. A: Overdamped 
system. B: Underdamped system. C: Opti
mal damping. 
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tern accuracy. Improper zeroing of the system is the single 
most important source of error. Zeroing can be checked by 
opening the transducer stopcock to air and aligning with the 
midaxilla1y line, confirming that the monitor displays zero. 
Zeroing should be repeated with patient position changes, 
when significant changes in blood pressure occur, and rou
tinely every 6 to 8 hours because of zero drift. Calibrat�on of 
the system is usually not necessa1y due to standard1zat1on of 
current disposable transducers [8]. Transducers are faulty on 
occasion, however, and calibration can be checked by attach
ing a mercu1y manometer to the stopcock and applying 100, 
1 50,  and/or 200 nrn1 Hg pressure. If the monitor does not dis
play the pressure within an acceptable range (±5 nrn1 Hg), the 
transducer should be replaced. 

If zero referencing and calibration are correct, a fast-flush 
test can assess the system's dynamic response. Overdamped 
tracings are usually caused by air bubbles, kinks, clot forma
tion, compliant tubing, loose connections, a deflated pressure 
bag, or anatomic factors that affect the catheter. All of these 
are usually correctable. An underdamped tracing results in 
systolic overshoot and can be secondary to excessive tubing 
length or patient factors such as increased inotropic or chro
notropic state. Many monitors can be adjusted to filter out 
frequencies above a certain limit, which can eliminate fre
quencies in the input signal that cause ringing. However, this 
may also cause inaccurate readings if important frequencies 
are excluded. 

Technique of Arterial Cannulation 

SITE SELECTION. Several factors are important in selecting 
the site for arterial cannulation. The ideal arte1y has extensive 
collateral circulation that will maintain the viability of distal 
tissues if thrombosis occurs. The site should be comfortable 
for the patient, accessible for nursing care, and close to the 
monitoring equipment. Sites involved by infection or disrup
tion in the epidermal barrier should be avoided. Certain pro
cedures, such as corona1y artery bypass grafting, may dictate 
preference for one site over another. Larger arteries and cath
eters provide more accurate (central aortic) pressure measure
ments. Physicians should also be cognizant of differences in 
pulse contour recorded at different sites. As the pressure pulse 
wave travels outward from the aorta, it encounters arteries 
that are smaller and less elastic, with multiple branch points, 
causing reflections of the pressure wave. This results in a 
peripheral pulse contour with increased slope and amplitude, 
causing recorded values to be artificially elevated. As a result, 
distal extremity arte1y recordings yield higher systolic values 
than central aortic or femoral artery recordings. Diastolic pres
sures tend to be less affected, and mean arterial pressures 
measured at the different sites are similar [2 1 ,22] .  

The most conU11only used sites for arterial cannulation in 
adults are the radial, femoral, axilla1y, dorsalis pedis, and bra
chia! arteries. Peripheral sites are cannulated percutaneously 
with a 2-in . ,  20-gauge, nontapered Teflon catheter-over-needle 
and larger arteries using the Seldinger technique with a pre
packaged kit, typically containing a 6-in. , 1 8-gauge Teflon 
catheter and appropriate introducer neecUes and guidewire. 

Critical care physicians should be able to perform arterial 
cannulation easily at all sites, but the radial and femoral arter
ies are used for more than 90% of all arterial catheterizations. 
Although each site has unique complications, available data 
do not indicate a preference for any one site [23--27] . Radial 
arte1y cannulation is usually attempted initially unless the 

Fig. 3-2. Anatomy of the radial arte1y. 1ote the collateral circulation 
to the ulnar arte1y through the deep volar arterial arch and dorsal arch. 

patient is in shock or pul es are nor palpable, or both. If this 
fails, femoral arte1y cannulation should be performed. 

RADIAL ARTERY CANNULATION. A thorough understand
ing of normal arterial anatomy and co11U11on anatomic variants 
greatly facilitates inse1tion of catl1eters and management of 
unexpected findings at all sites. The reader is referred elsewhere 
for a comprehensive review of arterial anatomy [28]; only rele
vant anatomic considerations are presented here. The radial 
aitery is one of two final branches of tl1e brachia! arte1y. It 
courses over tl1e flexor digitorum sublimis, flexor pollicis lon
gus, and pronator quadra s muscles and lies just lateral to tl1e 
flexor carpi radialis in the forearm (Fig. 3-2). As the artery enters 
tl1e floor of me palm, it ends in tl1e deep volar a1terial arch at tl1e 
level of tl1e metacarpal bones and communicates witl1 me ulnar 
arte1y. A second site of collateral flow for me radial a1teiy occurs 
via the dorsal arch running in the dorsum of me hand. 

The ulnar arte1y runs between me flexor carpi ulnaris and 
flexor digitorum sublirnis in the forearm, wim a short course 
over the ulnar ne1ve. In the hand the artery runs over the 
transverse carpal ligament and becomes the superficial volar 
arch which forms an anastomosis with a small branch of the 
radi�l artery. These tluee anastomoses provide excellent collat
eral flow to the hand. ot all individuals, however, are born 
with three patent arches, and disease processes such s athero
sclerosis and scleroderma may compromise previous!. existing 
channels. A competent superficial or deep palmar arch must 
be present to ensure adequate collateral flow. At least one of 
these arches may be absent in up to 20% of individuals. 

Modified Allen's Test. Before placement of a radial or ulnar 
arterial line it must be de onstrated that tl1e blood supply to 
the hand ;,,,ould not be eliminated by a catheter-induced 



thrombus. In 1929, Allen [29] described a technique of diag
nosing occlusive arterial disease. His technique has been 
modified and serves as the most common screening rest 
before radial artery cannularion. The examiner compresses 
both radial and ulnar arteries and asks the patient to clinch 
and unclinch the fist repeatedly until pallor of the palm is pro
duced. Hyperexrension of the hand is avoided, as it may 
cause a false-negative result, suggesting inadequate collateral 
flow [30] . One artery is then released and the rime to blushing 
of the palm noted. The procedure is repeated with the other 
artery. ormal palmar blushing is complete before 7 seconds 
(positive rest); 8 to 14 seconds is considered equivocal, and 1 5  
or more seconds abnormal (negative rest). 

The modified Allen's rest is nor an ideal screening proce
dure. In one study comparing the Allen's rest to Doppler 
examination, Allen's rest had a sensitivity of 87% (i .e . ,  it 
detected ulnar collateral flow in 87% of cases in which Dop
pler study confirmed its presence) and a negative predictive 
value of only 0 . 18  (i .e. ,  only 18% of patients with no collateral 
flow by Allen's test had this confirmed by Doppler study) [31] .  
Other studies have compared Allen's rest to plethysmography, 
with similar results [32]. Thus, the modified Allen's test does 
nor necessarily predict the presence of collateral circulation, 
and many centers, including the author's, have abandoned its 
use as a routine screening procedure. Each institution should 
establish its own guidelines regarding routine Allen's resting 
and the evaluation and management of negative results. If a 
lack of collateral circulation is verified by confirmato1y resting, 
it is advisable to avoid arterial cannulation on that hand. 

Percutaneous Insertion. Following evaluation for adequate 
collateral circulation, the hand is placed in 30 to 60 degrees of 
dorsiflexion with the aid of a roll of gauze and armband, avoid
ing hyperabducrion of the thumb. The volar aspect of the wrist 
is prepared and draped using sterile technique, and approxi
mately 0.5 ml lidocaine is infiltrated on both sides of the artery 
through a 25-gauge needle. Lidocaine serves to decrease 
patient discomfort and the likelihood of arterial vasospasm [33]. 

A 20-gauge, nontapered, Teflon 1 1/z- or 2-in. carheter-over
needle apparatus is used for the puncture. Entry is made at a 
30- to 60-degree angle to the skin approximately 3 to 5 cm 
proximal to the distal wrist crease. The needle and cannula 
are advanced until blood return is noted in the hub, signifying 
intraarterial placement of the tip of the needle (Fig. 3-3). A 
small amount of further advancement is necessary for the can
nula to enter the artery as well. With this accomplished, nee
dle and cannula are brought flat to the skin, and the cannula 
is advanced to its hub with a firm, steady rotary action. Cor
rect positioning is confirmed by pulsarile blood return on 
removal of the needle. If the initial attempt is unsuccessful, 
anatomic considerations indicate that subsequent attempts 
should be more proximal rather than closer to the wrist crease 
[28], although this may increase the incidence of catheters 
becoming nonpatent [34] . 

If difficulty is encountered when attempting to pass the 
catheter, carefully replacing the needle and slightly advancing 
the whole apparatus may remedy the problem. Alternately, a 
fixation technique can be attempted (Fig. 3-3). The arte1y is 
purposely transfixed by advancing the needle and catheter 
through tl1e far wall of the vessel. The needle is then removed 
and the cannula pulled back until vigorous arterial blood 
return is noted. The catheter can then be advanced into the 
arterial lumen, although occasionally the needle must be par
tially reinserted carefully (never forced, to avoid shearing the 
catheter) to serve as a rigid stent. 

Catheters with self-contained guidewires to facilitate pas
sage of the cannula into the artery are available. Percutaneous 
puncture is made in the same manner, but when blood return 
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Fig. 3-3. Cannulation of the radial arte1y. A: A towel is placed 
behind the wrist, and the hand is immobilized with tape. The radial 
arte1y is fixated with a 20-gauge angiocath connected to a 5-mL 
syringe (optional). B: The angiocath is withdrawn until pulsatile 
blood return is noted. C: The trocar is withdrawn as the Teflon cathe
ter is simultaneously advanced. 

is noted in the catheter hub, the guidewire is passed through 
the needle into the artery, serving as a stent for subsequent 
catheter advancement. The guidewire and needle are then 
removed and placement confirmed by pulsatile blood return. 
The cannula is then secured firmly, attached to transducer 
tubing, antiseptic ointment applied, and the sire bandaged. 

DORSALIS PEDIS ARTERY CANNULATION. Dorsalis pedis 
artery catl1eterization is uncommon in most critical care units; 
compared to the radial artery, the anatomy is less predictable 
and the success rare lower [35,36]. The dorsalis pedis artery is 
the main blood supply of the dorsum of the foot. The artery 
runs from the level of the ankle to the great toe. It lies very 
superficial and just lateral to tl1e tendon of the extensor hallucis 
longus (Fig. 3-4). The dorsal is pedis anastomoses with branches 
from tl1e posterior tibial (lateral plantar artery) and, to a lesser 
extent, peroneal arteries, creating an arterial arch network anal
ogous to that in the hand. Collateral circulation is assessed by 
occluding the dorsalis pedis and posterior tibial pulses and 
blanching the great toe by repeated flexion. Release of the pos
terior tibial artery should result in blushing of the toe within 10 
seconds; longer blushing times may represent poor collateral 
circulation. Tests using Doppler probes or pneumatic cuffs 
around the great toe have also been proposed. 

The foot is placed in plantar flexion and prepared in the 
usual fashion. Vessel entry is obtained approximately halfway 
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Fig. 3-4. Anatomy of dorsalis pedis artery and adjacent structures. 

up the dorsum of the foot; advancement is the same as with 
cannulation of the radial artery. Patients usually find insertion 
here more painful but less physically limiting. Systolic pres
sure readings are usually 5 to 20 mm Hg higher with dorsalis 
pedis catheters than with radial arte1y catheters, but mean 
pressure values are generally unchanged. 

BRACHIAL ARTERY CANNULATION. Cannulation of the 
brachia! arte1y is infrequently performed because of concern 
regarding the lack of effective collateral circulation. Centers 
experienced in the use of brachia! arte1y catheters, however, 
have reported complication rates that are no higher than with 
other routes [28,37,38]. Even when diminution of distal pulses 
occurs, either because of proximal obstruction or distal embo
lization, clinical ischemia is unlikely [37]. An additional ana
tomic consideration is the median nerve, which lies in close 
proximity to the brachia! arte1y in the antecubital fossa and 
may be punctured in 1% to 2% of cases [38]. This usually 
causes only transient paresthesias, but median nerve palsy has 
been reported. Median ne1ve palsy is a particular risk in 
patients with coagulopathy because even minor bleeding into 
the fascia! planes can produce compression of the median 
nerve [39l. Coagulopathy should be considered a relative con
traindication to brachia! arte1y cannulation. 

It is good practice to perform a modified Allen's test or 
Doppler studies of the ulnar and radial arteries before brachia I 
arte1y cannulation. An alternative site should be selected if 
one is missing or collateral circulation is inadequate. Cannula
tion of the brachia! artery can be performed with a 2-in. 
catheter-over-needle as described for the radial artery, but 
most centers use the Seldinger technique (see Femoral Arte1y 
Cannulation). Inserting a 6-in. catheter into the brachia! arte1y 
places the catheter tip in the axilla1y artery, and pressures 
obtained are more representative of aortic pressures. The bra
chia! artery is punctured by extending the arm at the elbow 

Biceps 

Fig. 3-5. Palpation of the brachia! artery. The arm is fully extended 
at the elbow and the artery palpated in the antecubital Fossa as indi
cated. The brachia! artery is then can.nutated at this site. 

and locating the pulsation in or slightly proxim I to the 
antecubital fossa, just medial to the bicipital tendon ( Fig. 3-5). 
Once the catheter is established, the elbow must be kept in 
full extension to avoid kinking or breaking the catheter. Clini
cal examination of the ha cl, and Doppler studies if indicated, 
should be repeated daily while the brachia! catheter is in 
place. The catheter should be promptly removed if diminution 
of any pulse occurs. 

FEMORAL ARTERY CANNULATION. The femoral arte1y is 
usually the next alternative when radial arte1y cannulation fails 
or is inappropriate [23-27.40]. The femoral artery is �arge and 
often palpable when other sites are not, and the technique of 
cannulation is easy to learn. The most common reason for fail
ure to cannulate is severe atherosclerosis or prior vascular pro
cedures involving both femoral arteries, in which case axilla1y 
or brachia! arte1y cannulation is appropriate. Com lications 
unique to this site are rare but include retroperitoneal hemor
rhage and intraabdominal viscus perforation. These complica
tions occur because of poor teclulique or in the presence of 
anatomic variations (i .e . ,  large inguinal hernia). Ische 1.ic com
plications from femoral arte1y catheters are very rare. 

The external iliac art ry becomes the common femoral 
artery at the inguinal ligament (Fig. 3-6). The artery courses 
under the inguinal l igament near the junction of th e medial 
and the middle tl1ird of a straight line drawn between the 
pubis and the anterior superior iliac spine. The arte is can
nulatecl using the Seldinger technique and any one of several 
available prepackaged kits. Kits contain tl1e equivalent of a 
19-gauge thin-wall needle, appropriate guidewire, nd 6-in. ,  
18-gauge Teflon catl1eter. The patient lies supine wit.h the leg 
extended and slightly abducted. Site preparation includes clip
ping of pubic hair if nee ssary. Skin puncture should be 3 to 
5 cm caudal to the inguinal ligament to minimize the risk of 
retroperitoneal hematoma or bowel perforation, which can 



Genitofemoral 
nerve 

Femoral 
sheath 

�!ir":'".:.:,+- Femoral artery 
�r:T--!il-il- Femoral vein 

Fig. 3-6. Anatomy of the femoral artery and adjacent structures. 
The artery is cannulated below the inguinal ligament. 

occur when needle puncture of the vessel is cephalad to the 
inguinal ligament. The thin-wall needle is directed, bevel up, 
cephalad at a 45-degree angle. When anerial blood return is 
con.firmed, the needle and syringe are brought down against 
the skin to facilitate guidewire passage. The guidewire should 
advance smoothly, but minor manipulation and rotation are 
sometimes required if the wire meets resistance at the needle 
tip or after it has advanced into the vessel. Inability to pass the 
guidewire may be due to an intimal flap over the needle bevel 
or atherosclerotic plaques in the vessel. In the latter instance, 
cannulation of that femoral arte1y might not be possible. 
When the guidewire cannot pass beyond the needle tip, it 
should be withdrawn and blood return reestablished by 
advancing the needle or repeat vascular puncture. The 
guidewire is then inserted, the needle withdrawn, and a stab 
incision made with a scalpel at the skin puncture site. The 
catheter is next threaded over the guidewire to its hub and the 
guidewire withdrawn. The catheter is then sutured securely 
and connected to the transducer tubing. 

AXILLARY ARTERY CANNULATION. Axilla1y artery cathe
terization in the ICU occurs infrequently, but centers that are 
experienced with its use report a low rate of complications 
[41 ,42]. The axillary arte1y is large and frequently palpable 
when all other sites are not and has a rich collateral circula
tion. The tip of a 6-in. catheter inserted through an axillary 
approach lies in the subclavian arte1y, and thus accurate cen
tral pressures are obtained. The central location of the tip 
makes cerebral air embolism a greater risk; therefore, left axil
lary catheters are preferred for the initial attempt, because air 
bubbles that pass into the right subclavian artery are more 
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likely to traverse the aortic arch [43]. Caution should be exer
cised in flushing ax.illa1y catheters, which is best accom
plished manually using low pressures and small volumes. 

The ax.illaiy arte1y begins at the lateral border of the first rib 
as a continuation of the subclavian a1tery and ends at the infe
rior margin of the teres major muscle, where it becomes the 
brachia! a1tery. The optimal site for catheterization is the junc
tion of the middle and lower third of the vessel, which usually 
corresponds to its highest palpable point in the axilla. At this 
point the a1te1y is superficial and is located at the inferior bor
der of the pectoralis major muscle. The a1te1y is enclosed in a 
neurovascular bundle, the axilla1y sheath, with the medial, pos
terior, and lateral cords of the brachia! plexus. Medial to the 
medial cord is the ax.illa1y vein. Not surprisingly, brachia! 
plexus neuropathies have been reported from axillary anery 
carmulation [44]. Coagulopathy is a relative contraindication, as 
the ax.illa1y sheath can rapidly fill with blood from an uncon
u·olled a1terial puncture, resulting in a compressive neuropathy. 

The ax.illa1y arte1y is cannulated using the Seldinger tech
nique and a prepackaged kit. The arm is abducted, externally 
rotated, and flexed at the elbow by having the patient place 
the hand under his or her head. Axillary hair should be 
clipped and the site prepared in standard fashion. The artery 
is palpated at the lower border of the pectoralis major muscle 
and fixed against the shaft of the humerus. After local infiltra
tion with lidocaine, the thin-wall needle is introduced at a 30-
to 45-degree angle to the vertical plane until return of arterial 
blood. The remainder of the catheterization proceeds as 
described for femoral artery cannulation. 

Complications of 
Arterial Cannulation 
Arterial cannulation is a relatively safe invasive procedure. 
Although estimates of the total complication rate range from 
1 5% to 40%, clinically relevant complications occur in 5% or 
fewer (Table 3-2). Risk factors for infectious and noninfectious 
complications have been identified [45-53] (Table 3-3), but 

Table 3-2. Complications Associated with A.tterial Cannulation 

Site 

All sites 

Radial anery 

Femoral artery 

Axillary arte1y 

Brachia! arte1y 

Complication 

Pain and swelling 
Thrombosis 

Asymptomatic 
Symptomatic 

Embolization 
Hematoma 
Hemorrhage 
Limb ischemia 
Catheter-related infection 

Local 
Systemic 

Diagnostic blood loss 
Pseudoaneu1ysm 
Heparin-associated thrombocytopenia 
Cerebral embolization 
Peripheral neuropathy 
Retroperitoneal hemorrhage 
Bowel perforation 
Arteriovenous fistula 
Cerebral embolization 
Brachia! plexopathy 
Median nerve damage 
Cerebral embolization 
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Tab/,e 3-3. Factors Predisposing to Complications 
with Arterial CannuJation 

Large tapered cannulas (>20 gauge except at the large arte1y sites) 
I-lypotension 
Coagulopathy 
Low cardiac output 
Multiple puncture attempts 
Use of vasopressors 
Atherosclerosis 
Hypercoagulable state 
Placement by surgical cutdown 
Site inflammation 
Intermittent flushing system 
Bacteremia 

the clinical impact of most of these factors is minimal given 
the overall low incidence of complications. 

THROMBOSIS. Thrombosis is the single most common com
plication of intraarterial catheters. The incidence of thrombo
sis varies with the site, method of detection, size of the 
cannula, and duration of cannulation. Thrombosis is common 
with radial and dorsalis pedis catheters but very rare with fem
oral or axillary catheters. The incidence of radial artery throm
bosis after cannulation has progressively declined because of 
recognition of the importance of catheter size and composi
tion and the use of continuous versus intermittent heparin 
flush systems [45,47,49-53]. The incidence probably increases 
significantly with duration of cannulation [53l. When a 20-
gauge nontaperecl Teflon catheter with a continuous 3 ml per 
hour heparinizecl saline flush is used to cannulate the radial 
artery for 3 to 4 clays, thrombosis of the vessel can be detected 
by Doppler study in 5% to 25% of cases [50,52]. Use of a flush 
solution containing heparin is standard and may reduce the 
incidence of thrombosis, but in patients with relative or abso
lute contraindications to heparin use, sodium citrate or saline 
alone can be substituted [54,55]. 

Thrombosis often occurs after clecannulation. Women repre
sent a preponderance of patients who experience flow abnor
malities after radial artery cannulation, probably because of 
smaller arteries and a greater tendency to exhibit vasospasm 
[34]. Most patients eventually recanalize, generally by 3 weeks 
after removal of the catheter. Despite the high incidence of 
Doppler-detected thrombosis, clinical ischemia of the hand is 
rare and usually resolves after catheter removal. Symptomatic 
occlusion requiring surgical intervention occurs in fewer than 
1 % of cases. Most patients in whom clinical ischemia develops 
have an associated contributory cause, such as prolonged cir
culatory failure with high-close vasopressor therapy [51 ] .  

Significant ischemic complications are minimized by reg
ular inspection of the extremity for unexplained pain or 
signs of ischemia and immediate withdrawal of the catheter 
when they appear. If evidence of ischemia persists after 
catheter removal, thrombolytic therapy, radiologic or surgi
cal embolectomy, or cervical sympathetic blockade is a 
treatment option [51 ] .  

CEREBRAL EMBOLIZATION. Continuous flush devices 
used with arterial catheters are designed to deliver 3 ml per 
hour heparinized saline (generally 1 to 5 U heparin per ml 
saline) from an infusion bag pressurized to 300 mm Hg. 
Lowenstein et al. [56] demonstrated that, with rapid flushing of 
radial arte1y lines with relatively small volumes of racliola
belecl solution, traces of the solution could be detected in the 
central arterial circulation in a time frame representative of 
retrograde flow. Chang et al .  [57] demonstrated that injection 

of greater than 2 ml of air into the radial arte1y of small pri
mates resulted in retrograde passage of air into the vertebral 
circulation. Factors that increase the risk for retrograde pas
sage of air are patient size and position (air travels up in a sit
ting patient), injection site, and flush rate. Air embolism has 
been cited as a risk mainly for radial arterial catheters [57] but 
logically could occur with all arterial catheters, especially axil
lary and brachia! artery catheters . The risk is mini...11izecl by 
clearing all air from tubing before flushing, opening the flush 
valve for no more than 2 to 3 seconds, and avoiding overag
gressive manual flushing of the line. 

DIAGNOSTIC BLOOD LOSS. DBL is patient bloo . loss that 
occurs as a result of frequent blood sampling obtained for lab
oratory testing. The significance of DBL is underappreciated. 
It is a particular problem in patients with standard arterial 
catheter setups that are used as the site for sampling, because 
3 to 5 ml blood is typically wasted (to avoid heparin/saline 
contamination) every time a sample is obtained. In patients 
with frequent arterial blood gas determinations, DBL can be 
substantial and result in a transfusion requirement [58,59]. 
DBL can be minimized in several ways, including tubing sys
tems that use a reservoir for blood sampling [60,61] ,  continu
ous intraarterial blood gas monitoring [62], point of care 
microchemistry analysis, and the use of pediatric collection 
tubes. Given the expense and risks of blood component ther
apy, any or all of the above techniques should be routinely 
implemented in every ICU. Protocols that are designed to 
optimize laborato1y use have resulted in significant cost sav
ings and reduced transfusion requirements [63]. 

HEPARIN-ASSOCIATED THROMBOCYTOPENIA. Throm
bocytopenia is ve1y common in critically ill adults and usu
ally not due to heparin [64]. However, when the platelet 
count falls below 80,000 to 100,000 per ml, it is advisable to 
discontinue all heparin, even the small amount contained in 
continuous flush devices, because of the possibility of 
heparin-associated thrombocytopenia [65]. Although the data 
are conflicting, heparin probably is beneficial in minimizing 
the risk of thrombosis with arterial catheters, and its routine 
use should be contini1ecl. In the presence of throm ocytope
nia, however, sodium citrate, saline, and lactated Ringer's 
solution are suitable replacements. 

OTHER MECHANICAL AND TECHNICAL COMPLICA
TIONS. Other noninfectious complications repo1tecl with arte
rial lines are pseudoaneurysm formation [66], hemat ma, local 
tenderness, hemorrhage, neuropathies, and embolization. 

INFECTION. Infectious equelae are the most important clin
ical complications that occur because of arterial cannulation, 
and many of the concepts and definitions applied to central 
venous catheter-related infection (see Chapter 82 ) are also 
relevant to arterial catheters . Catheter-associated infection is 
usually initiated by skin flora that invade the intracutaneous 
tract, causing colonization of the catheters and, :iltimately, 
bacteremia. An additional source of infection from pressure
monitoring systems is contaminated infusate or equipment, 
which generaliy causes epidemic nosocomial bacteremia [67]. 
Arterial pressure-monitoring systems have been the cause of a 
number of epidemics in the past [68] and are at greater risk for 
this type of infection than central venous catheters for several 
reasons: (a) The transducer can become colonized because of 
inadequate sterilization or stagnant flow, (b) the flu h solution 
is infused at a slow rate (3 ml per hour) and ma. hang for 
several hours, and (c) multiple blood samples are o· rained by 



several different personnel from stopcocks in the system, 
which can serve as enny sites for bacteria [69,70]. 

Appreciation of the mechanisms responsible for initiating 
arterial catheter-related infection is important in understanding 
how to minimize infection. Thorough operator and site prepa
ration is paramount. Chlorhexidine has a broader antibacterial 
spectrum and longer duration of action than 10% povidone
iocline solution and has demonstrated an impressive reduction 
in catheter-related infection [71 ,72]. Operators must wash their 
hands and wear sterile gloves during insertion and care of the 
catheter. Breaks in sterile technique during insertion mandate 
termination of the procedure and replacement of the compro
mised equipment. Nursing personnel should follow strict 
guidelines when drawing blood samples or manipulating tub
ing. Ideally, stopcocks are covered with diaphragms instead of 
caps. Blood that is withdrawn to clear the tubing before draw
ing samples should not be reinjected unless a specially 
designed system is in use [73]. Daily inspection of the site is 
mandatory, and the catheter should be removed promptly if 
abnormalities are noted. Dressings are changed every 48 to 72 
hours. Application of a polymicrobial ointment to the insertion 
site during dressing changes is standard but may not reduce 
the incidence of clinically important infection [74] . 

Finally, older recommendations to change the monitoring 
setup completely every 48 hours as a means of infection con
trol are obsolete. Similar to recent experience with other med
ical equipment such as ventilator circuits, it appears that 
routine frequent changes of the pressure-monitoring system 
do not reduce infectious complications and may simply be 
another opportunity to introduce colonization. Studies have 
documented the safety of prolonging the interval of routine 
changes [75]; in our institution, the monitoring setup is 
changed every 96 hours. 

These measures have contributed to an impressive decrease 
in arterial catheter-related infection. A rterial catheter-related 
infection, defined as 1 5  or more colonies on semiquantitative 
culture of a catheter segment [76], occurs in 4% to 20% of 
catheters but contributes to bacteremia or septicemia in 0% to 
3% of cases [23-25,48,71 ,77,78]. The site of insertion does not 
appear to be an important factor impacting on the incidence 
of infection [24,25,36,79]; duration of catheterization continues 
to be important, but recommendations are changing. It is no 
longer necessary to change arterial catheters routinely, as 
studies of catheters remaining in place a week or longer have 
not demonstrated a higher rate of clinically important infec
tion [41 ,78,79] . Each institution should determine its own 
catheter-associated infection rate so that rational policies can 
be formulated based on existing infection rates. 

When arterial catheter infection does occur, Staphylococcus 
species, especially S. epidermidis, are commonly isolated. 
Gram-negative organisms are seen less frequently but predom
inate in contaminated infusate or equipment-related infection 
[67,80] . Candida species are a greater risk in prolonged cathe
terization of the glucose-intolerant patient on multiple systemic 
broad-spectrum antibiotics. Catheter-associated bacteremia 
should be treated with a 7- to 14-day course of appropriate 
antibiotics. In complicated cases, longer courses are sometimes 
necessary. 

The optimal evaluation of febrile catheterized patients is a 
challenging problem. The decision to discontinue or change 
an arterial catheter differs from the approach with central 
venous catheters discussed in Chapter 2 in some fundamental 
ways. Arterial catheters are less likely to be the source of fever 
than central venous catheters, and changing of arterial lines is 
frequently not indicated. If the site appears abnormal or the 
patient is in septic shock with no other etiology, the catheter 
should be removed. More specific guidelines are difficult to 
recommend, and individual factors should always be consicl-
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erecl . In general, arterial catheters that are in place for fewer 
than 4 clays will not be the source of fever unless insertion was 
contaminated. Catheters that are in place for 7 clays or longer 
should be changed to a different site because of the small but 
measurable chance of infection. Guidewire exchanges have 
limited utility in the management of arterial catheters unless 
alternative sites are not available. 

Recommendations 
Either the radial or femoral artery is an appropriate initial site 
for percutaneous arterial cannulation. Most centers have more 
experience with radial artery cannulation, but femoral artery 
catheters are reliable and have a comparable incidence of 
complication. In more than 95% of patients, one of these two 
sites is adequate to achieve arterial pressure monitoring. 
When these sites are not appropriate, the dorsalis pedis arte1y 
is a good alternative, but cannulation is frequently not possi
ble, especially if radial artery cannulation failed because of 
poor perfusion. Under these circumstances, the axillary or 
brachia! arte1y can be safely cannulated unless a coagulopa
thy is present. The site selected for any given patient may not 
be of prime importance, as centers experienced in the use of 
alternative sites report excellent results with low rates of com
plication. Recent experience indicates that arterial catheters 
can be left in place for longer than 4 clays without significantly 
increasing infection, but each institution needs to conduct its 
own studies to standardize policies and document catheter
associated infection rates. Iatrogenic anemia and overuse of 
blood tests are real phenomena associated with arterial cathe
ters, and they should be discontinued promptly when they are 
no longer required for patient management. 
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4. Pulmonary Artery Catheters 

Since their introduction into clinical practice in 1 970 by Swan 
and associates [ll ,  balloon-tipped, flow-directed pulmona1y 
artery (PA) catheters have found widespread use in the clini
cal management of critically ill patients. However, in recent 
years, both the safety and efficacy of these catheters have 
been brought into question. In this chapter, we review the 
physiologic basis for their use, some history regarding their 
development and use, the concerns raised about their use, 
and suggestions for appropriate use of the catheters and the 
information obtained from them. 

Physiologic Rationale for Use of the 
Pulmonary Artery Catheter 
In unstable situations, during which hemoclynamic changes 
often occur rapidly, clinical evaluation may be misleading [2-
6]. PA catheters allow direct measurement of several major 
determinants and consequences of cardiac performance [pre
load, afterload, cardiac output (CO)], thereby supplying addi
tional data to aid in clinical decision making [7-10]. 

Cardiac function depends on the relationship between mus
cle length (preload), the load on the muscle (afterload), and 
the intrinsic property of contractility. Until the development of 
the flow-directed PA catheter, there was no way to assess all 
of these using one insm1ment in a clinically useful way at bed
side. The catheter allows the reflection of right venu·icular 
(RV) preload (right atrial pressure), RV afterloacl (PA pres
sure), left ventricular preload [PA wedge pressure (PAWP)l, 
and contractility (stroke volume or CO). Left ventricular after
loacl is reflected by the systemic artery pressure. This informa
tion allows the calculations of numerous parameters, 
including vascular resistances. No other tool allows the gath
ering of such a large amount of information. 

Stephen ]. Voyce and 
D. Robert Mccaffree 

Controversies Regarding Use of the 
Pulmonary Artery Catheter 
Despite all its advantages, some clinicians elect to minimize 
the use of the PA catheter. The reason for this is that the ben
efit of using the catheter has been questioned. In fact, some 
studies even suggest increased mortality with catheter use. 

The reasons that the increased physiologic information may 
not benefit many patients are not clear. However, this lack of 
benefit or even increased mortality is not easily explained by 
complications from catheter use. It has been hypothesized 
that these results could be clue to erroneous or misused infor
mation obtained from the catheter or to the fact that use of the 
catheter reflects a more aggressive management style that 
could lead to greater mortality in critically ill patients. 

Because the question of whether catheter use is beneficial
and if so, to which patients-is such a key issue, studies 
addressing both the benefits and the risks or lack of benefits 
of catheter use are reviewed first. 

EVIDENCE OF BENEFIT. For the first several years after the 
introduction of the catheter, there were no studies discussing 
specific benefits, in large part because the increase in physio
logic information seemed to confer an unquestionable bene
fit. In the 1 980s, several reports appeared that seemed to 
support this benefit. Specifically, several studies found that 
the usual measures of uying to assess preload, afterload, and 
contractility were inaccurate and that the catheter affected 
clinical decisions in a significant way approximately one-half 
of the time [4,6, 1 1 , 1 2] .  The only one of these studies that 
looked at outcome as reflected by mortality found that in 
those patients in circulat01y shock for whom the use of the 
catheter led to a significant change in therapy, mortality was 
significantly lower [12] .  
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Many reports of the benefits of PA catheter use have been 
in surgical and anesthesia settings. The most compelling evi
dence of benefit in these populations is in the use of optimiz
ing cardiovascular performance in the perioperative period or 
in the use of goal-directed therapy in high-risk surgical 
patients [ i .e. ,  attempting to drive the CO and oxygen clelive1y 
(Do2) to supranormal levels] [ 13-19]. These strategies require 
the use of the PA catheter. The rationale is that patients with 
greater metabolic needs (e.g.,  postsurgery, trauma, burns, sep
sis) require supranormal physiologic parameters to improve 
outcome. Using data derived from PA catheterization, investi
gators have retrospectively described the hemoclynamic and 
oxygen transport variables of critically ill postoperative survi
vors versus nonsurvivors [16, 17] .  Subsequent application of 
these supranormal physiologic goals in some prospective 
studies ( 13 ,  1 5] demonstrated favorable results. Although most 
of the success of this strategy has been demonstrated in surgi
cal patients, there has been a study recently reported in 
patients with sepsis using goal-directed therapy instituted very 
early in the course of illness (20]. This was instituted in the 
emergency room (i .e. ,  ve1y early in the course of sepsis) and 
resulted in reduced mortality in this cohort of patients. It is 
important to recognize that these studies do not imply a 
causal relationship between improved patient outcome and 
increased Do2. Indeed, others have suggested that the ability 
of the cardiovascular system to respond to fluid and pharma
cologic manipulations is the ultimate determinant of the ben
eficial outcomes observed in these studies [205] . 

There has also been a recent metaanalysis of organ failure as 
an outcome end-point of catheter use (21] .  This analysis of 
1 ,610 patients in 1 2  randomized controlled trials using the PA 
catheter found that there was a significant reduction in morbid
ity in those patients in whom the catheter was used. However, 
the quality of the studies varied considerably, and eight of the 
12 dealt with studies having supranormal values as their goals. 

EVIDENCE OF HARM OR LACK OF BENEFIT. In contrast 
to the above evidence of benefit, there is growing evidence 
that the use of the catheter does not lead to improved out
comes (22,23]. In fact, in some groups of patients, it may be 
associated with an increased mortality. For example, in the 
discussion about supranormal goals, it has been argued that 
attempts to maintain supranormal physiologic parameters in 
the patients with left ventricular dysfunction or ischemic heart 
disease may, in fact, be detrimental ( 15 , 18]. More recent data 
have not convincingly demonstrated improved outcome or 
survival rates in patients randomized to augmentation of Do2 
to supranormal levels compared to those undergoing conven
tional therapy. Of clinical interest, an increased mortality 
recently has been reported in patients driven to supranormal 
hemodynamic levels [24,25] .  The reason for the increased 
mortality cannot be attributed to the catheter itself, however, 
in these studies. Thus, for patients with systemic inflammatory 
response syndrome-related organ dysfunction, the Pulmona1y 
Arte1y Catheter Consensus Statement [205] does not recom
mend PA catheter-guided hemoclynamic intervention to 
achieve supranormal Do2 levels. 

Questions were first raised about the possibility of 
increased mortality associated with the use of the catheter as 
early as 1978 [26]. In 1980, in an editorial, Spodick (27] called 
for a randomized trial. Robin in 1985 (28] reviewed the 
reported complications of catheter use and noted no clear evi
dence of the risk to benefit ratio of using the catheter. He also 
called for randomized trials. In 1987, a retrospective study by 
Gore and colleagues (29] showed a higher mortality rate in 
patients with acute myocardial infarction complicated by heart 
failure, hypotension, or shock who underwent PA catheteriza-

tion than in patients with similar complications of myocardial 
infarction who were not catheterized. The difference in mor
tality rates persisted despite multivariate analysis of the data to 
adjust for infarct size. The authors acknowledged the difficulty 
in assessing whether the patients who received a PA catheter 
were actually sicker than those who did not, given the stucly's 
retrospective nature. No pecific complication of PA catheter
ization could be related to the increased short-term mortality, 
and the authors were car ful not to suggest that the increased 
mortality was clue to the use of the PA catheter. This !eel to 
another call for controlled trials [30]. Subsequent reports also 
raised the question of the risk of catheter use in patients with 
acute myocardial infarction (31 ,32]. 

However, the most significant study raising questions about 
the usefulness of the catheter was that by Connors et al. [33] . 
This study has widely been quoted as showing evidence of 
increased risk of mortality associated with catheter use, but 
the authors actually interpret their findings more conserva
tively. They state simply that they found no benefit of catheter 
use. Because of the discussion generated by this study, it 
deserves a more detailed description. 

The study by Connors et al. was a prospective cohort study 
of more than 5,700 patients with one of nine diagnoses and a 
life expectancy of less than 6 months, all of whom were 
enrolled in the Study to Understand Prognoses and Prefer
ences for Outcomes and Risks of Treatment (SUPPORT). All 
were admitted to an intensive care unit (ICU) in ne of the 
five participating centers . Approximately 40% received a PA 
catheter within 'the first 24 hours of ICU admission. All 
patients were evaluated according to a "propensity score" 
(i.e. , the propensity to have a catheter placed), which was 
developed through the input of seven specialists in critical 
care. This score included more than 50 variables . Further
more, the adequacy of adjustment by the propensity score 
was evaluated by se itivity analysis, which ultimately 
assessed how substantial the effect of a missing variable 
would need to be to mask either a true relative hazard of 
death or a beneficial effect of the use of the catheter. 

Connors et al. found that, in pairs of patients matched by 
their propensity scores, one of whom received the catheter 
and one of whom did not, catheter use increased the relative 
hazard of dead1 in cad1eterizecl patients at 30, 60, and 180 
clays by approximately 25% overall. The in-hospital relative 
hazard of clead1 increased by almost 40%. The 30-clay relative 
hazard of dead1 was greatest in patients with acute respiratory 
failure and multiple organ system failure (approximately 30%); 
these two categories accounted for almost 80% of me patients 
in the study and therefore heavily influenced the p oled data. 
The relative hazard of death was not significantly increased in 
those patients with congestive heart failure or the other six 
diagnoses. However, in no diagnostic catego1y was there any 
demonstrated benefit from the use of the catheter. This is the 
major finding of the study, although they also found increased 
costs and longer hospital stays for catheterized patients (as 
have many od1ers). 

The sensitivity analysis confirmed the adequacy of the pro
pensity score in identifying d1e most important variables asso
ciated with catheter u e . This analysis revealed that any 
variable missing from consideration, which would also have 
to be independent from any other variable considered, would 
have to increase the relative hazard of death or the probability 
of catheter use sixfold t mask a benefit from the c atheter. I n  
the same vein, a missing variable would have t o  i crease the 
relative hazard of death or the probability of catheter use 
more than threefold to make the reported increase :n the rela
tive hazard of death invalid. 

Although this descriptive study could not evaluate the 
causes for the findings, e authors did speculate on possibili-



ties. These included the possibility rhar complications from 
the catheter use itself could reduce any beneficial effect. This 
is unlikely, since the reported complication rates and types 
could not account for the level of risk found. Second, it may 
be that physicians using the catheter are not sufficiently 
knowledgeable in the interpretation and use of the informa
tion. There is some support for this possibility. Investigatiors 
[34-36] found in written questionnaires that experienced phy
sicians and nurses misinterpreted pressure waveforms 
obtained from PA catheters. Third, it may be that use of the 
catheter marks a more aggressive approach that might be 
responsible for the greater mortality. This possibility is sup
ported by the findings of Blumberg and Binns in patients with 
acute myocardial infarction [37l. They found that patients with 
PA catheters had higher Therapeutic Intervention Scoring Sys
tem scores, even after removing the Therapeutic Intervention 
Scoring System points associated with the catheter itself, than 
those who did not receive the catheter. Moreover, Viellard
Baron et al. [38] reported that, in a small retrospective cohort 
study of patients with acute respirato1y distress syndrome 
(ARDS) in two hospitals, one of which routinely used the PA 
catheter and one of which never used it, the use of epineph
rine/norepinephrine and a nonpulmonary cause of ARDS 
were independently associated with mortality. They suggested 
that rhe use of vasopressors may be more important than the 
use of the PA catheter as a cause for mortality. A fourth possi
bility, which is related to t11e possibility proposed by Veillard
Baron et al . ,  is that the information derived from the catl1erer 
leads ro changes in therapy rhar may actually be harmful,  such 
as more aggressive fluid therapy or use of inotropes. This 
could be reflected in those studies that have found that [lying 
ro achieve supranormal cardiovascular values in patients with 
medical illnesses is nor beneficial and may be associated with 
increased mortality [23,24] . 

The results of the study conducted by Connors et al .  gener
ated even more calls either for a moratorium on the use of the 
catheter or for randomized controlled trials [39] . However, the 
importance of this study in increasing tl1e perception of a need 
for randomized studies and a sense of clinical equipoise can 
be best il lustrated by the experience of an earlier attempt at a 
randomized trial. Guyatt (40] reported the results of a random
ized study in Ontario. Of 148 potentially eligible patients, only 
33 were randomized. Of the 1 1 5  not randomized, 52 were not 
randomized because t11e attending physician believed that use 
of me catheter was ethically mandated, whereas 27 were not 
randomized because the attending physician felt it was uneth
ical to use the catheter. After publication of t11e study by Con
nors et al . ,  there seemed to be a greater consensus of the need 
for randomized controlled studies. 

All the above studies dealt predominantly with patients with 
nonsurgical diseases. Recently, several studies have been 
reported in surgical patients addressing the use of the catheter 
and resultant outcomes and basically finding no benefit from 
me use of the catheter. Polanczyk et al .  [41 )  reported the results 
of an observational study of the use of rhe PA catheter to pre
vent cardiac complications in patients undergoing noncardiac 
surgery. They found that patients undergoing catheterization 
had a threefold increase in major postoperative cardiac events. 
In a case-controlled analysis, those receiving a PA catheter also 
had a greater incidence of postoperative congestive heart fail
ure. In a metaanalysis of routine perioperative PA catheteriza
tion in patients undergoing vascular surgery, Barone et al. (42) 
found no benefit of catl1eter use in preventing morbidity or 
mortality. Finally, in a study available only in abstract at tl1e 
time of this writing, Sandham et al. [43) found in a large multi
center randomized controlled trial in 1 ,994 patients undergoing 
urgent or elective surgery tl1at use of t11e catheter conferred no 
benefit in survival to hospital discharge. 
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CURRENT STATUS OF RECOMMENDATIONS FOR 
CATHETER USE. The studies detailed in this chapter have 
generated a great deal of discussion of the current role of the 
PA catheter. The only generally accepted conclusions are that 
randomized controlled trials are necessa1y and that education 
on the interpretation of information derived from the catheter 
and understanding of that information could be improved. At 
the present time, as per the recommendations of a workshop 
called by the National Heart, Lung, and Blood Institute 
(NHLBI) and the U.S .  Food and Drug Administration (FDA) 
[44], two randomized control trials are under way, one in 
patients with ARDS and the other in patients with severe con
gestive heart failure (New York Heart Association classes III 
and IV) . In addition, seven specialty organizations, a long with 
the NHLBI and the FDA, have developed a Web-based educa
tional program called the Pulmona1y Arte1y Catheter Educa
tion Program (PACEP), which has recently been introduced. 
The URL is http://www.PACEP.org. 

In the absence of definitive evidence of the relative risk to 
benefit ratios in specific groups of patients, and in light of the 
physiologic information available through the catheter, many 
critical care practitioners are continuing to use the catheter. 
The remainder of the chapter deals with the safe and rational 
use of the catheter. 

Indications for Pulmonary Artery 
Catheter Use 
The wide potential of the PA catheter should undergo a careful 
clinical assessment, since the use of t11e catheter entails a risk 
for the patient. Clinicians who use a PA cameter for monitoring 
should understand t11e fundamentals of me insertion technique, 
the equipment used, and the data that can be generated [9]. 

The use of the PA catheter for monitoring has four central 
objectives: (a) to assess left or right ventricular function, or 
both, (b) to monitor changes in hemodynamic status, (c) to 
guide treatment with pharmacologic and nonpharmacologic 
agents, and (cl) to provide prognostic information. The condi
tions in which PA catheterization may be useful are character
ized by a clinically unclear or rapidly changing hemodynamic 
status. Numerous sources review the indications for place
ment of PA catheters [9,45-47]. Table 4-1 is a partial listing of 
these indications. Use of PA catheters in specific disease enti
ties is discussed in other chapters. 

Other uses of PA catheters outside tl1e ICU include applica
tions in the anesthesia suite and cardiac catheterization labo
ratory [48--5 1 ] .  These are not discussed further here. 

Basic Catheter Features 
and Construction 
The basic catheter is constructed from polyvinylchloride and 
has a pliable shaft that softens further at body temperature. 
Because polyvinylchloride has a high thrornbogenicity, the 
catheters are generally coated with heparin. Heparin bonding 
of catheters, introduced in 198 1 ,  has been shown to be effec
tive in reducing catheter thrornbogenicity [53,57l. The stan
dard catheter length is 1 10 cm, and the most commonly used 
external diameter is 5 or 7 French (Fr) (1 Fr = 0.0335 mm). A 
balloon is fastened 1 to 2 nun from the tip (Fig. 4-1); when 
inflated, it guides the catheter (by virtue of fluid dynamic 
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Table 4-1. General Indications for Pulmonary 
Artery Catheterization 

Management of complicated myocardial infarction 
Hypovolemia vs. cardiogenic shock 
Ventricular septa! rupture vs. acute mitral regurgitation 
Severe left ventricular failure 
Right ventricular infarction 
Unstable angina 
Refractory ventricular tachycardia 

Assessment of respiratory distress 
Cardiogenic vs. noncardiogenic (e.g. , acute respiratoty distress syn

drome) pulmona1y edema 
Primary vs. seconda1y pulmonary hypertension 

Assessment of shock 
Cardiogenic 
Hypovolemic 
Septic 
Pulmonary embolism 

Assessment of therapy in selected individuals 
Afterload reduction in patients wid1 severe left ventricular function 
Inotropic agent 
Vasopressors 
Beta-blockers 
Temporary pacing (ventricular vs. atrioventricular) 
lntraao1tic balloon counterpulsation 
Mechanical ventilation (e.g. , with positive end-expiratory pressure) 

Management of postoperative open heatt surgical patients 
Assessment of cardiac tamponade/constriction 
Assessment of valvular heart disease 
Perioperative monitoring of patients with unstable cardiac status dur

ing noncardiac surge1y 
Assessment of fluid requirements in critically ill patients 

Gastrointestinal hemorrhage 
Sepsis 
Acute renal failure 
Burns 
Decompensated cirrhosis 
Advanced peritonitis 

Management of severe preeclampsia [198] 

Adapted from JM Gore, JS Alpert, JR Benorti, et al: Handbook of Hem.odynamic 
Monitoring. Boston, Little, Brown, 1984. 

drag) from the greater intra.thoracic veins through the right 
heart chambers into the PA. When fully inflated in a vessel of 
sufficiently large caliber, the balloon protrudes above the 
catheter tip, thus distributing tip forces over a large area and 
minimizing the chances for endocardial damage or arrhythm.ia 
induction during catheter insertion (Fig. 4-2). Progression of 
the catheter is stopped when it impacts in a PA slightly smaller 
in diameter than the fully inflated balloon. From this position, 
the PAWP is obtained. Balloon capacity varies according to 
catheter size, and the operator must be aware of the individ
ual balloon's maximal inflation volume as recommended by 
the manufacturer. The balloon is usually inflated with air, but 
filtered carbon diox.ide should be used in any situation in 
which balloon rupture might result in access of the inflation 
medium to the arterial system (e.g., if a right-to-left intra.car
diac shunt or a pulmonary arteriovenous fistula is suspected). 
If carbon diox.ide is used, periodic deflation and reinflation 
may be necessary, since carbon dioxide diffuses through the 
latex balloon at a rate of approximately 0.5 cc per minute. Liq
uids should never be used as the inflation medium. 

A variety of catheter constructions is available, each 
designed for particular clinical applications. Double-lumen 
catheters allow balloon inflation through one lumen, and a dis
tal opening at the tip of the catheter is used to measure intra.
vascular pressures and sample blood. Triple-lumen catheters 
have a prox.imal port terminating 30 cm from the tip of the 
catheter, allowing simultaneous measurement of right atrial 

and PA or wedge pressures. The most commonly used PA cath
eter in the ICU setting is a quadruple-lumen catheter, which 
has a lumen containing electrical leads for a therm.istor posi
tioned at the catheter surface 4 cm proximal to its tip (Fig. 4-1) 
[54]. The thermistor measures PA blood temperature and 
allows thermodilution CO measurements. A five-lumen cathe
ter is also available, with the fifth lumen opening 40 cm from 
the tip of the catheter. The fifth lumen provides additional cen
tral venous access for fluid or medication infusions when 
peripheral access is limited or when drugs requiring infusion 
into a large vein (e.g. ,  dopamine, epinephrine) are used. Fig
ure 4-2 shows the balloon on the tip inflated. 

Several special-purpose PA catheter designs are available. 
Pacing PA catheters incorporate two groups of elec odes on 
the catheter surface, enabling intra.cardiac electrocardiographic 
(ECG) recording or temporary cardiac pacing [55] . These cath
eters are used for emergency cardiac pacing, although it is 
often difficult to position the catheter for reliable simultaneous 
cardiac pacing and PA pressure measurements. A five-lumen 
catheter (Paceport RV catheter; C.R. Bard, Billerica, ) allows 
passage of a specially designed 2.4-Fr bipolar pacing electrode 
(probe) through the additional lumen, located 19 cm from the 
catheter tip. This allow emergency temporary intra.cardiac 
pacing without the need for a separate central venous punc
ture. The pacing probe is Teflon coated to allow easy introduc
tion through the pacemaker po1t lumen; the intra.ca ita1y part 
of the probe is heparin impregnated to reduce the risk of 
thrombus formation. One report demonstrated satisfacto1y 
ventricular pacing in 19 of 23 patients using th.is catheter 
design (83% success rate) [56]. When a pacing probe is not in 
use, the fifth lumen may be used for additional central venous 
access or continuous RV pressure monitoring. 

Continuous mixed venous oxygen saturation measurement is 
clinically available using a fiberoptic five-lumen P catheter 
[57]. Segal and colleagues [58] desctibed a catheter that incorpo
rates Doppler technology for continuous CO detem1.inations. 
Catheters equipped with a fast-response (95 m.illisec nds) ther
mistor and intra.cardiac ECG monitoring electrode are also 
available. These catheter allow determination of the RV ejec
tion fraction and RV systolic time inte1vals in critically ill 
patients [59-62]. The calculated RV ejection fraction has corre
lated well with simultaneous radionuclide first-pass studies [59]. 
The clinical utility of these and other catheter modifications is 
under investigation [58,63-66] . 

PRESSURE 1RANSDUCERS. Hemodynamic onitoring 
requires a system able to convert changes in intra.vascular 
pressure into electrical signals suitable for interpretation. The 
most commonly used hemodynamic monitoring s. stem is a 
catheter-tubing-transdu cer system. A fluid-filled intra.vascular 
catheter is connected to a transducer by a fluid-filied tubing 
system. (For more detail . see the discussion in Chapter 3.) 

Insertion Techniques 

GENERAL CONSIDERATIONS. Techniques for 
. 

se1t.ion of 
Swan-Ganz catheters and handling of the monitoring equipment 
are described in many sources [67-71]. Manufacturers' recom
mendations should be carefully followed. Ali cathete manufac
turers have detailed insertion and training materials. In addition, 
as already discussed, several specialty societies, the iHLBI, and 
the FDA have recently cooperated in producing a training pro
gram available on the Internet at http://www.PACEP.org. We 
only briefly describe the insertion technique. 
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Fig. 4-1. Quadruple-lumen pulmonary arte1y catheter. Connection to thermodilution cardiac output computer (A). 
Connection to distal lumen (B). Connection to proximal lumen (C). Stopcock connected to balloon at the catheter tip 
for balloon inflation (D). Thermistor (E). Balloon (F). Note that the catheter is marked in 10-cm increments. 

PA catheterization can be performed in any hospital loca
tion where continuous ECG and hemodynamic monitoring is 
possible and where equipment and supplies needed for car
diopulmona1y resuscitation are readily available. Fluoroscopy 
is not essential, but it can facilitate difficult placements. Prop-

erly constructed beds and protective aprons are mandatory for 
safe use of fluoroscopic equipment. Meticulous attention to 
sterile technique is of obvious importance; all involved per
sonnel must wear sterile caps, gowns, masks, and gloves, and 
the patient must be fully protected by sterile drapes. 

Fig. 4-2. Balloon properly inflated at the tip of a pulmonary artery catheter. Note that the balloon shields the catheter 
tip and prevents it  from irritating cardiac chambers on its passage to the pulmona1y artery. 
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Fig. 4-3. A: Easy blood aspiration has been demonstrated using the guiclewire introducer needle. B: The inner needle is 
removed. C: l11e spring guiclewire is advanced, soft encl first, through the cannula into the v el. D: With the guidewire 
held in place, the cannula is withdrawn from the vessel by being pulled over and off the length of the guidewire. 

The catheter may be insened percutaneously or via cutdown 
into the basilic, brachia!, femoral, subclavian, or internal jugular 
veins using techniques described in Chapter 2. For the follow
ing reasons, many clinicians prefer the percutaneous internal 
jugular approach: (a) patient arm movements are not encum
bered and are unlikely to alter catheter tip position, (b) it can be 
used in patients undergoing intrathoracic surgety, and (c) fewer 
d11·ombotic and septic complications may occur. We often use a 
prepackaged cad1eter inu·oducer kit (including a sheath vessel 
dilator, guidewire, sterile sleeve adapter, and related supplies). 

TYPICAL CATHETER INSERTION PROCEDURE 

1 .  Prepare and connect pressure tubing, manifolds, stop
cocks, and transducers. Remove the sterile balloon-tipped 
catheter from its container and wipe the outside with gauze 
soaked in sterile water or saline. Test for balloon integrity by 
submerging it in a small amount of fluid and checking for air 
leaks as the balloon is inflated (using the amount of air rec
ommended by the manufacturer). Deflate the balloon. 

2 .  Insert a central venous cannula as described in Chapter 2. 
Using the Selclinger technique, remove the catheter and posi
tion the guidewire contained in the PA catheter kit in the vein 
(Figs. 4-3 and 4-4). 

3. Make a small incision wid1 a scalpel to enlarge the punc
ture site (Fig. 4-5) and thread a vessel dilator-sheath apparatus 
(the size should be 8 Fr if a 7-Fr catheter is to be used) over 
the guidewire and advance it into the vessel, using a twisting 
motion to get through the puncture site (Fig. 4-6). 

4. Remove the guiclewire and vessel dilator, leaving the intro
ducer sheath in the vessel (Fig. 4-7). 

5. Attach stopcocks to the right au·ium and PA p01ts of the PA 
cad1eter and fill d1e proximal and distal catheter lumens with 
flush solution. Close the stopcocks to keep flush solution within 
d1e lumens and to avoid introduction of air into the circulation. 

6. If a sterile sleeve adapter is to be used, insert the catheter 
d1rough it and pull the adapter proximally over the catheter to 
keep it out of the way. Once the catheter is aclvan ed to its 
desired intravascular location, attach the distal e cl of the 
sleeve adapter to the introducer sheath hub. 

Fig. 4-4. The spring guid wire, stiff encl protruding, is now located 
in the subclavian vein. 



Fig. 4-5. A small incision is made with a scalpel to enlarge the 
puncture site. 

Small incision 
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7 .  Pass the catheter through the introducer sheath into the 
vein (Fig. 4-8). Advance it, using the marks on the catheter 
shaft indicating 10-cm distances from the tip, until the rip is in 
the right atrium. This requires advancement of approximately 
35 to 40 cm from the left antecubital fossa, 10 to 1 5  cm from 
the internal jugular vein, 10 cm from the subclavian vein, and 
35 to 40 cm from the femoral vein. A right atrial waveform on 
the monitor, with appropriate fluctuations accompanying res
pirato1y changes or cough, confirms proper intrathoracic loca
tion (Fig. 4-9, center). Obtain right au·ial blood for oxygen 
saturation from the distal port. Flush the distal lumen with 
heparinized saline and record the right atrial pressures. (Occa
sionally, it is necessa1y to inflate the balloon to keep the tip 
from adhering to the atrial wall during blood aspiration.) 

8. With the catheter tip in the right atrium, inflate the balloon 
with the recommended amount of air or carbon dioxide (Fig. 
4-9A). Inflation of the balloon should be associated with a 
slight feeling of resistance-if it is not, suspect balloon rupture 
and do nor anempt further inflation or advancement of the 
catheter before properly reevaluating balloon integrity. If sig
nificant resistance to balloon inflation is encountered, suspect 
malposition of the catheter in a small vessel; withdraw the 
catheter and readvance it to a new position. Do not use liq
uids to inflate the balloon, as they might be irretrievable and 
could prevent balloon deflation. 

Fig. 4-6. A: The vessel dilator-sheath apparatus is threaded over the guidewire and advanced into the vessel. B: A 
twisting motion is used co thread the apparaws into the vessel. 
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Fig. 4- 7. The guidewire and vessel dilator are removed, leaving the 
introducer sheath in the vessel. 

9. With the balloon inflated, advance the catheter until a RV 
pressure tracing is seen on the monitor (Fig. 4-9, center). 
Obtain and record RV pressures. Catheter passage into and 
through the RV is an especially risky time in terms of arrhyth
mias. Maintaining the balloon inflated in the RV minimizes 
ventricular irritation (Fig. 4-9B), but it is important to monitor 
vital signs and ECG throughout the entire insertion procedure. 
10 .  Continue advancing the catheter until the diastolic pres

sure tracing rises above that in the RV (Fig. 4-9, center), indicat
ing PA placement (Fig. 4-9C). If an RV trace still appears after 
the catheter has been advanced 1 5  cm beyond the 01iginal dis
tance needed to reach the right atrium, suspect curling in the 
ventricle; deflate the balloon, withdraw it to the right atrium, 
then reinflate it and try again. Advancement beyond the PA 
position results in a fall on the pressure tracing from the levels 
of systolic pressure noted in the RV and PA. When this is noted, 
record the PAWP (Fig. 4-9, center, D) and deflate the balloon. 
Phasic PA pressure should reappear on the pressure tracing 
when the balloon is deflated. If it does not, pull back the cath
eter with the deflated balloon until the PA tracing appears. With 
the balloon deflated, blood may be aspirated for oxygen satu
ration measurement. Watch for intermittent RV tracings indicat
ing slippage of the catheter backward into the ventricle. 

Fig. 4-8. The catheter is passed through the introducer sheath into 
the vein. 

1 1 .  Carefully record the balloon inflation volume n eded to 
change the PA pressure tracing to the PAWP tracing. If PAWP is 
recorded with an inflation volume significantly lower tl1an tl1e 
manufacturer's recommended volume, or if subsequent PAWP 
determinations require cl creasing amounts of balloon infla
tion volume as compared to an initial appropriate amount, the 
catheter tip has migrated too far peripherally and s ould be 
pulled back immediately. 
12 .  Secure the catheter in tl1e correct PA position by suturing 

or taping it to the skin to prevent inadvertent advancement. 
Apply a germicidal agent and dress appropriately. 

13 .  Order a chest radiograph to confirm catheter position; the 
catheter tip should appear no more than 3 to 5 cm from the 
midline. To assess whether peripheral catheter migration has 
occurred, daily chest radiographs are recommended to sup
plement pressure monitoring and checks on balloon inflation 
volumes. An initial cross-table lateral radiograph s · ould be 
obtained in patients on positive end-expirato1y pressure 
(PEEP) to rule out superior placements. 

SPECIAL CONSIDERATIONS. In certain disease states (right 
atrial or RV dilatation, severe pulmonary hypertensi n, severe 
tricuspid insufficiency, low CO syndromes), it may be difficult 
to position a flow-directed catheter properly. These settings 
may require fluoroscopic guidance to aid in catheter position
ing. Infusion of 5 to 10 mL of cold saline t11fough the distal 
lumen may stiffen the catheter and aid in positioning. Alterna
tively, a 0.025-cm guidewire 145 cm long may be used to 
stiffen tl1e catheter when placed tlu·ough the distal lumen of a 
7-Fr PA catheter. This manipulation should be perfonned only 
under fluoroscopic guidance by an experienced operator. 
Rarely, nonflow-directed PA catheters (e.g . ,  Cournand catl1e
ters) may be required. Because of their rigidity, these cathe
ters have the potential to perforate the right heart and must be 
placed only under fluoroscopy by a physician experienced in 
cardiac catheterization te hniques. 

Physiologic Data 
Measurement of a variety of hemodynamic parameters and 
oxygen saturations is possible using the PA catheter. A sum
mary of normal values for these parameters is found in Tables 
4-2 and 4-3. 

PRESSURES 

Right Atrium. Witl1 the tip of the PA catl1eter in tl1e right 
atrium (Fig. 4-9A), tl1e balloon is deflated and a right atrial 
waveform recorded (Fig. 4-10). Normal resting right atrial pres
sure is 0 to 6 mm Hg. Tw major positive atrial pressure waves, 
the a wave and v wave, can usually be recorded. On occasion, 
a third positive wave, the c wave, can also be seen. The a 
wave is due to atrial contraction and follows the simulta
neously recorded ECG P wave (47,72]. The a wave peak gener
ally follows tl1e peak of tl1e electrical P wave by approximately 
80 milliseconds [73J. The v wave represents the pressure gener
ated by venous filling of the right atrium while the tricuspid 
valve is closed. The peak of the v wave occurs at tl1e encl of 
ventricular systole when the atrium is maximally filled. This 
occurs near tl1e end of the ECG T wave. The c wave is due to 
the sudden motion of the atrioventricular valve ring toward tl1e 
right atrium at the onset of ventricular systole. The c wave fol
lows tl1e a wave by a time equal to the ECG P-R inte al .  The c 
wave is more readily visible in cases of P-R prolongation [73) . 
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Fig. 4-9. A: With the catheter tip in the right atrium, the balloon is inflated. B: The catheter is advanced into the right 
ventricle with the balloon inflated, and right ventricle pressure tracings are obtained. Center: Waveform tracings are 
generated as the balloon-tipped catheter is advanced through the right bean chambers into the pulmonary artery. 
(Adapted from DK Cobb, KP High, RG Sawyer, et al: A controlled trial of scheduled replacement of central venous and 
pulmona1y arte1y catheters. N Engl.I Med 327 :1062, 1992.) C: The catheter is advanced th.rough the pulmonary valve into 
d1e pulrnona1y arte1y. A rise in diastolic pressure should be noted. D: The catheter is advanced to the pulmonary anery 
wedge pressure position. A typical pulmona1y arte1y wedge pressure tracing should be noted \Vith a and v waves. 
E: The balloon is deflated. Phasic pulmona1y ane1y pressure should reappear on the monitor. (See text for details.) 
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Tabl,e 4-2. Normal Resting Pressures Obtained 
during Right Heart Catheterization 

Cardiac chamber 

Right atrium 
Range 
Mean 

Right ventricle 
Systolic 
Diastolic 

Pulmonary arte1y 
Systolic 
Diastolic 
Mean 

Pressure (nun Hg) 

0--6 
3 

1 7-30 
0--6 

Pulmona1y arte1y wedge (mean) 

1 5-30 
5-13 

1 0-18 
2-12 

Adapted from JM Gore, JS Alpert, JR Benotti, et al: Handbook of Hemodync11nic 
Monitoring. Boston, Little, Brown, 1984. 

The x descent follows the a wave and reflects atrial relaxation. 
The y descent is clue ro rapid emptying of the atrium after 
opening of the tricuspicl valve. The mean right atrial pressure 
decreases during inspiration with spontaneous respiration (sec
oncla1y to a decrease in intrathoracic pressure), whereas the a 
and v waves and the x and y descents become more promi
nent. Once a multilumen PA catheter is in position, right atrial 
blood can be sampled and pressure monitored using the prox
imal lumen. It should be noted that the pressures obtained via 
the proximal lumen may not accurately reflect right atrial pres
sure, due to positioning of the lumen against the atrial wall or 
within the introducer sheath. The latter problem is more fre
quently encountered in shorter patients [74] . 

Right Ventricle. The normal resting RV pressure is 17 to 30/0 
to 6 mm Hg, recorded when tl1e PA catheter crosses tl1e tricus
pid valve (Fig. 4-9B). The RV systolic pressure should equal tl1e 
PA systolic pressure (except in cases of pulmonic stenosis or RV 
outflow tract obstruction). The RV diastolic pressure should 
equal tl1e mean right atrial pressure during diastole when tl1e 
tricuspid valve is open. Inu-oduction of tl1e RV Paceport came
ter allows continuous monitoring of RV hemoclynamics when 
tl1e pacer probe is not in place. RV monitoring is increasingly 
used in the surgical critical care setting [75]. RV end-diastolic 
volume index and RV ejection fraction can now be accurately 
measured. A number of studies [76-78] have suggested tl1at RV 
end-diastolic volume index may be a more accurate measure of 
ventricular preload and correlate better witl1 cardiac index tl1an 
does the PAWP. It is important to note mat tl1ese studies did not 
include patients with underlying left ventricular dysfunction or 
arrhytlmlia; therefore, the conclusions may not apply to tl1ese 

Table 4-3. Approximate Normal Oxygen Saturation 
and Content Values 

Chamber sampled 

Superior vena cava 
Inferior vena cava 
Right atrium 
Right ventricle 
Pulmona1y arte1y 
Pulmonary vein 
Femoral arte1y 
Atrioventricular oxygen 

content difference 

Oxygen content 
(vol %) 

14.0 
16.0 
1 5 .0 
1 5.0 
15 0 
20.0 
19.0 

3 .5-5.5 

Oxygen saturation 
(%) 

70 
80 
75 
75 
75 
98 
96 

Adapted from JM Gore, JS Alpert, JR Benotti, et al :  Handbook of Hemodynamic 
Monitoring. Boston, Little, Brown, 1984. 
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Fig. 4-10. Stylized representation of a right atrial waveform in rela
tion to heart sounds. See text fort discussion of a, c, and v waves and 
x and y descents. S1, first heart sound; S2, second heart sound 

latter groups. The role of RV monitoring in critically ill patients 
requires fu1ther investigation. 

Pulmonary Artery. With me catheter in proper position and 
the balloon deflated, the distal lumen transmits PA pressure 
(Fig. 4-9E). Normal resting PA pressure is 1 5  to 30/5 to 13 mm 
Hg, with a normal mean pressure of 10 to 1 8  mm Hg. The PA 
waveform is characterized by a systolic peak and diastolic 
trough witl1 a dicrotic notch due to closure of the ulmonic 
valve. The peak PA systolic pressure occurs in the T ave of a 
simultaneously recorded ECG. 

Since me pulmona1y vasculature is normally a low-resistance 
circuit, PA diastolic pressure (PADP) is closely related to mean 
PAWP (PADP is usually 1 to 3 mm Hg higher than mean PAWP) 
and thus can be used as an index of left ventricle filling pressure 
in patients in whom a wedge pressure is unobtainable or in 
whom PADP and PAWP have been shown to correlate closely. 
However, if pulmonary vascular resistance is increa eel, as in 
pulmonaiy embolic disease, pulmona1y fibrosis, or reactive pul
mona1y hype1tension (see Chapter 56), PADP may markedly 
exceed mean PAWP and mus become an unreliable index of left 
hea1t function [67-79]. Similar provisos apply when using PA 
mean pressure as an index of left ventricular function [2]. 

Pulmonary Artery Wedge Pressure. An important applica
tion of the balloon flotation catheter is the recording of PAWP. 
This measurement is obtained when the inflate · balloon 
impacts into a slightly smaller branch of the PA (Fig. 4-9D). In 
this position, tl1e balloon tops the flow, and the ca theter tip 
senses pressure transmitted backward through the static col
umn of blood from tl1e next active circulatory bed-tl1e pul
mona1y veins. Pulmonary venous pressure is a prime 
determinant of pulmonary congestion and thus of the ten
dency for fluid to shift from the pulmonary capiJlaries into the 
interstitial tissue and alveoli [68]. Also, pulmonary venous 
pressure and PAWP closely reflect left atrial pressure (except 
in rare instances, such as pulmonary venoocclusive disease, in 
which there is obstruction in the small pulmonary veins), and 
serve as indices of left ventricular filling pressure [79-81] .  The 
PAWP is required to as ess left ventricular filling pressure, 
since multiple studies have demonsu·ated that right atrial (e.g. ,  
central venous) pressure correlates poorly with PAWP [82--84]. 

The PAWP is a phase-delayed, amplitude-dampened version 
of the left au·ial pressure. The normal resting PAWP is 2 to 1 2  
nm1 H g  and averages 2 to 7 mm H g  below tl1e mean PA pres
sure. The PAWP waveform is similar to that of tl1e right au·ium, 
witl1 a, c, and v waves and x and y descents (Fig. 4-10). How
ever, in contradistinction to the right aufal waveform, the PAWP 
waveform demonsu·ates a v wave mat is slightly larger than the 
a wave [45]. Due to tl1e time required for left aufal mechanical 
events to be u-ansmitted through the pulmona1y v sculature, 
PAWP waveforms are further delayed when recorded with a 
simultaneous ECG. The peak of the a wave follows the peak of 
tl1e ECG P wave by appr ximately 240 milliseconds, and tl1e 



Table 4-4. Checklist for Verifying Position 
of Pulmona1y Altery Cad1eter 

PA\XlP contour 

PAD vs. PAWP 
PEEP trial 
Respiraro1y variation 

of PAWP 
Cameter tip location 

Zone 3 

Cardiac ripple (A + 
V waves) 

PAD > PA\XlP 
MAWP <'4 /WEEP 
<14 L\.PALV 

LA level or below 

Zone 1 or 2 

Unnaturally smoom 

PAD < PAWP 
MAWP >'4 LI.PEEP 
2:14 L\.PALV 

Above LA level 

LA, left atrium; PAD, pulmonary artery diastolic pressure; P Atv' alveolar pressure; 
PA\VP, pulmonary artery wedge pressure; PEEP, positive end-expiratory pres
sure. 
Adapted from RJ Schultz, GF Whitfield, JJ LaMura, et al: The role of physiologic 
monitoring in patients with fractures of the hip. j Trauma 25:309, 1985. 

peak of the v wave occurs after the ECG T wave has been 
inscribed. Wedge position is confirmed by withdrawing a blood 
specin1en from the distal lumen and measuring oxygen satura
tion. Measured oxygen saturation of 95% or more is satisfacto1y 
(81] .  The lung segment from which the sample is obtained will 
be well ventilated if the patient breathes slowly and deeply. 

A valid PAWP measurement requires a patent vascular chan
nel between the left atrium and catheter tip. Thus, the PA\XfP 
approximates pulmonary venous pressure (and, therefore, left 
atrial pressure) only if the catheter tip lies in zone 3 of the lungs 
(47,85,86] . (The lung is divided into three physiologic zones, 
dependent on the relationship of PA, pulmona1y venous, and 
alveolar pressures. In zone 3, the PA and pulmonary venous 
pressure exceed the alveolar pressure, ensuring an uninter
rnpted column of blood between the catheter tip and the pul
monary veins.) If, on ponable lateral chest radiograph, the 
catheter tip is below the level of the left atrium (posterior posi
tion in supine patients), it can be assumed to be in zone 3. This 
assumption holds if applied PEEP is less than 15 cm H20 and 
the patient is not markedly volume depleted. Whether the cath
eter is positioned in zone 3 may also be determined by cenain 
physiologic characteristics (Table 4-4). A catheter wedged out
side zone 3 shows marked respirato1y variation, an unnaturally 
smooth vascular waveform, and misleading high pressures. 

With a few exceptions (87], estin1ates of capilla1y hydrostatic 
filtration pressure from PAWP are acceptable [88]. It should be 
noted that measurement of PAWP does not take into account 
capillary permeability, serum colloid osmotic pressure, intersti
tial pressure, or actual pulmonary capillary resistance (88,89]. 
These factors all play roles in the formation of pulmonary 
edema, and the PAWP should be interpreted in the context of 
the specific clinical situation. 

Mean PAWP correlates well with left ventricular end-diastolic 
pressure (LVEDP), provided the patient has a normal mitral 
valve and normal left ventricular function. In myocardial infarc
tion, conditions with decreased left ventricular compliance (e.g. ,  
ischemia, left ventricular hype11rophy), and conditions with 
markedly increased left ventricular filling pressure (e.g., c!Uatecl 
carcliomyopathy), the contribution of atrial contraction to left 
ventricular filling is increased. Thus, the LVEDP may be signifi
cantly higher than tl1e mean left atrial pressure or PAWP [47,86]. 

End expiration provides a readily identifiable reference point 
for PAWP interpretation because pleural pressure returns to 
baseline at the encl of passive deflation (approximately equal 
to atmospheric pressure). Pleural pressure can exceed the nor
mal resting value with active expirato1y muscle contraction or 
use of PEEP. How much PEEP is transmitted to tl1e pleural 
space cannot be estimated easily, since it varies depending on 
lung compliance and other factors. When normal lungs deflate 
passively, encl-expirato1y pleural pressure increases by approx-
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imately one-half the applied PEEP. In patients with reduced 
lung compliance (e.g.,  patients with ARDS), the transmitted 
fraction may be one-fowth or less of tl1e PEEP value. In the 
past, PEEP levels greater than 10 mm Hg were thought to inter
rupt the column of blood between tl1e left atrium and PA cath
eter tip, causing the PAWP to reflect alveolar pressure more 
accurately than left atrial pressure. However, two studies sug
gest that this may not hold true in all cases. Hasan and col
leagues (90] concluded that the PAWP-left atrial fluid column 
was protected by lung injury, and Teboul and co-workers (91] 
could find no significant discrepancy between PAWP and 
simultaneously measured LYEDP at PEEP levels of 0, 10, and 16 
to 20 cm H20 in patients with ARDS. They hypothesize drnt 
(a) a large intrapulrnona1y right-to-left shunt may provide a 
number of microvessels shielded from alveolar pressure, allow
ing free communication from PA to pulmonary veins, or (b) in 
ARDS, both vascular and lung compliance may decrease, 
reducing transmission of alveolar pressure to the pulmonary 
microvasculature and maintaining an uninterrupted blood col
umn from tl1e catheter tip to the left atrium. 

Although it is difficult to estimate precisely the true trans
mural vascular pressure in a patient on PEEP, temporarily dis
connecting PEEP to measure PAWP is not recommended. 
Because the hemodynamics have been destabilized, these 
measurements will be of questionable value. Venous return 
increases acutely after discontinuation of PEEP (91-94], and 
abrupt removal of PEEP will cause hypoxia, which may not 
reverse quickly on reinstitution of PEEP (94-96] .  Additional 
discussion of measurement and interpretation of pulmona1y 
vascular pressures on PEEP is found in Chapter 58. 

CARDIAC OUTPUT 

Thermodilution Technique. A catheter equipped with a mer
mistor 4 cm from its tip allows calculation of CO using me ther
modUution principle [54,97]. Correlation with the Fick technique 
as applied in me cardiac cathete1ization laborato1y is excellent 
(981. The thermodilution principle holds tlrnt if a known quantity 
of cold solution is introduced into the circulation and adequately 
mixed (passage tlu·ough two valves and a ventricle is adequate), 
the resultant cooling cu1ve recorded at a downstream site allows 
calculation of net blood flow. CO is inversely proponional to the 
integral Of me time-versus-temperature Cll!Ve. 

In practice, a known amount of cold solution (typically 10 mL 
of D5W in adults and 5 mL of D5W in children) is injected into 
the right atrium via tl1e catl1eter's proximal po!t. The thermistor 
allows recording of the baseline PA blood temperature and sub
sequent temperature change. The resulting curve is usually ana
lyzed by computer, almough it can be analyzed manually by 
simple planin1etric methods. Correction factors are added by 
catl1eter manufacturers to account for tl1e mixture of cold indica
tor with warm residual fluid in the catl1eter injection lumen and 
the heat transfer from tl1e cameter walls to tl1e cold indicator. 

Reported coefficients of variation using triplicate determina
tions, using 10 mL of cold injectate and a bedside computer, 
are approximately 4% or less [67,68]. Use of room-temperature 
injectate causes a slightly greater variability and is not recom
mended in states in which variations in PA blood temperature 
are expected (patients with severe shortness of breath, on 
mechanical ventilators, or in ve1y-high-output states). Attempts 
to repeat the injection of cold solution during the same point 
in the respirat01y cycle should be made in these patients [58]. 
Variations in the rate of injection can also introduce error into 
CO determinations, and it is thus important that the solution 
be injected as rapidly as possible. Careful attention must be 
paid to tl1e details of this procedure; even then, changes of 
less than 10% to 1 5% above or below an initial value may not 
truly establish directional validity (69]. Thermodilution CO is 
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inaccurate in low-output states, u-icuspid regurgitation, and in 
cases of au"ial or ventricular septal defects [99l . 

Fick Technique. When thermodilution technology is unavail
able, CO can be estimated using the Fick principle. This prin
ciple states that the total release or uptake of a substance by 
an organ equals the product of blood flow through that organ 
multiplied by the difference of arteriovenous concentrations 
of the substance. Oxygen is the substance most conveniently 
used, and pulmona1y blood flow is in practice assumed to be 
equal to CO. The formula used is as follows: 

CO = oxygen consumption (mUminute)/anerial 02 content -
venous 02 content 

Oxygen consumption (Vo
2
) varies according to individual as 

well as by age and sex; accurate measurement in the cardiac 
catheterization laboratory involves collection of expired oxy
gen in a Douglas bag over a specified period. Vo2 is esti
mated in the ICU setting, for practical reasons, as being 250 
ml per minute for a 70-kg man. It can be more generally esti
mated as 130 ml times body surface area (BSA) if fat accounts 
for 1 5% or more of body weight, or 140 ml times BSA if fat 
content is estimated at 5% or less. BSA can be estimated using 
the patient's height and weight (Fig. 4-1 1) .  

Blood oxygen content refers to the total oxygen, both that 
bound to hemoglobin and that dissolved in plasma. However, 
the small amount of dissolved O>..')'gen (0.003 ml of oxygen 
per 100 ml of blood per nun Hg partial pressure of oxygen) 
is usually ignored in clinical practice. Therefore, a simplified 
formula for oxygen content using the patient's hemoglobin 
content and the theoretic oxygen-canying capacity of hemo
globin (and ignoring the small amount of dissolved oxygen) 
is as follows: 

Oxygen content = % saturation x Hgb (g/clL) x 1 .39 (mL O/g 
hemoglobin) x 1 0  

This equation t o  determine mixed venous oxygen content in 
the PA cannot be used when any right-to-left, left-to-right, or 
bidirectional inu·acarcliac shunt exists, since these situations 
violate the fundamental assumption that pulmonary blood 
flow equals CO. Also, since both Vo2 and blood oxygen con
tent are estimated in the ICU setting, absolute values for CO 
using this technique should be treated with caution. The util
ity of the Fick technique lies in its convenience and ability to 
provide an accurate sense of trends in CO changes. Normal 
values for arterial-venous O>..')'gen content difference, mLxecl 
venous oxygen saturation, and CO can be found in Table 4-5. 

A sample calculation of CO for a 70-kg man on room air 
with a hemoglobin of 14 g per ell, an arterial oxygen satura
tion of 95%, and a mixed venous oxygen saturation of 70% is 
as follows: 

CO = 250 mL/minute/(0.95)(14)(1 39)(10) - (0.70)(1 4)( 1 . 39)(10) 

= 250 mL/minute/181-136 m.L/L 

= 5 .55 L/minute 

ANALYSIS OF MIXED VENOUS BLOOD. CO can be approx
imated merely by examining mixed venous (PA) oxygen satu
ration. If CO rises, then the mixed venous O>..')'gen partial 
pressure will rise, since peripheral tissues need to exact less 
oxygen per unit of blood. Conversely, if CO falls, peripheral 
exu·action from each unit will increase to meet the needs of 
metabolizing tissues. Thus, there is a direct proportionality, 
and serial determinations of mixed venous oxygen saturation 
can display trends in CO. Normal mixed venous oxygen satu
ration is 70% to 75%; values of less than 60% are associated 
with heart failure and values of less than 40% with shock 

[100]. Potential sources of error in this cleterminatio include 
extreme low-flow states ·here poor mixing may occur and 
contamination of clesatur tecl mixed venous blood by satu
rated pulmona1y capillary blood when the sample is spiratecl 
too quickly through the nonwedged catheter [481. Fiberoptic 
reflectance oximetty PA catheters can continuously measure 
and record mixed venous oxygen saturations in appropriate 
clinical situations [57,64]. 

DERIVED PARAMETER . Useful hemodynamic parameters 
that can be derived using data with PA catheters include the 
following: 

1. Cardiac index = CO (L/minute)/BSA (m
2
) 

2. Stroke volume = CO (L/minute)/heart rate (beats/minute) 
3. Stroke index = CO (L/minute)/heart rate (beats/minute) x 

BSA (m2) 
4. Mean arterial pressure (nun Hg) = (2 x diastolic) + systolic/3 
5. Systemic vascular resistance (dyne/seconcl/cm-5) = mean 

arterial pressure - mean right atrial pressure (mm Hg)/CO 
CL/minute) x 80 

6. Pulmona1y arteriolar resistance (clyne/seconcl/cm-5) = 

mean PA pressure - PAWP (mm Hg)/CO CL/minute) x 80 
7. Total pulmona1y resi ranee (dyne/seconcl/ou-5) = mean 

PA pressure (mm Hg)/CO CL/minute) x 80 
8. Left ventricular su-oke work index = 1 .36 (mean arterial 

pressure - PAWP) x stroke inclex/100 
9. Do2 (mL/minute/m2) = cardiac index x arterial 02 content 

Normal values are listed in Table 4-5. 

Clinical Applications of the 
Pulmonary Artery Catheter 
Table 4-6 sunm1arizes specific hemoclynamic patterns for a 
variety of disease entities in which PA catheters are indicated. 
The examples given here illustrate the types of data generated 
and bow they influence clinical decisions. 

NORMAL RESTING HEMODYNAMIC PROFILE. The find
ing of normal CO associated with normal left and nght heart 
filling pressures is useful in establishing a noncarcli vascular 
basis to explain abnormal symptoms or signs and as a base
line to gauge a patient's disease progression or re ponse to 
therapy. Right au-ial pressures of 0 to 6 nm1 Hg, P . .\ systolic 
pressures of 1 5  to 30 mm Hg, PADPs of 5 to 12 nun Hg, PA 
mean pressures of 9 to 1 mm Hg, PAWP of 5 to 1 2  mm Hg, 
and a cardiac index exceeding 2 .5  L per minute per m2 char
acterize a normal cardiovascular state at rest. 

HYPOVOLEMIA. Decrea es in cardiac index, right au·ial pres
sure, and PAWP (with or without an accompanying fall in sys
temic blood pressure and the clinical picture of shock) are 
consistent with hypovolernia .  Overvigorous diuretic therapy, 
hemorrhage, and third-space fluid losses are conunon etiolo
gies. At a PAWP of less an 15 to 18 nun Hg, particularly in 
patients with acute myocardial infarction and decreased left 
venu-icular compliance, small increases in PAWP/LVE P result
ing from volume replacement therapy may cause marked 
increases in su-oke volume as ventricular function m ves along 
the steep portion of the tarling curve. Attainment of slightly 
higher left hea1t filling pr sures (18 to 24 nun Hg) ay prove 
optimal for improving cardiac index in patients in whom rela
tive hypovolemia complicates acute myocardial infarction. RV 
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Fig. 4-11. Nomogram for calculating body surface area (BSA) of adults from height and weight (m2). (Adapted from 
JM Gore, JS Alpert, JR Benotti, et al :  Handbook of 1-!emodynamic Monitoring. Boston, Little, Brown, 1984.) 

failure (as manifested by elevated right atrial and RV end-diastolic 
pressures) may complicate hypovolemia and should not pre
clude volume loading in patients whose PAWP levels and other 
clinical signs indicate its requirement. Septic shock may cause 
the coexistence of a high cardiac index, a low PAWP, and a 
markedly low peripheral vascular resistance. Vasoconstricting 
agents and volume repletion may be helpful in such patients. 

PULMONARY CONGESTION. Pulmonary congestion result
ing from fluid overload or left ventricular failure is character
ized by a PAWP in excess of 18 mm Hg or as high as 30 mm 
Hg or more in pulmona1y edema. Diuretics in such circum
stances tend to relieve congestion without alteration in CO, 
since changes occur on the flat portion of the Starling curve. 
Inotropic drugs, vasodilator agents, or both are added as indi-
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Tabl,e 4-5. Selected Hemodynamic Variables Derived 
from Right Heart Catheterization 

Hemodynamic variable 

Arterial-venous comem difference 
Cardiac index 
Cardiac output 
Left vemricular stroke work index 
Mixed venous oxygen content 
Mixed venous saniration 
Oxygen consumption 
Pulmona1y vascular resistance 
Sa-oke volume 
Stroke volume index 
Systemic vascular resistance 

Normal range 

3.5-5.5 ml/100 ml 
2.5-4.5 Umin/m2 
3.0-7.0 Umin 
45-60 g/beat/m2 

18.0 ml/100 ml 
75% (approximately) 
200-250 ml/min 
1 20-250 dynes/sec/cm-5 

70-130 ml/contraction 
40-50 ml/cona-action/m2 

1 , 1 00-1 ,500 dynes/sec/cm2 

Adapted from JM Gore, JS Alpert, JR Benotti, et al: Handbook of Hemodynamic 
Monitoring. Boston, Little, Brown, 1984. 

cared to attempt further preload or afterload reduction in 
cases of severe pump failure. 

Pulmona1y edema can occur at PAWP levels considerably 
lower than those listed above when the primary problem 
involves either a decrease in plasma colloid oncotic pressure 
or changes in the pulmonary capilla1y membranes. Examples 
include ARDS (with capillary leakage), severe hypoproteine
mia, and overzealous administration of crystalloid solutions. 
Clinical evidence of respirat01y distress and radiographic evi
dence of pulmonary edema with normal left heart filling pres
sures and function suggest the presence of noncardiac 
pulmonary edema. 

HEART FAILURE. Cardiogenic shock is characterized by signs 
of peripheral hypoperfusion and shock in conjunction with 
hemodynamic data evidencing a markedly diminished cardiac 
index and markedly elevated PAWP. Milder degrees of left ven
tricular failure show coITespondingly less depression in CO 
(diminished stroke volumes are often compensated by increases 
in heart rate) but are still characterized by elevated PAWP and 
va1ying degrees of pulmonaiy congestion. 

RV failure is suggested by increases in RV end-diastolic and 
mean right atrial pressures. If it is caused by left ventricular 
failure, these increases are accompanied by an increased 

PAWP and a decreased CO. If caused by pulmonary vascular 
disease or occlusion, or in the setting of an isolated R infarc
tion, indices of left heart filling and function may be normal 
(101] .  

lRICUSPID INSUFFICIENCY. Tricuspid insufficiency gener
ally occurs in the setting of pulmonary hypertension and RV 
dilatation, and usually presents as a chronic condition (102) .  It 
causes accentuation of the right atrial v wave with a steep y 
descent and attendant elevation of the mean right atrial pres
sure. Tricuspid insufficiency interferes with measurement of 
thermodilution CO because of the back-and-forth flo of the 
indicator between the right atrium and RV. 

ACUTE MITRAL REGURGITATION. Acute mitral regurgita
tion should be considered when a systolic murmur de,·elops in 
the setting of acute ischemia or severe left ventricular failure of 
any origin. Left ventricular blood floods a normal-sized, non
compliant left atrium during ventricular systole, causin'° giant v 
waves in the wedge pressure tracing (Fig. 4-12). The giant v 
wave of acute m.itral regurgitation may be transmitted to the PA 
tracing, yielding a bifid PA waveform composed of the PA sys
tolic wave and the v wave. As the catheter is wedged, the PA 
systolic wave is lost, but the v wave remains. It is imp rtant to 
note that the PA systolic wave occurs earlier in relation to the 
QRS of a simultaneously recorded ECG (between the RS and 
T waves) than does the v 'ave (after the T wave). 

Although a large v wave is not diagnostic of acme mitral 
regurgitation and is not always present in this circu mstance, 
acute mit.ral regurgitation remains the most common cause of 
giant v waves in the PAWP tracing. Prominent v waves may 
occur whenever the left atrium is distended and noncompliant 
clue to left ventricular failure from any cause (e.g., ischemic 
heart disease, dilated cardiomyopathy) (103,104] or secondary 
to the increased pulmonary blood flow in acute vena-icular 
septa! defect [105]. Acute mitral regurgitation is the rare 
instance when the PA end-diastolic pressure may be lower 
than the compmer-measured mean wedge pressure (73]. 

ACUTE VENTRICULAR SEPTAL RUPTURE. Acute vena-icu
lar septa! perforation often occurs in the same clinical settings 

Tabf,e 4-6. Hemodynamic Parameters in Commonly Encountered Clinical Situations (Idealized) 

RA RV PA PAWP AO CI SVR PVR 

Normal 0-6 25/0-6 25/6-1 2 6-12 1 30/80 �2.5 1 ,500 5250 
Hypovolemic shock 0-2 15-20/0-2 15-20/2-6 2-6 590/60 <2.0 > 1 ,500 5250 
Cardiogenic shock 8 50/8 50/35 35 590/60 <2.0 >1 ,500 5250 
Septic shock 

Early 0-2 20-25/0-2 20-25/0-6 0-6 590/60 �2.5 <1 ,500 <250 
Laree' 0-4 25/4-10 25/4-10 L'1-lQ 590/60 <2.0 > 1 ,500 >250 

Acute massive pulmonary embolism 8-12 50/12 50/12-15 512 590/60 <2.0 > 1 ,500 >450 
Cardiac ramponade 1 2-18 25/12-18 25/12-18 1 2-18 590/60 <2.0 > l ,500 5250 
AMJ without LVF 0-6 25/0-6 25/12-18 518 140/90 52.5 1 ,500 5250 
AMI with LVF 0-6 30-40/0-6 30-40/18-25 >18 1 40/90 >2.0 > 1 , 500 >250 
Bivemricular failure seconda1y to LVF >6 50-60/>6 50-60/25 18-25 120/80 -2.0 > 1 ,500 >250 
RVF secondary to RVI 12-20 30/1 2-20 30/12  <12 590/60 <2.0 > 1 , 500 >250 
Cor pulmonale >6 80/>6 80/35 <12  1 20/80 -2.0 >1 ,500 >400 
Idiopathic pulmona1y hypertension 0-6 80-100/0-6 80-100/40 <12 100/60 <2.0 > 1 ,500 >500 
Acute ventricular sepral ruptureb 6 60/6-8 60/35 30 590/60 <2.0 > l ,500 >250 

AMI, acute myocardial infarction; AO, aortic; Cl ,  cardiac index; LVF, left ventricular failurei PA, pulmonary artery; PAWP, pulmona1y artery wedge pressure; P VR, pulmo-
nary vascular resistance; RA, right atrium; RV, right ventricle; RVF, righl ventricular failure; RVJ1 right ventricular infarction; SVR, systemic vascular resistance 
"Hemodynamic profile seen in approximately one-third of patients in late septic shock. 
"Confirmed by appropriate RA-PA oxygen saturation step-up. See text for discussion. 
Adapted from JM Gore, JS Alpert, JR Benotti, et al: Handbook of Hemodynamic Moniloring. Boston, Litde, Brown, 1984. 
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Fig. 4-12. Pulmona1y a11e1y and pulrnona1y a1te1y wedge tracings 
with giant v waves distorting with pulmonary a11e1y recording. ECG, elec
trocardiogram. 

and produces physical findings similar to those of acute mitral 
regurgitation. Ventricular septa! rupture can be rapidly demon
strated by documenting a marked m .. )'gen saturation step-up in 
the PA or RV as compared to the right au·ium [106]. An oxygen 
step-up greater than 1 .0 volume percent (10% oxygen saturation 
step-up) between the right au·ium and RV indicates a significant 
left-to-right shunt at the ventricular level. 

Care must be taken when interpreting oxygen saturations 
obtained in acute ventricular septa! rupture. Right atrial 
venous blood is from three sources: the inferior vena cava, the 
superior vena cava, and the corona1y sinus. Right atrial oxy
gen saturation is misleadingly low if sampled adjacent to the 
coronary sinus. However, if significant tricuspid insufficiency 
is present in addition to acute ventricular septa! rupture, the 
right atrial saturation will be misleadingly increased, since 
arterial blood will cross the ventricular septum and then 
regurgitate into the right atrium. In patients with an acute ven
tricular septa! rupture, mixed venous blood should be sam
pled from the inferior and superior vena cavae [45]. As 
previously noted, a prominent v wave may be present in the 
PAWP u·acing. Unusual causes of an oxygen step-up in the RV 
are coronary fistula to the RV, atrial septa! defect primum, and 
patent cluctus arteriosus with pulmonic regurgitation. 

RlGHT VENTRICULAR INFARCTION. RV infarction typi
cally occurs in the setting of inferior myocardial infarction. 
The hemodynamic findings are characteristic, although they 
may be confused with cardiac tamponacle or constrictive peri
carditis. The right au·ial pressure is elevated (frequently 
greater than 10 mm Hg) and often disproportionately 
increased relative to the PAWP [107] . Right atrial waveform 
reveals prominent x and y descents, with the y descent occa
sionally exceeding the x descent clue to a clilatecl noncompli
ant RV confined by a nondistensible pericardium (108, 109] . 
These abnormalities may become exaggerated as right atrial 
pressure increases during volume expansion therapy. The 
right atrial pressure does not decline with inspiration and may 
actually increase (Kussmaul's sign). RV end-diastolic pressure 
and volume are elevated, and RV stroke volume is clecreasecl, 
resulting in a narrowed PA pulse pressure. Tricuspicl regurgita
tion may complicate RV infarction if RV dilatation or papilla1y 
muscle dysfunction occurs [ 1 1 0] .  

CARDIAC TAMPONADE. Cardiac tamponacle constitutes a 
medical emergency, since rising intrapericarclial pressure 
interferes with the diastolic filling of the heart. The hemody-
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namic hallmarks of cardiac tamponacle are elevation and 
equalization of the right atrial, RV diastolic, PA diastolic, and 
mean PAWPs. Examination of the right atrial pressure tracing 
reveals a dominant x descent due to the diminished cardiac 
volume during ventricular systole. The y descent is frequently 
absent, resulting in a unimodal right atrial pressure recording. 
Even in severe cardiac tamponacle, tl1e mean right atrial pres
sure declines with inspiration. This fact can be helpful for dis
tinguishing cardiac tamponade from other conditions that 
result in elevated right-sided diastolic pressures, such as RV 
infarction and pericardia! constriction. Hypovolemia and 
severe underlying left ventricular dysfunction may modify the 
hemoclynamics of cardiac tamponacle. The venous pressures 
are only modestly elevated in the former situation, while the 
PAWP may be significantly higher than the right atrial pressure 
in the latter [1 1 1 , 1 12 ] .  

PULMONARY HYPERTENSION. A mean PA pressure 
greater than 20 mm Hg defines pulmonary hypertension. Pul
mona1y hypertension can be classified as passive (when 
increases in left atrial or left ventricular encl-diastolic pressure 
lead to increased pulmona1y pressures), active, or reactive. 
For a comprehensive discussion of pulmonary hypertension 
and how to distinguish these three types, see Chapter 56. 

PULMONARY EMBOLISM. Approximately 70% of patients 
with acute pulmona1y embolism demonstrate some degree of 
pulmona1y hypertension. Generally, 25% to 30% of a previ
ously normal pulmonary vascular bed becomes obstructed 
[1 13] .  The mean PA pressure is typically 20 to 40 mm Hg, with 
RV and PA systolic pressure rarely exceeding 50 nun Hg. 
Higher PA systolic pressures suggest a chronic component of 
pulmona1y hypertension, since a previously normal RV lacks 
hypertrophy and cannot generate higher PA pressures acutely. 
The RV generally dilates and fails once RV systolic pressure 
reaches 50 to 60 nun Hg. Pulmonary vascular resistance is ele
vated in pulmonary embolism, with the PADP remaining sig
nificantly higher (greater than 5 nrn1 Hg) than the mean PAWP. 
The PAWP is usually low or normal. The a and v waves of the 
PAWP tracing may disappear because the abnormal pulmo
nary vasculature may not allow reu·ogracle transmission of 
these pressure waves from left atrium to catheter tip [73]. 

In patients with pulmona1y emboli or respirato1y distress of 
any cause, wide swings in intratl1oracic pressure may be trans
mitted to the PAWP tracing and reduce the accuracy of the 
measurement. The true left ventricular filling pressure is usu
ally overestimated in this setting. As previously mentioned, 
measurements should be made at end expiration ( 1 1 4] .  

Massive pulmona1y embolism presenting a s  acute cor pul
monale with cardiogenic shock occurs when the pulmonary 
cross-sectional area is acutely obstructed by more tl1an 60% 
[9]. In this setting, right atrial pressure is elevated (often 
greater than 1 0  mm Hg), RV and PA systolic pressures are 
increased, PAWP is usually low, pulmonary vascular resistance 
is significantly elevated (usually greater than two times nor
mal), and CO is markedly decreased (Table 4-6). 

ARRHYTHMIA DIAGNOSIS. The right atrial pressure trac
ing can be used both to diagnose arrhythmias and to aid in 
understanding their hemodynamic consequences. In atrial 
fibrillation, atrial systole is lost. This is reflected in tl1e right 
atrial pressure tracing by disappearance of the a wave. Atrial 
flutter can be diagnosed by the presence of mechanical flutter 
waves in the right atrial pressure recording at a rate of 
approximately 300 waves per minute. During atrioventricular 
nodal reentrant tachycardia , the retrograde P wave is often 
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hidden in the QRS complex on the ECG; however, atrial 
mechanical activity can be demonstrated by the presence of 
regular cannon a waves in the right atrial pressure tracing [73l. 
Cannon a waves are the result of atrial contraction at a time 
when the atrioventricular valves are closed during ventricular 
systole. The sequence of atrial and ventricular contraction is 
reversed, but the two events remain associated, causing the 
cannon a waves to be regular. Cannon a waves are also com
monly encountered during ventricular arrhythmias. The pres
ence of irregular cannon a waves during a wide-complex 
tachycardia suggests ventricular tachycardia. 

PA catheters incorporating atrial and ventricular sensing 
electrodes on the catheter surface help in diagnosing complex 
cardiac arrhythmias by allowing the recording of the intracar
cliac electrogram. The pacing PA catheter and Paceport cathe
ter also allow selective pacing and establishment of an 
optimal heart rate. The pacing PA catheter allows for atrioven
tricular synchronous pacing, whereas the Paceport allows 
only ventricular pacing. A Paceport catheter with separate 
atrial and ventricular probes is being designed [56). 

Complications 
Minor and major complications associated with bedside bal
loon flotation PA catheterization have been reported (Table 
4-7) . During the 1970s, in the first 1 0  years of clinical catheter 
use, a number of studies reported a relatively high incidence 
of certain complications. Consequent revision of guidelines 
for PA catheter use and improved insertion and maintenance 
techniques resulted in a decreased incidence of these compli
cations in the 1980s [1 1 5] .  The majority of complications are 
avoidable by scrupulous attention to detail in catheter place
ment and maintenance [ 1 16 , 1 17) .  

COMPLICATIONS ASSOCIATED WITH CENTRAL 
VENOUS ACCESS. The insertion techniques and complica
tions of central venous cannulation are discussed in Chapter 
2. Reported local vascular complications include local arterial 
or venous hematomas, inadvertent enuy of the catheter into 
the carotid system, atrioventricular fistulas, and pseucloaneu
rysm formation [ 1 1 8-1 20) . Adjacent structures, such as the 
thoracic duct, can be damaged, with resultant chylothorax 
formation. Pneumothorax can be a serious complication of 
insertion, although the incidence is relatively low (1  % to 2%) 
[73 , 121 , 122] .  The incidence of pneumothorax is higher with 
the subclavian approach than with the internal jugular 
approach in some reports ( 123) , but other studies demon
strate no difference between the two sites ( 124 ,125] .  The inci
dence of complications associated with catheter insertion is 
generally considered to be inversely proportional to the 
operator's experience. 

Tabk 4- 7. Complications of Pulmonary Artery Catheterization 

Associated with central venous access 
Balloon rupture 
Knotting 
Pulmonary infarction 
Pulmonary arte1y perforation 
Thrombosis, embolism 
Arrhythmias 
lntracardiac damage 
Infections 
Miscellaneous complications 

Some complications may be avoided by inserting the cathe
ter from an arm vein under direct vision. Such placements, 
however, may be associated with a higher rate of thrombosis 
and make catheter manipulation more difficult; fluoroscopic 
guidance is generally required. To minimize the risk of mecli
astinal bleeding, peripheral placement should be considered 
in patients with abnormal hemostatic parameters and those 
with severe pulmona1y hypertension. 

BALLOON RUPTURE. This complication occuJTed more fre
quently in the early 1970s than it does now and was generally 
related to exceeding recommended inflation volumes. The 
main problems posed by balloon rupture are air emboli gaining 
access to the atterial circulation and balloon fragments emboliz
ing to the distal pulmona1y circulation. If rupture occurs during 
catheter insertion, the loss of the balloon's protective cushion
ing function can predispose to enclocardial damage and atten
dant thrombotic and arrhythmic complications. 

KNOTTING. Knotting of a catheter around itself is most 
likely to occur when loops form in the cardiac chambers and 
the catheter is repeatedly withdrawn and readvanced ( 126). 
Knotting is avoided if care is taken not to advance the catheter 
significantly beyond the distances at which entrance to the 
ventricle or PA would ordinarily be anticipated. Knotted cath
eters usually can be e21.1ricated transvenously; guidewire 
placement [ 1 27) ,  venotomy. or more extensive surgical proce
dures are occasionally necessa1y. 

Knotting of PA catheters around intracardiac structures (1 28) 
or other intravascular catheters ( 129] has been reported. 
Rarely, entrapment of a PA catheter in cardiac sutures after 
open heart surge1y has been reported, requiring vaiying 
approaches for removal [ 130). 

PULMONARY INFARCTION. Peripheral migration of the 
catheter tip (caused by catheter softening and loop tightening 
over time) with persistent, u ndetected wedging m small 
branches of the PA is the most common mechanism underly
ing pulmonary ischemic lesions amibutable to Swan-Ganz 
catheters [ 131 ) .  These lesions are usually small and asvmptom
atic, often diagnosed solely on the basis of changes in the 
chest radiograph demonstrating a wedge-shaped pleural
based density with a convex proximal contour ( 1 32] . 

Severe infarctions are produced if the balloon is lef: inflated 
in the wedge position for an extended period, thus bstruct
ing more central branches of the PA, or if solutions are 
injected at relatively high pressure through the catheter lumen 
in an attempt to restore an apparently clamped press re trace. 
Pulmona1y embolic phenomena resulting from thrombus for
mation around the catheter or over areas of endothelial dam
age can also result in pulmonary infarction. 

The reported incidence of pulmona1y infarction secondary to 
PA catheters in 1974 was 7.2% [131) ,  but recently repo1ted rates 
of pulmonary infarction are much lower. Boyd and colleagues 
(133) found a 1 .3% incidence of pulrnona1y infarction in a pro
spective study of 528 PA catl1eterizations. Sise and co-workers 
(134) reported no pulmonary infarctions in a prospect:ve study 
of 319 PA cat11eter inse1tions. Use of continuous heparin flush 
solution and careful monitoring of PA waveforms are important 
reasons for the decreased incidence of tl1is complication. 

PULMONARY ARTERY PERFORATION .  A serious and 
feared complication of PA catheterization is rupture of the PA 
leading to hemorrhage, which can be massive and sometimes 
fatal (135-143]. Rupture may occur during insertion or may be 



delayed a number of days ( 1431 . PA rupture or perforation has 
been reported in approximately 0 . 1% to 0.2% of patients 
( 133, 144 ,1451, although recent pathologic data suggest the true 
incidence of PA perforation is somewhat higher ( 146). Pro
posed mechanisms by which PA rupture can occur include: 
(a) an increased pressure gradient between PAWP and PA 
pressure brought about by balloon inflation and favoring dis
tal catheter migration, where perforation is more likely to 
occur; (b) a wedged catheter tip position favoring eccentric or 
distended balloon inflation with a spearing of the tip laterally 
and through the vessel; (c) cardiac pulsation causing shearing 
forces and damage as the catheter tip repeatedly contacts the 
vessel wall; (d) presence of the catheter tip near a distal arte
rial bifurcation where the integrity of the vessel wall against 
which the balloon is inflated may be compromised; and 
(e) simple lateral pressure on vessel walls caused by balloon 
inflation (this tends to be greater if the catheter tip was 
wedged before inflation began). Patient risk factors for PA 
perforation include pulmona1y hypertension, mit.ral valve dis
ease, advanced age, hypothermia, and anticoagulant therapy. 
In patients with these risk factors and in whom PADP reflects 
PAWP reasonably well, avoidance of subsequent balloon infla
tion altogether constitutes prudent prophylaxis. 

Another infrequent but life-threatening complication is false 
aneurysm formation associated with rupture or dissection of 
the PA ( 147]. Technique factors related to PA hemorrhaoe are 
distal placement or migration of the catheter; failure to r:i110ve 
large catheter loops placed in the cardiac chambers during 
insertion; excessive catheter manipulation; use of stiffer cathe
ter designs; and multiple overzealous or prolonged balloon 
inflations. Adherence to strict technique may decrease the inci
dence of this complication. In a prospective study reported in 
1986, no cases of PA rupture occurred in 1 ,400 patients under
going PA catheterization for cardiac surge1y ( 123]. 

PA perforation typically presents with massive hemoptysis. 
Emergency management includes immediate wedge arterio
gram and bronchoscopy, intubation of the unaffected lung, 
and consideration of emergency lobectomy or pneumonec
tomy. PA catheter balloon tamponade resulted in rapid control 
of bleeding in one case report ( 148]. Application of PEEP to 
intubated patients may also tamponade hemorrhage caused 
by a PA catheter (149, 1 50] . 

THROMBOEMBOLIC COMPLICATIONS. Because PA cath
eters constitute foreign bodies in the cardiovascular system 
and can potentially damage the endocardium, they are associ
ated with an increased incidence of thrombosis. Thrombi 
encasing the catheter tip and aseptic thrombotic vegetations 
forming at endocardial sites in contact with the catheter have 
been reported ( 1 3 1 , 1 5 1-1 531. Extensive clotting around the 
catheter tip can occlude the pulmonary vasculature distal to 
the catheter, and tlu·ombi anywhere in the venous system or 
right heart can seive as a source of pulmona1y emboli. Subcla
vian venous thrombosis, presenting with unilateral neck vein 
distention and upper extremity edema, may occur in up to 2% 
of subclavian placements [ 154, 1 551. Venous thrombosis com
plicating percutaneous internal jugular vein catheterization is 
fairly co1ru11only reported, although its clinical importance 
remains uncertain ( 1 56]. Consistently clamped pressure tracinos 
witl1out evidence of peripheral catheter placement or pulm�
nary vascular occlusion should arouse suspicion of thrombi at 
tl1e catl1eter tip. A changing relationship of PADP to PAWP over 
time should raise concern about possible pulmona1y emboli. 

If an underlying hypercoagulable state is known to exist, if 
catheter insertion was particularly traumatic, or if prolonged 
monitoring becomes necessary, one should consider cau
tiously anticoagulating the patient. 
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Heparin-bonded catheters reduce tlu·ombogen.icity [52] and 
have become the most conm10nly used PA catheters. An impor
tant complication of heparin-bonded catheters is heparin
ll1ciuced th.rombocytopenia ( 157, 1 58]. Routine platelet counts 
are recommended for patients witl1 heparin-bonded catl1eters 
in place. 

RHYTHM DISTURBANCES. Atrial and ventricular arrhyth
mias occur commonly during insertion of PA catheters ( 1 59]. 
Premature ventricular contractions occurred during 1 1  % of 
the catheter insertions originally reported by Swan and 
co-workers [ l l .  

_
Recent studies have reported advanced ventricular arrhyth

mias (tl1ree or more consecutive ventricular premature bears) 
in approximately 30% to 60% of patients undergoing right 
heart catheterization ( 123 , 160-163]. Most arrhythmias are self
limitecl and do not require treatment, but sustained ventricular 
arrhythmias requiring treatment occur in 0% to 3% of patients 
( 133, 162, 164] . Risk factors associated with increased incidence 
of advanced ventricular arrhytl1mias are acute myocardial 
1schemia or infarction, hypoxia, acidosis, hypocalcemia, and 
hypokalernia ( 162 , 163]. Prophylactic use of lidocaine in 
higher-risk patients may reduce the incidence of tl1is compli
cation ( 165] . A recent study ( 166] suggests that a right lateral 
tilt position (5-clegree angle) during PA catheter insertion is 
associated with a lower incidence of malignant ventricular 
arrhythmias tlrnn is the Trendelenburg position. 

Although the majority of arrhythmias occur during catl1eter 
insertion, arrhythmias may develop at any time after the cath
eter has been correctly positioned. These arrhythmias are due 
to mechanical irritation of the conducting system and may be 
persistent. Ventricular ectopy may also occur if the catl1eter tip 
falls back into the RV outflow tract. Evaluation of catheter
incluced ectopy should include a portable chest radiograph to 
evaluate catheter position and assessment of the distal lumen 
pressure tracing to ensure that the catheter has not slipped 
into the RV. Liclocaine may be used but is unlikely to ablate 
the ectopy because the irritant is not removed ( 165]. If the 
arrhythmia persists after liclocaine therapy or is associated 
with hemodynamic compromise, the catheter should be 
removed. Catheter removal should be performed by physi
cians under continuous ECG monitoring, since the ectopy 
occurs almost as frequently during catheter removal as during 
insertion ( 167, 168]. 

Right bundle-branch block (usually transient) can also 
complicate catheter insertion ( 169-172] . Patients undergoing 
anesthesia induction, those in the early stages of acute 
anteroseptal myocardial infarction, and those with acute 
pericarditis appear particularly susceptible to this complica
tion. Patients with preexisting left bundle-branch block are at 
risk for developing complete heart block during catheter 
insertion ( 173 ,1751 .  

The frequency of catheter-induced right bundle-branch 
block may be low, but the results may be disastrous. We sug
gest that these patients not be catheterized unless a tempora1y 
pacemaker can be inserted quickly or even prophylactically 
( 173-175]. If a prophylactic tempora1y pacemaker is not 
selected, alternative considerations include use of an external 
transthoracic pacing device, a PA catheter with a specially 
designed Paceport, or a pacing PA catheter (electrodes 
mounted on the catheter surface). The operator should be 
familiar with tl1e various limitations of these methods. 

INTRACARDIAC DAMAGE. Damage to the right heart 
chambers, tricuspicl valve, pulmonic valve, and their support
ll1g structures as a consequence of PA catheterization has 
been reported ( 154,176-184]. The reported incidence of 
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carheter-induced endocardial disruprion derecred by parho
logic examination varies from 3 .4% [184] ro 75% [179], bur 
most studies suggest a range of 20% to 30% [155 , 180,181] .  
These lesions consist of hemorrhage, srerile rhrombus, intimal 
fibrin deposition, and nonbacterial thrombotic endocardiris. 
Their clinical significance is nor clear, but there is concern rhar 
rhey may serve as a nidus for infectious endocarditis. Garrison 
and Freedman [185] demonstrared rhis rheory in 1970. They 
produced infective endocarditis in rabbit hearts afrer induc
rion of plarelet-fibrin thrombi (created by intracardiac manip
ulation of polyerhylene catheters) and subsequent catheter 
contamination wirh Staphylococcus aureus. 

Direcr damage ro rhe cardiac valves and supporting 
chordae occurs primarily by withdrawal of the catheters while 
the balloon is inflated [l ] .  However, chordal rupture has been 
reported despire balloon deflarion [149]. The incidence of 
intracardiac and valvular damage discovered on posrmortem 
examinarion is considerably higher than rhar of clinically sig
nificant valvular dysfuncrion. 

INFECTIONS. Carheter-related septicemia (rhe same patho
gen growing from blood and the carherer tip) was reported in 
up to 2% of parients undergoing bedside catheterization in 
the 1970s [160 ,186] . However, rhe incidence of septicemia 
relared ro the catheter appears ro have declined in recenr 
years, with a number of studies suggesting a sepricemia rate 
of 0% ro 1% [123,187, 188]. In situ rime of more than 72 ro 96 
hours significantly increases rhe risk of carherer-related sep
sis. Righr-sided sepric enclocardiris has been reported 
[182, 189], but rhe true incidence of this complicarion is 
unknown. Becker and colleagues [178] noted two cases of 
left ventricular abscess formation in patients with PA cathe
rers and S. aureus septicemia. Incidence of carheter coloniza
tion or contaminarion varies from 5% ro 20%, depending on 
rhe duration of catheter placement and the crireria used ro 
define colonization [188, 190]. Currently, ir appears rhat there 
is no method ro assess in situ bacterial colonization of PA 
catheters accurately and that there is no correlation between 
positive and negative blood cultures and catheter-related 
infection [149] . 

Pressure transducers have also been identified as an occa
sional source of infection [191] .  The chance of introducing 
infection into a previously sterile system is increased during 
injections for CO determinations and during blood with
drawal. Approaches to reduce the risk of catheter-related 
infection include use of a sterile protective sleeve, antibiotic 
bonding to the catheter, and empiric changing of catheters 
over a guiclewire [ 124,192-195]. 

OTHER COMPLICATIONS. Rare miscellaneous complica
tions that have been reported include: (a) hemodynamically 
significant decreases in pulmonary blood flow caused by 
balloon inflation in the central PA in postpneumonectomy 
patients with pulmonary hypertension in the remaining lung 
[196] , (b) disruption of the catheter's intraluminal septum as 
a result of injecting contrast medium under pressure [197], 
(c) artifactual production of a midsystolic click caused by a 
slapping motion of the catheter against the interventricular 
septum in a patient with RV strain and paradoxic septa! 
motion [198] , (d) thrombocytopenia secondary to heparin
bonded catheters [15 1 ,  1 58], and (e) dislodgment of pacing 
electrodes [199] . Multiple unusual placements of PA catheters 
have also been reported, including in the left pericardio
phrenic vein, via the left superior intercostal vein into the 
abdominal vasculature, and from the superior vena cava 
through the left atrium and left ventricle into the aorta after 
open heart surge1y [200-202]. 

Guidelines for Safe Use of 
Pulmonary Artery Catheters 
As experience with PA catheters and understanding of their 
potential complications increase, multiple revisions and changes 
in emphasis to the original recommended techniques and guide
lines have emerged [68,70,86,115, 1 16, 121 ,136,139, 151 , 175,203]. 
These precautions are summa1izecl as follows: 

1 .  Avoid complications associated with catheter insertion. 
a .  Inexperienced personnel performing inse1tions must be 

supe1vised. Many hospitals require that PA catheters be 
inse1ted by a fully trained cardiologist. 

b. Keep the patient as still as possible. Restraints or seda
tion may be required. 

c. Strict sterile technique is mandatory. 
d. Avoid vein irritation by wetting the catheter and insert

ing it quickly, without undue manipulation. 
e .  Examine the postprocedure chest radiograph for pneu

mothorax (especially after subclavian or internal jugular 
venipuncture) and for catheter tip position. 

2.  Avoid balloon rupture. 
a. Always inflate the balloon gradually. Stop inflation if no 

resistance is felt. 
b. Do not exceed recommended inflation volume. At the 

recommended volume, excess air will automatically be 
expelled from a syringe with holes bored in it that is 
constantly attached to the balloon port. Maintaining rec
ommended volume also helps prevent the inadvertent 
injection of liquids. 

c. Keep the number of inflation-deflation cycles to a 
minimum. 

cl. Do not reuse catheters designed for single usage, and 
do not leave catheters in place for prolonged periods. 

e. Use carbon dioxide as the inflation medium if communi
cation between the right and left sides of the circulation 
is suspected. 

3. Avoid knotting. Discontinue advancement of the catheter if 
entrance ro right atrium, RV, or PA has not been achieved 
at distances normally anticipated from a given :nsertion 
site. If these distances have already been significantly 
exceeded, or if the catheter does not withdraw easily, use 
fluoroscopy before attempting catheter withdraw� ]. Never 
pull forcefully on a catheter that does not withdraw easily. 

4. Avoid damage ro pulmona1y vasculature and parenchyma. 
a. Keep recording time of PAWP to a minimum, particu

larly in patients with pulmonary hypertension a cl other 
risk factors for PA rupture. Be sure the balloon is 
deflated after each PAWP recording. There is never an 
indication for continuous PAWP monitoring. 

b. Constant pressure monitoring is required each time the 
balloon is inflated. It should be inflated slowly, in small 
increments, and must be stopped as soon as the pres
sure tracing changes ro PAWP or clamped. 

c. If a wedge is recorded with balloon volumes signifi
cantly less than the inflation volume recomme clecl on 
the catheter shaft, withdraw the catheter to a position 
where full (or nearly full) inflation volume produces the 
desired trace. 

cl. Anticipate catheter tip migration. Softening of t he cath
eter material with time, repeated manipulations, and 
cardiac motion make distal catheter migration almost 
inevitable. 

i .  Continuous tip pressure monitoring is recom ended, 
and the trace must be closely watched for changes 
from characteristic PA pressures to those indicating a 
PAWP or clamped tip position. 



ii. Decreases over time in the balloon inflation volumes 
necessary to attain wedge tracings should raise suspi
cion regarding catheter migration. 

iii. Confirm satisfacto1y tip position with chest radio
graphs immediately after insertion, at the 6- to 12-
hour mark, and then at least daily. 

e. Do not use liquids to inflate the balloon. They may pre
vent deflation, and their relative incompressibility may 
increase lateral forces and stress on the walls of pulmo
na1y vessels. 

f. Hemoptysis is an ominous sign and should prompt an 
urgent diagnostic evaluation and rapid institution of 
appropriate therapy. 

g. Avoid injecting solutions at high pressure through the 
catheter lumen on the assumption that clotting is the 
cause of the clamped pressure trace. First, aspirate from 
the catheter. Then consider problems related to catheter 
position, stopcock position, transducer dome, transduc
ers, pressure bag, flush system, or trapped air bubbles. 
Never flush the catheter in the wedge position. 

5. Avoid thromboembolic complications. 
a. Minimize trauma induced during insertion. 
b. Use heparin-bonded catheters if there are no clinical 

contraindications. 
c. Consider the judicious use of anticoagulants in patients 

with hypercoagulable states or other risk factors. 
cl. Avoid flushing the catheter under high pressure. 
e. Watch for a changing PADP-PAWP relationship, as well 

as for other clinical indicators of pulmona1y embolism. 
6. Avoid arrhythmias. 

a. Constant ECG monitoring during insertion and mainte
nance, as well as ready accessibility of all supplies for 
performing carcliopulmona1y resuscitation, clefibrilla
tion, and tempora1y pacing, are mandatory. 

b. Use caution when catheterizing patients with an acutely 
ischemic myocardium or preexisting left bundle-branch 
block. Use prophylactic antiarrhythmic drugs or a tem
pora1y pacemaker as indicated. 

c. When the balloon is deflated, do not advance the cathe-
ter beyond the right atrium. 

d. Avoid overmanipulation of the catheter. 
e. Secure the catheter in place at the insertion site. 
f. Watch for intermittent RV pressure tracings when the 

catheter is thought to be in the PA position. An unex
plained ventricular arrhythmia in a patient with a PA 
catheter in place indicates the possibility of catheter
provokecl ectopy. 

7. Avoid valvular damage. 
a. Avoid prolonged catheterization and excessive manip

ulation. 
b. Do not withdraw the catheter when the balloon is inflated. 

8. Avoid infections. 
a. Use meticulously sterile technique on insertion. 
b. Avoid excessive CO determinations and blood with

drawals. 
c. Avoid prolonged catheterization. 

Remove the catheter if signs of phlebitis develop. Culture the 
tip and use antibiotics as indicated. 

Summary 
Clinical use of the PA catheter has increased since its introduc
tion in 1970. Approximately two million PA catheters were 
sold in 1996 [204]. Despite the popularity of the PA catheter, 
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controversy regarding its appropriate use exists. Although it is 
generally agreed that hemoclynamic monitoring enhances the 
understanding of carcliopulmona1y pathophysiology in criti
cally ill patients, the risk to benefit profile of PA catheteriza
tion in various clinical circumstances remains uncertain. 
Incleecl, concrete evidence that information derived from PA 
catheterization improves patient outcome is scarce. There is 
increasing concern that PA catheterization may be overused 
and that the data obtained may not be optimally used. 

Until the results of future studies are available, clinicians 
using hemoclynamic monitoring should carefully assess the 
risk-to-benefit ratio on an individual patient basis. The opera
tor should understand the indications, insertion techniques, 
equipment, and data that can be generated before undertak
ing PA catheter insertion. PA catheterization must not delay or 
replace bedside clinical evaluation and treatment. 
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5. Temporary Cardiac Pacing 

Because temporary cardiac pacing may be lifesaving in a 
number of disease states commonly treated in the intensive 
care unit (ICU), the indications and techniques for initiating 
and maintaining temporary cardiac pacing should be familiar 
to ICU personnel. Recommendations for training in the perfor
mance of transvenous pacing have been published by a Task 
Force of the American College of Physicians, the American 
Heart Association, and the American College of Cardiology [ l ] .  

Indications for Temporary 
Cardiac Pacing 
As outlined in Table 5-1 ,  tempora1y pacing is indicated in the 
diagnosis and management of a number of serious rhythm 
and conduction disturbances [2,31. 

BRADYARRHYTHMIAS. Rate disturbances that respond to 
temporary cardiac pacing include sinus bradycardia and high
grade atrioventricular (AV) block, as well as ventricular tachy
cardia precipitated by episodic bradycardia [2] . 

Sinus bradycardia is commonly seen in patients with myo
cardial infarction, hyperkalemia, antiarrhyrhmic medication 
intoxication, myxedema, and increased intracranial pressure. 

Seth T. Dahlberg and 
Michael G. Mooradd 

Bradyarrhyrhmias may also result from exaggerated vasovagal 
reactions to ICU procedures, such as suctioning of the rrache
obronchial tree in the intubated patient. High-grade AV block 
may result from digitalis toxicity; hyperkalemia; or any other 
infectious, inflammato1y, or metabolic process that impairs AV 
conduction.  Bradycardia-dependent ventricular tachycardia 
may occur in association with ischemic heart disease and 
acute corona1y insufficiency. 

TACHYARRHYTHMIAS. Tempora1y cardiac pacing has been 
used in prevention and termination of supraventricular and 
ventricular tachyarrhythmias [4--8]. 

Atrial pacing is often effective in terminating au"ial flutter and 
paroxysmal nodal supravenrricular tachycardia [9] . A critical 
pacing rare (usually 1 25% ro 135% of the flutter rare) and pacing 
duration (usually approximately 10 seconds) are in1portant in 
the successful conversion of au·ial flutter to sinus rhytlm1 [10, 1 1 ] .  
This method is often effective in patients with classic au·ial flut
ter; however, it is typically ineffective for atypical or type II au"ial 
flutter (rate 400 beats per minute, P waves upright in the· inferior 
leads). Although pacing termination of atrial flutter may be 
more successful from sites in the low right atrium, this requires 
great care to avoid rapid venu·icular stin1L1lation, which may pre
cipitate ventricular fibrillation with hemodynamic collapse. 

In many clinical situations pacing termination of atrial flut
ter may be more attractive than synchronized cardioversion, 
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Table 5-1. Indications for Acute (Tempora1y) Cardiac Pacing 

Conduction disturbances 
Symptomatic persistent third-degree AV block with inferior myo

cardial infarction 
Third-degree AV block, Mobitz type II AV block, new bifascicular 

block (e.g., right bundle branch block and left antenor 
hemiblock, left bundle branch block, first-degree AV block), or 
alternating left and right bundle branch block complicating 
acute anterior myocardial infarction 

Symptomatic idiopathic third-degree AV block, or high-degree AV 
block 

Rate disturbances 
Hemodynamically significant or symptomatic sinus bradycardia 
Bradycardia-dependent ventricular tachycardia 
AV dissociation with inadequate cardiac output 
Polymorphic ventricular tachycardia with long QT interval (tor

sades de pointes) 
Recurrent ventricular tachycardia unresponsive to medical therapy 

During electrophysiologic studies 
. 

Evaluation of sinus node, AV node, and His bundle function 
Evaluation of wide QRS tachycardias 
Evaluation and u·eatment of supravenu·icular arrhythmias, including 

atrial flutter, AV nodal tachycardia, and Wolff-Parkinson-White 
syndrome 

Evaluation of therapeutic modalities for inducible ventricular and 
supraventricular tachycardia 

AV, atrioventricular. 

which requires anesthesia with its attendant risks. Pacing ter
mination is the treatment of choice for atrial flutter in patients 
with epicardial atrial wires in place after cardiac surge1y; it 
may also be preferred as the means to convert atrial flutter in 
patients on digoxin and those with sick sinus syndrome, as 
these groups often demonstrate prolonged sinus pauses after 
direct current cardioversion [ 12 , 13) .  

Rapid atrial pacing (at rates of 400 to 700 beats per minute) 
has also been used to prevent recurrent supraventricular 
tachycardias by inducing atrial fibrillation. This technique may 
be useful in situations in which the ventricular rate cannot be 
adequately controlled in response to an automatic or reentrant 
supraventricular tachycardia [14) .  

Temporary pacing has proved lifesaving in preventing par
oxysmal ventricular tachycardia in patients with prolonged 
QT intervals (torsades de pointes), particularly when second
ary to drugs. Tempora1y cardiac pacing is the treatment of 
choice to stabilize the patient while a type I antiarrhythmic 
agent exacerbating ventricular irritability is metabolized [ 1 5) .  
I n  this situation, the pacing rate i s  set t o  provide a mild tachy
cardia. The effectiveness of cardiac pacing probably relates to 
decreasing the dispersion of refractoriness of the ventricular 
myocardium (shortening the QT interval). 

Temporary ventricular pacing is also frequently successful 
in terminating ventricular tachycardia ( 16-18). If ventricular 
tachycardia must be terminated urgently, cardioversion is 
mandated (see Chapter 6). However, in less urgent situations, 
conversion of ventricular tachycardia via rapid ventricular 
pacing may be useful. The success of this technique depends 
on the setting in which ventricular tachycardia occurs as well 
as the type of pacing used (e.g. ,  rapid overdrive pacing or 
progranm1ed extrastimulation). Programmed stimulation tech
niques are usually effective in terminating ventricular tachy
cardia in a patient with remote myocardial infarction or in the 
absence of heart disease. This teclmique is less effective when 
ventricular tachycardia complicates acute myocardial infarc
tion or cardiomyopathy. Rapid ventricular pacing is most suc
cessful in terminating ventricular tachycardia when the 
ventricle can be "captured" (asynchronous pacing for 5 to 10 
beats at a rate of 50 beats per minute greater than that of the 

underlying tachycardia). Extreme caution is advised, as it may 
be accompanied by acceleration of entricular tachycardias 111 
more than 40% of patients; a cardiac defibrillator should be 
available at the bedside. 

DIAGNOSIS OF RAPID RHYTHMS. Temporary atrial pacing 
electrodes allow accurate diagnosis of tachyarrhythmias when 
the morphology of the P wave and its relation to the QRS com
plexes cannot be determined from the surface elec ocard10-
oram (ECG) [19,20]. A recording of the intraatnal electrogram 1s �articularly helpful in a rapid, regular, narrow-compl�x tachy
cardia in which the differential diagnosis includes atnal flutter 
with rapid vent1icular response and in AV nodal reentrant or 
other supraventricular tachycardia. This technique is also use
ful to distinguish wide-complex tachycardias in which the dif
ferential diagnosis includes supraventricular tachycardia with 
aberrant conduction, sinu tachycardia with bundle-branch 
block, and ventricular tachycardia. 

To record an intraatrial ECG, the limb leads are connected 
in the standard fashion and a precordial lead (usually v,) is 
connected to the proximal electrode of the atrial pacing cath
eter. A rhythm strip is run at a rapid paper speed, simulta
neously demonstrating two limb leads as well as the atnal 
electrogram obtained via lead V1. This rhythm strip should 
reveal the conduction pattern between atria and ve tricles as 
antegrade, simultaneous, retrograde, or dissociated. 

ACUTE MYOCARDIAL INFARCTION. Temporary pacing 
may be used therapeutically or prophylactically in acute myo
cardial infarction. Recommendations for tempora1 . cardiac 
pacing have been provided by a Task Force of the American 
Colleoe of Cardiology and the American Heart Assoc1at1on 
(Tab!� 5-2) (21) .  Bradyarrhythmias unresponsive to medical 
treatment that result in hemodynamic compromise require 
urgent treatment. Patients with anterior infarction an - bifascic
ular block or Mobitz type II second-degree AV block, while 
hemodynamically stable, may require a tempora1y pacemaker, 
as they are at risk for sudden development of complete heart 
block with an unstable escape rhythm. 

Because coordinated atrial transport may be essential for 
preservation and maintenance of effective stroke volume, AV 
sequential pacing is frequently the pacing modality of choice 
[22-24). For example, when right ventricular involvement com
plicates inferoposterior infarction, transvenous AV sequential 
pacing may be necessary to ensure adequate cardiac output 
[25,26). 

Prophylactic tempora1y cardiac pacing has aroused consid
erable debate for the role it may play in complicated anterior 
wall myocardial infarction [27,28). Thrombolytic therapy, 
when indicated, should take precedence over placement of 
prophylactic cardiac pacing, as prophylactic pacing has not 
been shown to improve mortality. Transthoracic (transcutane
ous) cardiac pacing is safe and usually effective (29-32] and 
would be a reasonable alternative to prophylactic transvenous 
cardiac pacing, particularly soon after thrombolytic therapy 
has been administered. 

Equipment Available for 
Temporary Pacing 
Several metl10ds of tempora1y pacing are currently available 
for use in tl1e ICU. Transvenous pacing of the right ventricle or 
right atrium witl1 a pacing catheter or modified pulmonary 



Tab/,e 5-2. American College of Cardiology/ American Heare Associ
arion Guidelines for Temporaty Pacing in Acure Myocardial rnfarcrion 

Guidelines for placement of transcuraneous parches0 and acrive 
(demand) rranscuraneous pacingh 
Class I (Lndicared) 

Sinus bradycardia (rare <50 bears/min) with symptoms of 
hypotension (sysrolic blood pressure <80 mm Hg) unrespon
sive to drug therapyh 

Mobitz type II second-degree AV blockh 
Third-degree AV blockb 
Bilateral BBB (alternating BBB, or RBBB and alrernaring LAFB, 

LPFB) (irrespecrive of rime of onset)" 
Newly acquired or age-indeterminate LBBB, LBBB and LAFB, 

RBBB, and LPFB0 
RBBB or LBBB and first-degree AV block" 

Class Ila (probably indicared) 
Stable bradycardia (systolic blood pressure >90 mm Hg, no 

hemodynamic compromise, or compromise responsive to ini
tial drug therapy)" 

Newly acquired or age-indeterminate RBBB" 
Class Ilb (possibly indicared) 

ewly acquired or age-indeterminate firsr-degree AV block" 
Class III (nor indicared) 

Uncomplicared AMI wirhour evidence of conduction system 
disease 

Guidelines for temporaty transvenous pacingc 
Class r (indicated) 

Asystole 
Symptomatic bradycardia (includes sinus bradycardia with 

hypotension and type I second-degree AV block with 
hypotension not responsive to atropine) 

Bilateral BBB (alternating BBB or RBBB wirh alternating LAFB/ 
LPFB) (any age) 

ew or age-indererminate bifascicular block (RBBB with LAFB 
or LPFB, or LBBB) with firsr-degree AV block 

Mobitz type II second-degree AV block 
Class Ila (probably indicated) 

RBBB and LAFB or LPFB (new or indeterminate) 
RBBB with firsr-degree AV block 
LBBB, new or indeterminate 
Incessant ventricular tachycardia, for atrial or ventricular over

drive pacing 
Recurrent sinus pauses (>3 sec) not responsive to au-opine 

Class lib (possibly indicated) 
Bifascicular block of indeterrninate age 
New or age-indeterminate isolated RBBB 

Class III (nor indicated) 
First-degree AV block 
Type I second-degree AV block wid1 normal hemodynamics 
Accelerated idioventricular rhythm 
BBB or fascicular block known to exist before AMI 

Ml ,  acute myocardial infarction; AV, atriovemricular; BBB,  bundle-branch block; 
LAFB, left anterior fascicular block; LBBB, left bundle-branch block; LPFB, left 
posterior fascicular block; RBBB, right bundle-branch block. 
"rranscutaneous patches applied; system may be attached and aCLivated within 
brief time if needed. Transcuraneous pacing may be veiy helpful as an urgent 
expedient. Because it is associated with significant pain, high-risk patients likely 
to require pacing should receive a temporary pacemaker. 
"Apply patches and attach system; system is in either active or standby mode to 
allow immediate use on demand as required. In facilities in which transvenous 
pacing or expertise are not available to place an intravenous system, consider
ation should be given to transporting the patient to one equipped for and com
petent in placing transvenous systems. 
'lr should be noted that in choosing an intravenous pacemaker system, 
patients with substantially depressed ventricular performance, including right 
ventricular infarction, may respond better to atrial/AV sequential pacing than 
ventricular pacing. 
From Ryan ·1J, Antman EM, Brooks NH, et al: 1999 update: ACC/AHA guidelines 
for the management of patiems with acute myocardial infarction: executive 
summaiy and recommendations: a report of the American College of Cardiol
ogy/ American Heart Association Task Force on Practice Guidelines (Committee 
on Management of Acute M)'Ocardial Infarction). Circulalion 100: 101 6-l030, 

2001, with permission. Copyright 1999, American Hean Association. 
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Fig. 5-1. Cardiac pacing catherers. Several designs are available for 
temporaty pacing in the critical care unit. Top: Balloon-tipped, flow
clirected pacing wire. Middle: Sranclarcl 5-French pacing wire. Bot
tom: Atrial J-shapecl wire. 

artery catheter is the most widely used technique; intraesoph
ageal, transcutaneous, and epicardial pacing are also available. 

TRANSVENOUS PACING CATHETERS. Some of the many 
transvenous pacing catheters available for use in the critical 
care setting are illustrated in Figure 5- 1 .  Pacing catheters 
range in size from 4 French (Fr) (1 .2 mm) to 7 Fr (2 . 1  mm). 
Stiff catheters (Fig. 5- 1 ,  middle) can be inserted under fluoro
scopic guidance using standard central venous cannulation 
techniques. In more urgent situations, or where fluoroscopy is 
unavailable, a flow-directed flexible balloon-tipped catheter 
(Fig. 5- 1 ,  top) may be placed in the right ventricle using ECG 
guidance. The stiff catheter is easier to manipulate than the 
balloon-tipped catheter. 

A flexible J-shaped catheter (Fig. 5-1 , bottom) is available 
specifically for tempora1y atrial pacing [33J. This lead is posi
tioned by "hooking" it in the right atrial appendage, providing 
stable contact wid1 die at.rial endocardium. Eid1er d1e subclavian 
or internal jugular venous approach may be used. Fluoroscopic 
guidance is needed to achieve d1e proper pacing position. 

A multilumen pulmonary arte1y catheter with a small (2.4 
Fr) bipolar pacing lead through a right ventricular lumen 
allows intracardiac pressure monitoring and pacing through a 
single catheter [34]. Details on its use and insertion are 
described in Chapter 4.  

ESOPHAGEAL ELECTRODE. An esophageal "pill" electrode 
allows atrial pacing and recording of atrial depolarizations 
without requiring central venous cannulation. As mentioned 
previously, detecting atrial depolarization aids in the diagnosis 
of tachyarrhythmias. Esophageal pacing has also been used to 
terminate supraventricular tachycardia and atrial flutter [35J . 

TRANSCUTANEOUS EXTERNAL PACEMAKERS .  Transcu
taneous external pacemakers have external patch electrodes 
that deliver a higher current (up to 200 mA) and longer pulse 
duration (20 to 40 milliseconds) than transvenous pacemak
ers. External pacing can be implemented immediately and the 
risks of central venous access avoided. Some patients may 
require sedation for the discomfort of skeletal muscle stimula
tion. Transcutaneous external pacemakers have been used to 
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treat bradyasystolic cardiac arrest, symptomatic bradyarrhyth
mias, and overdrive pacing of tachyarrhythmias, and prophy
lactically for conduction abnormalities during myocardial 
infarction. They may be particularly useful when transvenous 
pacing is unavailable, as in the prehospital setting, or rela
tively contraindicated, as during thrombolytic therapy for 
acute myocardial infarction (29-31 ,36-38]. 

EPICARDIAL PACING. The placement of epicardial elec
trodes requires open thoracotomy. These electrodes are rou
tinely placed electively during cardiac surgical procedures for 
use during the postoperative period (19,20). 

PULSE GENERATORS FOR TEMPORARY PACING. Newer 
temporary pulse generators are now capable of ventricular, 
atrial, and dual-chamber sequential pacing with adjustable ven
tricular and atrial parameters tl1at include pacing modes (syn
chronous or asynchronous), rates, current outputs (mA), sensing 
tl1resholds (mV), and AV pacing interval/delay (milliseconds). 
Because mese generators have atrial sensing/inhibiting capabil
ity, mey are also set witl1 an upper rate limit (to avoid rapid ven
tricular pacing while "tracking" an atrial tachycardia); in 
addition, an atrial pacing refractory period may be programmed 
(to avoid pacemaker-mediated/endless loop tachyaIThythmias) . 

Earlier models may be lin1ited to sensing only ventricular 
depolarization. Witl1out atrial sensing, if me intrinsic atrial rate 
exceeds the atrial pacing rate, the atrial pacing stimulus fails to 
capture and AV sequential pacing is lost. Consequently, with 
mese models, the pacing rate must be set continuously to 
exceed the intrinsic atrial rate to maintain AV sequential pacing. 

Choice of Pacing Mode 
A pacing mode must be selected when temporary cardiac pac
ing is initiated. Common modes for cardiac pacing are outlined 
in Table 5-3. The mode most likely to provide tl1e greatest 
hemodynamic benefit should be selected. In patients witl1 
hemodynamic instability, establishing ventricular pacing is of 
paramount importance before attempts at AV sequential pacing. 

Although ventricular pacing effectively counteracts bradycar
dia, it cannot restore normal cardiac hemodynamics because it 
disrupts tl1e synchronous relationship between atrial and ven
tricular contraction (39-49). In patients witl1 diseases character
ized by noncompliant ventricles (e .g. ,  ischemic heart disease, 
hypertrophic or congestive cardiomyopatl1y, aortic stenosis, 
and right ventricular infarction), tl1e atrial contribution to ven-

Tab/,e 5-3. Common Pacemaker Modes for Temporary Cardiac Pacing 

Mode Definition 

AOO 
AAI 

YOO 
VVI 

DVI 

ODD 

Atrial pacing: pacing is asynchronous. 
Au'ial pacing, atrial sensing: pacing is on demand to provide 

a minimum programmed rate. 
Ventricular pacing: pacing is asynchronous. 
Ventricular pacing, ventricular sensing: pacing is on demand 

to provide a minimum progranm1ed rate. 
Dual-chamber pacing, ventricular sensing: atrial pacing is 

asynchronous, ventricular pacing is on demand after a 
programmed atrioventricular delay. 

Dual-chamber pacing and sensing: atrial and vencricular pac
ing is on demand to provide a minimum rate, ventricular 
pacing follows a progranm1ed atrioventricular delay, and 
upper-rate pacing limit should be programmed. 

tricular stroke volume (tl1e atrial "kick") may be quite substan
tial. In one study, loss of a properly timed atrial contraction in 
patients after inferior or anterior myocardial infarction was 
associated with a 25% decrease in systolic blood pressure and 
cardiac output [24). 

Asynchronous contracti n of the atria and ventricles (via 
random dissociation or retrograde ventriculoatrial conduc
tion) results in increased left atrial pressure, reduce stroke 
volume and cardiac output. and intermittent mitral and tricus
pid regurgitation. 

In addition to tl1e hemodynamic benefit of atrial or AV 
sequential pacing, the risk of atrial fibrillation or flutter may 
be reduced because of decreased atrial size, decreased atrial 
pressure, or both. This suggests that patients with intermittent 
atrial fibrillation may be better maintained in non al sinus 
rhythm with atrial or AV sequential pacing, rather tha ventric
ular demand pacing. 

Procedure to Establish 
Temporary Pacing 
After achieving venous access (Chapter 2), tl1e pacing catheter 
is advanced to tl1e central venous circulation and then posi
tioned in tl1e right heart u ing fluoroscopic or ECG guidance 
(50,51) .  To position tl1e electrode using ECG guidance, the 
patient is connected to the limb leads of the ECG machine, and 
tl1e distal (negative) electrode of the pacing catl1eter is con
nected to lead V1 witl1 an alligator clip or a special adaptor sup
plied with the lead. Lead V1 is tl1en used to conr .inuously 
monitor a unipolar intracardiac electrogram. The morphology of 
tl1e recorded electrogram indicates tl1e position of tl1e catl1eter 
tip (Fig. 5-2). TI1e balloon is inflated in me superior vena cava, 

Inferior vena cava 

fmracavital)' 
right ventricle 

Fig. 5-2. Pattern of recorded electrogram at various locations in the 
venous circulation. [From Ha orne JW, McDermott ], Poulin FK: Car
diac pacing, in Johnson RA, Haber E, Austen WG (eds): The Practice 
of Cardiology: The Medical and Surgical Cardiac Units at the Massa
cbusetts General Hospital. Boston, Little, Brown and Comp ny, 1980, 
with permission.] 



and the catheter is advanced while observing the recorded intra
cardiac electrogram. When the tip of the catheter is in the right 
ventricle, the balloon is deflated and the catheter advanced to 
the right venu·icular apex. The ST segment of the intracardiac 
electrogram is elevated owing to a current of inju1y when the 
catheter tip contacts the venu·icular endocardium. 

After the tip of the pacing catheter is satisfactorily inserted 
in the right ventricular apex, the leads are connected to the 
venu·icular output positions at the top of the pulse generator, 
with the pacemaker box in the off position. The pacemaker is 
then put on asynchronous mode and the ventricular rate set to 
exceed the patient's intrinsic ventricular rate by 10 to 20 beats 
per minute. The threshold current for ventricular pacing is set 
at 5 to 10 mA . Then, the pacemaker is switched on. Satisfac
tory ventricular pacing is evidenced by a wide QRS complex, 
with ST segment depression and T-wave inversion, immedi
ately preceded by a pacemaker depolarization (spike). With 
pacing from the apex of the right ventricle, the paced rhythm 
usually demonstrates a pattern of left bundle-branch block on 
the surface ECG [52] . 

Ventricular pacing is maintained as the output current for 
ventricular pacing is slowly reduced. The pacing threshold is 
defined as the lowest current at which consistent ventricular 
capture occurs. With the ventricular electrode appropriately 
positioned at or near the apex of the right ventricle, a pacing 
threshold of less than 0.5 to 1 .0 mA should be achieved. If the 
output current for continuous venu·icular pacing is consis
tently greater than 1 .0 to 1 . 5  mA , the pacing threshold is too 
high. Possible causes of a high pacing tl1reshold include rela
tively refractory endomyocardial tissue (fibrosis) or, most 
commonly, unsatisfacto1y positioning of the pacing electrode. 
The tip of the pacing electrode should be repositioned in t11e 
region of the ventricular apex until satisfactory ventricular 
capture at a current of less than 1 .0 mA is consistently main
tained. After the threshold current for ventricular pacing has 
been established at a satisfacto1y level, the ventricular output 
is set to exceed the threshold current at least threefold. This 
guarantees uninterrupted venu·icular capture despite any 
modest increase in tl1e pacing threshold. 

The pacemaker is now in VOO mode. However, the pacing 
generator generally should be set in the VV1 ("demand") 
mode, as this prevents pacemaker discharge soon after an 
intrinsic or spontaneous premature depolarization, while the 
heart lies in the elecu·ically vulnerable period for induction of 
sustained ventricular arrhythmias [53]. To set the pacemaker in 
VV1 mode, the pacing rate is set at 10 beats per minute less 
than the intrinsic rate, and the sensitivity control is moved 
from asynchronous to the minimum sensitivity level. The sen
sitivity is gradually increased until pacing spikes appear. This 
level is the sensing threshold. The sensitivity is then set at a 
level slightly below the determined threshold and the pacing 
rate reset to the minimum desired ventricular rate. 

If AV sequential pacing is desired, the atrial J-shaped pac
ing catheter should be advanced into tl1e right atrium and 
rotated anteromedially to achieve a stable position in the right 
atrial appendage; positioning the atrial catheter usually 
requires fluoroscopy (51 ,54]. The leads are t11en connected to 
the atrial output of the pulse generator. The atrial current is set 
to 20 mA, and the atrial pacing rate adjusted to at least 10 
beats per minute greater than the intrinsic atrial rate. The AV 
interval is adjusted at 100 to 200 milliseconds (shorter intervals 
usually provide better hemodynamics), and the surface ECG is 
inspected for evidence of atrial pacing (electrode depolariza
tion and capture of the atrium at the pacing rate). 

The manifestation of atrial capture on ECG is atrial depolar
ization immediately after the atrial pacing spike. In patients 
with intact AV conduction, satisfacto1y atrial capture can be 
verified by shutting off the ventricular portion of the pace-

5: Temporary Cardiac Pacing 71 

maker and demonstrating AV synchrony during atrial pacing. 
As long as the atrial pacing rate continually exceeds the intrin
sic sinus rate, the atrial P wave activity should track with the 
atrial pacing spike. 

The dual-chamber tempora1y pacemaker may not have 
atrial sensing capability. If not, the pacemaker will function in 
a DVI mode (Table 5-3). Should the intrinsic atrial rate equal 
or exceed the atrial pacing rate, the atrial stimulus fails to cap
ture, and AV sequential pacing is lost. If the pacemaker has 
atrial sensing capability, the atrial sensing threshold should be 
determined and an appropriate level set. The pacer then func
tions in the DDD mode. The DDD mode is usually preferred, 
as it provides optimum cardiac hemodynamics tl1rough a 
range of intrinsic atrial rates. In this mode, an upper rate limit 
must be set to prevent rapid ventricular pacing in response to 
a paroxysmal supraventricular tachycardia. 

Complications of 
Temporary Pacing 
Although temporary endocardial pacing can be accomplished 
from several alternate venous access sites, rational selection of 
the optimal route requires understanding of the results and 
complications of each. A 43% incidence of pacemaker malfunc
tion (i.e. ,  failure to sense or capture the R wave properly) and 
a 16.9% incidence of pacemaker-related complications were 
reported in 142 episodes of tempora1y pacemaker insertion by 
the brachia! (61 cases) or femoral (81 cases) approach (55]. 
Austin and associates reported pacemaker malfunction in 37 
and complications in 20 of 100 patients requiring pacemaker 
inse1tion by tl1e antecubital or femoral route [56]. The Mayo 
Clinic's early experience with tempora1y cardiac pacing in the 
coronary care unit revealed a 17 .9% incidence of malfunction 
of the tempora1y pacemaker and a 13 .7% incidence of compli
cations [55]. Over the 4-year interval from 1976 to 1980, there 
was a decline in use of the basilic vein surgical approach (t11e 
initially preferred met11od for tempora1y pacemaker insertion) 
from 95.6% to 22.8%. As use of the antecubital route declined, 
so did tlie rate of complications (e.g., pacemaker malfunction, 
infection) when compared to the subclavian or internal jugular 
venous approaches. Using predominantly tl1e subclavian or 
internal jugular approaches, Donovan and Lee reported a 7% 
rate of serious complications related to tempora1y cardiac pac
ing [57]. Complications of tempora1y pacing from any venous 
access route include pericardia! friction rub, arrhyt11mia, right 
ventricular perforation, cardiac tamponade, infection, inadvert
ent arterial inju1y, diaphragmatic stimulation, phlebitis, and 
pneumothorax. The Mayo Clinic experience revealed that per
cutaneous cannulation of the right internal jugular vein pro
vided t11e simplest, most direct route to the right-sided cardiac 
chambers. In addition, for selected patients, placement of the 
catheter in the corona1y sinus provides the benefit of stable 
atrial stimulation. Tempora1y endocardial pacing via this route 
is convenient and may be associated witl1 a lower rate of pace
maker complications [58]. 

Although insertion via direct cutdown of the brachia! vein 
may be satisfacto1y for short-term pacing, percutaneous vas
cular access by the subclavian or internal jugular vein pro
vides more stable long-term vascular access for tempora1y 
pacing (Chapter 2). Insertion from the brachia! vein reduces 
the risk of arterial inju1y, hematoma formation, and pneu
mothorax, but the motion of the patient's arm relative to the 
torso increases the risk of dislodgement of the pacing elec
trode from a stable ventricular or au·ial position (58]. The risk 
of infection may also be increased with this approach. The 
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brachia! approach is stUl preferred for the patient receiving 
thrombolytic therapy or full-close anticoagulation. 

Complications of internal jugular venous cannulation may 
include pneumothorax, carotid arterial injury, and pulmona1y 
embolism (Chapter 2). These risks are minimized by knowl
edge of anatomic landmarks, adherence to proved techniques, 
and use of a small-caliber needle to localize the vein before 
insenion of the large-caliber needle (for full discussion, see 
Chapter 2). Full-close systemic anticoagulation, thrombolytic 
d1erapy, and prior neck surgical procedures are relative con
traindications to routine internal jugular vein cannulation 
[56,59]. The risk of venous thrombosis after temporary cardiac 
pacemaker insertion using the internal jugular or subclavian 
venous approach has not been prospectively studied [60]. 

Percutaneous subclavian venipuncture is also frequently 
used for insertion of tempora1y pacemakers [53,61 ,62]. When 
the operator has a good understanding of the subclavian anat
omy, the latter procedure is relatively simple and safe (Chap
ter 2). This approach should be avoided in patients with 
severe obstructive lung disease or a bleeding diathesis 
(including thrombolytic therapy), in whom the risk of pneu
mothorax or bleeding is increased. 

The femoral venous approach is used for electrophysiologic 
studies when the catheter is left in place for only a few hours. 
Although temporary cardiac pacing can be established 
through the percutaneous femoral approach, d1is approach is 
less desirable when long-term cardiac pacing is required, 
because there is a risk of deep venous thrombosis around the 
catheter. In one study , venographic or autopsy evidence of 
deep venous thrombosis was present in 34% and pulmonary 
embolism in 50% of patients in whom a tempora1y pacing 
catheter had been inserted by the femoral venous approach 
[63]. A more recent study showed that a 75% incidence of 
venous thrombosis, documented by Duplex ultrasound, was 
reduced to 1 2% by the use of intravenous heparin [64]. 
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6. Cardioversion and De.fibrillation 

An interest in the use of electrical shocks to terminate cardiac 
arrhytlunias dates back more than two centuries. However, the 
modern era of safe and routine use of direct current capacitive 
discharge electrical shocks for heart rhythm management 
began in tl1e 1960s [ l ) .  The term cardioversion refers to shocks 
synchronized to ventricular electrical systole. Synchronized 
shocks are used to terminate appropriately selected supraven
tricular (SVT) and ventricular (VT) tachycardias. The term 
de.fibrillation refers to the use of unsynchronized shocks to 
terminate ventricular fibrillation (VF). Direct current capacitive 
discharge electrical shocks are the preeminent therapy for 
appropriately selected persistent tachycardias due to their 
safety, efficacy, and immediacy of effect. 

Understanding Cardioversion 
and De.fibrillation 
A rudimenta1y knowledge of capacitive discharge shocks and 
me application of basic electrical circuit theory to cardiac 
defibrillation is necessa1y to understand the effects of clinical 
variables and equipment on the outcome of electrical shocks 
for terminating cardiac arrhythmias. 

Michael 0. Sweeney 

UNITS OF ELECTRICITY. Electrical units are usually taught 
using fluid or hemodynamic analogies [2]. The fundamental 
electrical units necessa1y to understanding capacitive discharge 
electrical shocks are the ampere, volt, ohm, farad, and joule (J). 

The ampere is the unit of current and is equal to a flow rate 
of 1 coulomb per second. This is analogous to a fluid flow 
rate of 1 L per minute. 

The volt is the unit of voltage. This is the electrical "pres
sure" that forces current along its patl1. This is analogous to a 
fluid pressure such as mm Hg. 

The ohm is the unit of electrical resistance. I t  is defined by 
"Ohm's Law," which expresses the ohm as the ratio of voltage 
to current (ohm = voltage/current) . Thus, as pathway resis
tance increases, a higher voltage is necessaiy to force a given 
current through the pathway. The fluid analogy is peripheral 
resistance (mm Hg/I/minute) .  

The farad is tl1e unit of capacitance, where capacitance mea
sures tl1e ability of a capacitor to store electrical charge. A simple 
capacitor is two electrical surfaces separated by an insulator. 
Capacitance is defined as tl1e ratio of charge to voltage (charge = 

capacitance x voltage). Thus, to store greater charge on a capac
itor, the surface area or voltage must be increased. 

The joule is the unit of energy. The joule is the energy of 1 
volt and 1 ampere lasting 1 second. This is expressed as 
energy = voltage x current x time. 



74 Procedures and Tecbniques in Intensive Care Medicine 

When describing the effects of an electrical shock on myo
cardial tissue, it is useful to specify "space-normalized" units 
of electricity [2] . Thus, the electric field resulting from a shock 
delivered to a specific volume of tissue can be described as 
voltage difference per distance (volts per cm). Sin1ilarly, the 
current density can be described as the amperes per distance 
(amperes per cm2). 

SHOCK WAVEFORMS. The initial use of electric shocks to 
terminate cardiac arrhythmias involved alternating current (AC 
shocks) derived from large transformers [3-5) .  The pioneering 
work of Lown subsequently demonstrated that a damped 
sinusoidal waveform generated by a straight direct current 
(DC) capacitor discharge through a series inductor (paddle 
electrodes) and the resistor (the tl10rax) resulted in less myo
cardial damage, arrhythmias, and death versus AC shocks [6]. 
Variations on the clamped sinusoidal waveform are used in 
most external defibrillators today. 

Waveform shape influences clefibrillation efficacy (Fig. 6-1). 
Monophasic waveforms deliver current in one direction. 
Damped sinusoidal waveforms allow the discharged current to 
fall gradually to zero. Such waveforms require large capacitors 
and are not practical for implantable cardiove1ter-defibriliators 
(ICDs), but are commonly used in external defibrillators. Trun
cated exponential waveforms cause the discharged current to 
fall to zero instantaneously. Monophasic truncated exponential 
waveforms are superior to untruncated monophasic waveforms 
for defibrillation. Truncation reduces the refibrillatory effects of 
the low voltage tail associated with untruncated (straight) 
capacitor discharges [7,8). Biphasic waveforms deliver current 
in two directions. Current flows in the positive direction for a 
specified duration, then is instantaneously reversed to the neg
ative direction for a specified duration. Biphasic waveforms are 
superior to monophasic waveforms for internal clefibrillation 
using ICDs [9, 10) and are superior to clamped sinusoidal wave
forms for external defibrillation [ 1 1 , 1 2) .  The explanation for the 
superiority of biphasic waveforms is controversial. One hypoth
esis is tl1e so-called charge-burping theo1y [13,14) :  This states 
that the function of the first phase is to act as a monophasic 
shock (i .e. ,  clefibrillate), whereas the function of the second 
phase is to "burp" the residual charge on the cell membrane left 
behind by the first phase. This theo1y contends tlut the residual 
charge on the cell membrane after a monophasic shock may 
result in refibrillation. Tl1is effect can be mini.111.ized by large
amplitucle monophasi.c shocks. Because the biphasic shock 
removes this residual charge (with its second phase), the ampli
tude requirement of the first phase is reduced relative to a 
monophasi.c shock. 

FACTORS THAT INFLUENCE DEFIBRILLATION 
EFFICACY. Many factors appear to influence clefibrillati.on 
efficacy. Interpreting the mechanisms and relative contribu
tions of the effects of these various factors requires a unifying 
theory of clefibrillation. However, the mechanism of clefibrilla
tion by electrical shocks is unsettled. The two clon1inant theo
ries of clefibrillation are referred to as critical mass and upper 
limit of vulnerability (ULV). The critical mass tl1eo1y states that 
a minimum mass of the fibrillating myocardium (at least 75%) 
must be exposed to current densities equal to or greater than 
the inexcitability threshold, which is the minimum current 
density (electric field) necessary to render a fibrillating myo
cyte inexcitable [ 15] .  Thus, the critical mass hypothesis "guar
antees" that the elimination of all fibrillating wavefronts would 
terminate fibrillation. ULV refers to the strongest shock capa
ble of initiating fibrillation in a refibrillating ventricle, which 
has been shown to co1Telate with the clefibrillation threshold [16] .  

A 
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Fig. 6-1. Capacitive discharge waveform shapes (se text for 
details). A: Damped sinusoidal. B: Monophasic truncated exponential. 
C: Biphasic truncated exponential. 

The ULV hypothesis holds that the termination of fibrillation is 
"provisional" because the shock itself could simultaneously 
reinitiate fibrillation; a unifying theo1y referred to as "progres
sive clefibrillation" has been proposed to reconcile these two 
theories [ 17) .  

From a practical perspective, the goal o f  tra sthoracic 
clefibrillation is to achieve a sufficient current density in suffi
cient mass so as to render fibrillating myocytes i excitable. 
Whether the fibrillating myocytes are ventricular or atrial is 
irrelevant. Current density delivered varies inversely with elec
trode surface area. Changing electrode positions may favor
ably alter the current path so that higher current densities are 
achieved in the target tissue (atrium or ventricle). Smaller elec
trodes result in higher current densities over a smaller area. 
Increasing electrode sll!face area disperses curre t over a 
larger area but tl1e current density is reduced unless the volt
age is increased. Higher transthoracic resistances reduce cur-



rent delivery to the myocardium. Transthoracic resistance 
varies with size and composition of electrodes, contact 
medium between skin and electrodes, body size, phase of res
piratory cycle, number of shocks delivered, and timing 
between shocks [ 18-21 ] .  Electrolyte-impregnated electrode 
pads reduce the electrical resistance between the skin surface 
and the electrodes. Because air conducts current poorly, 
shock efficacy can be improved by delivery during expiration 
and with chest wall compression. Eliminating body hair 
beneath the electrodes reduces air trapping, which increases 
resistance and reduces efficacy. 

Selection of Arrhythmias for Direct 
Current Cardioversion 
and De.fibrillation 
Electrical shocks are capable of terminating tachycardias that 
are due to reentry. Reenu·ant rhythms are characterized by tlu·ee 
necessary conditions: (a) at least two functionally (or anatomi
cally) distinct potential patl1ways tl1at join proximally and dis
tally to form a closed circuit of conduction, (b) unidirectional 
block in one of tl1ese potential pathways, and (c) slow conduc
tion down the unblocked pathway, allowing the previously 
blocked pathway time to recover excitability. Reenuy is main
tained by a continuously circulating elecu·ical wavefront along 
these pathways. The head of the electrical wavefront is fol
lowed sequentially by zones of tissue tl1at are absolutely refrac
tory (unresponsive to additional electrical stimuli) and relatively 
refractory (delayed response to electrical stimuli), and an excit
able gap that is fully excitable. An electrical shock produces a 
second depolarizing wavefront that may interact witl1 tl1e con
duction circuit supporting reenuy. If properly timed and of suf
ficient strengtl1, tl1e shock wavefront enters the excitable gap 
anterogradely and retrogradely. Termination occurs because 
the shock wavefront collides retrogradely witl1 the preceding 
tachycardia wavefront and blocks antegradely clue to encroach
ment on the refracro1y period of tl1e preceding wavefront. 
A.rrhytlm1.ias tl1at a.re due to reent1y and capable of responding 
to electrical shocks are listed in Table 6-1 .  

A.rrhytl1mias that are owing to focal automaticity or trig
gered activity are not terminated by electrical shocks or dem
onstrate only transient slowing. Such rhythms are shown in 
Table 6-2. It is often difficult to identify the mechanism of 
tachycardia using the surface electrocardiogram (ECG) unless 
examples of spontaneous initiation and termination are fortu
itously observed. Initiation and termination by conduction 
block or delay (commonly associated with ext.rasystoles) are 
suggestive of reentry. 

Tab/,e 6-1. Reena-ant Rhythms That May Respond to Electrical Shocks 

Supraventricular tachycardias 
Atrioventricular nodal reenny 
Atrioventricular reenu-y using accessory pathways 
Common atI"ial flutter 
Atrial fibrillation not owing to a focal source 

Venn·icular tachycardias 
Monomorphic ventricular tachycardia associated with chronic myo

cardial infarction 
Monomorphic ventricular tachycardia owing to bundle-branch 

reenny 
Monomorphic ventricular tachycardia owing to scar-related reent1y 

in nonischemic cardiomyopathies 
Polymorphic ventricular tachycardia and venn·icular fibrillation 
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Tab/,e 6-2. Nonreentrant Rhythms That Do Not 
Respond to Electrical Shocks 

Supraventricular tachycardias 
Sinus tachycardia 
Focal atI"ial tachycardias 
Atrial fibrillation clue to a focal source 

Ventricular tachycardias 
Idiopathic monomorphic ventricular tachycardia (right or left ven

tricular origin) 
Monomorphic ventricular tachycardia clue to focal automaticity in 

nonischemic carcliomyopathies 

Failure of SVT or VT to terminate with successive electrical 
shocks should raise suspicion of a nonreent.rant mechanism. 
Further attempts at electrical termination should be withheld. 
This scenario is most conunonly seen with sinus tachycardia 
that is misdiagnosed as some other SVT. True failure to termi
nate monomorphic VT owing to scar-related reent1y must be 
distinguished from successful termination and inm1ediate rein
itiating: This can be very difficult to recognize on the surface 
ECG, but is often obse1vecl on retrieved intracardiac electro
grams from ICDs. 

Guidelines for Direct Current 
Cardioversion of Atrial 
Fibrillation and Other 
Supraventricular Tachycardias 

COGNITIVE AND TECHNICAL SKILLS. Certain minimum 
cognitive and technical skills are mandato1y for the safe appli
cation of direct current carcliove.rsion (DCCV) teclmiques and 
are sununarized in Tables 6-3 and 6-4 [22]. The overarching 
concern relates to patlent safety and comfort. The physician 
should assume that thf equipment will not work properly. 
The most important potentially life-threatening events after 
DCCV shock for SVT are the inadvertent initiation of ventricu
lar tachycardia or ventricular fibrillation, asystole after tachy
cardia termination, myocardial depression after tachycardia 
termination (especially after multiple high-energy shocks), 
and acute respiratoiy failure related to sedation for the proce
dure. The physician must be sufficiently educated to minimize 
the likelihood of these adverse events, recognize them in a 
timely fashion when they occur, and take corrective measures 

Table 6-3. Cognitive Skills Necessary to Perform 
External Direct Current Carclioversion (DCCV) 

Electrophysiologic principles of DCCV 
Indications for procedure 
Anticoagulation management 
Proper use and adm.inisn-ation of antiarrhythmic therapy 
Proper use and adm.inisn·ation of sedation and management of overdose 
DCCV equipment, including the selection of appropriate energy and 

synchronization 
Knowledge to treat all possible complications, including the use of 

antibradycardia pacing, clefibrillation, and advanced cardiovascular 
life support 

Appropriate monitor display and recognition of adequate R-wave 
synchronization 

Ability to interpret the baseline 12-lead elecn·ocard.iogram, recognition of 
acute changes, cliug toxicity, and relative contraindications to DCCV 
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Table 6-4. Technical Skills Necessa1y to Perform 
External Direct Current Cardioversion 

Proper skin preparation and electrode placement 
Recognition of artifact-free monitor strips and R-wave synchronization 

markers 
Technically acceptable 1 2-lead elecu·ocardiogram before and after 

direct current cardioversion 
Tempora1y transcutaneous and/or transvenous antibradycardia pacing 

capabilities 
Emergency delibrillation capabilities 
Advanced cardiovascular life support training and certification 

according to the nature of the adverse event. These sensibili
ties may be succinctly summarized by the remark, "If you 
don't know what you are doing, don't do it." 

MINIMUM TRAINING REQUIREMENTS FOR COMPE
TENCY IN DIRECT CURRENT CARDIOVERSION. Accord
ing to the American College of Cardiology, American Heart 
Association, and North American Society of Pacing and Elec
trophysiology, physicians performing DCCV must possess the 
cognitive and technical skills outlined above to meet require
ments for minimum competence [22]. A minimum of eight 
supervised DCCVs is recommended, most often (bur not nec
essarily) achieved in tl1e context of formal training in cardio
vascular disease. Further, a minimum of four external DCCVs 
annually is specified to maintain initial certification. 

PREPARATION OF THE PATIENT FOR ELECTIVE 
DIRECT CURRENT CARDIOVERSION. Standards for prepa
ration for DCCV have been published and are summarized in 
Table 6-5 [22,23]. This mandates a suitable period of fasting (typ
ically 12 hours), reliable intravenous access for sedation, and 
strict attention to R-wave synchronization. 111e physician must be 
ce1tain tl1at tl1e synchronization aitifacts correspond to tl1e peak 
of tl1e QRS complex on tl1e surface ECG. R-wave synchronization 
is necessa1y to ensure tl1at elecuical stimulation does not occur 
during tl1e vulnerable phase of tl1e cardiac cycle, from 60 to 80 
milliseconds before to 20 to 30 milliseconds after the apex of tl1e 
T wave [24]. It should be noted that during rapid venu'icular rates 
(greater tl1an 200 beats per minute) even perfectly synchronized 
R-wave shocks might fall witl1in the T wave of tl1e preceding R 
wave (25]. Thus, consideration should be given to slowing a 
rapid ventricular rate (using, for example, beta-blockers) before 
attempted cardioversion. Most external defibrillators nominally 
revert to unsynchronized shocks for safety reasons. Thus, if a 
charge is aboned or successive shocks are delivered, verification 
of synchronization is essential before continuing. 

Sedation is usually achieved witl1 intravenous fentanyl [26], 
midazolam [27], or propofol . The last agent has the virtues of 

Table 6-5. Preparation for Elective External Direct 
Current Cardioversion 

Verify patient is in fasting, postabsorptive· state. 
Record baseline 12-lead ECG. 
Establish reliable intravenous access. 
Place electrodes (paddles) in anterior-posterior or base-apex location. 
Confirm synchronization artifacts correspond to peak of the QRS 

complex. 
Initiate sedation or general anesthesia. 
Deliver synchronized shocks of increasing energy until arrhythmia is 

terminated or further attempts are deemed futile. 
Record postcardioversion 12-lead ECG. 

ECG, electrocarcliogram. 

producing rapid, deep sedation, amnesia, and a sho1 half-life, 
but is generally administered by anesthesiologists, whereas 
nurses with special u·aining in intravenous consciou5 sedation 
commonly administer the former two agents. 

Most often an anterior-posterior (sternum-left scapula) elec
trode positioning is used initially, based on early reports of 
superior efficacy relative to alternative electrode positions 
[ 1 ,28] . The superiority of one eleCtI·ode position over another 
has not been definitively established. Some reports suggest 
that an anterior-lateral (right infraclavicular-ventric Jar apex) 
position might be superior in some patients [1 8 , 19] . 

The sraning DC shock energy is largely a matter of operator 
preference. The energy necessa1y to tern1inate a specific tachy
cardia in a specific patient is not predictable. Shock en rgies less 
tl1an 100 to 200 ] using a monophasic waveform are unlikely to 
be successful for atrial fibrillation (AF) [29] and may result in an 
increased number of shocks and delivered energy than if a 
higher energy been used initially [30]. Thus, DCCV is initially 
attempted at 200 ]. Higher efficacy achieved witl1 biphasic wave
forms may allow tl1e use f lower initial energies [29,3 1] .  Failure 
to tern1inate tachycardia should result in iterative a empts at 
progressively higher energy settings until tachycardia is termi
nated or furtl1er attempts are deemed futile. At least 1 minute of 
rest should be allowed between successive high-energy 
attempts so as to minimize myocardial depression [32]. Orga
nized tachycardias (e.g., atrial flutter or stable monomorphic VT) 
can often be tern1inated v-ith ve1y low energies (50 J) [29,33]. 

These guidelines apply for all supraventricular and ventric
ular tachycardias treated with DCCV. The special consider
ation of anticoagulation before and after DCCV for AF is 
discussed in the following sections. 

ANTICOAGULATION FOR ELECTIVE DIRECT CURRENT 
CARDIOVERSION OF ATRIAL FIBRILLATION. Current 
recommendations for anticoagulation before elective DCCV for 
AF are shown in Table 6-6 [22,34-36]. Scrupulous attention to 
adequate anticoagulation minimizes, but does not eliminate, 
the risk of embolic su·oke after restoration of organized atI"ial 
mechanical activity. lf AF has been present for more tl1an 48 
hours and tl1e patient has not been therapeutically anticoagu
lated with coumadin for a suitable period, anticoagul tion with 
inu·avenous heparin ai1d transesophageal echocardiography 
have been advocated [371. Absence of visible clot m tl1e left 
au·ium and left atrial appendage, in panicular, suggests a low 
risk of embolic complications. However, some patiems with no 
demonsu·able left atrial tlrrombus on u·ansesophageal echocar
diography before cardiO\·ersion have thromboemb lie events 
[38]. This presumably relates to a period of mechanical "stun
ning" of tl1e left au·ium after cardioversion [39]. Thrombus may 
form during this period of mechanical inenia and embolize 
when organized mechanical function returns several days later. 
Presence of clot in the left atrial appendage is associated witl1 a 
high risk of thromboembolism after cardioversion of AF. Such 
patients should be treated for at least 3 to 4 weeks before elec-

Table 6-6. Anticoagulation for Elective Direct 
Current Cardioversion (DCCV) of Atrial Fibrillation (AF) 

Patients with AF >48 h duration should receive warfarin � r <'=3 wk 
before and 4 wk after DCCV. 

Target JNR of 2.5 (range, 2.0-3.0) is recommended for mo:t patients. 
For high-risk patients (e.g., those with mechanical hean valves, 

hypenrophic cardiomyopathy, prior embolic stroke) a target INR of 
3.0 (range, 2 .5-3.5) is recommended. 

Anticoagulation after DCCV for rhythms other than atrial librillation is 
controversial. 

INR, international normalized ratio. 



Table 6-7. Techniques for Direct Current Cardioversion 
of "Resistant" Au·ial Fibrillation 

Alternate pad location 
Use of hand-held anterior paddle with downward pressure and large 

posterior paddle 
Simultaneous high-energy shocks using two pathways 
Biphasic shock waveform 
Premedication with drugs to lower the atrial defibrillation threshold 

(ibutilicle) or reduce vagal tone (atropine) 
Internal direct current carclioversion using transvenous catheters 

trical cardioversion [29) . Whichever anticoagulation approach 
precedes DCCV for AF, all patients should receive routine anti
coagulation for at least 3 to 4 weeks after carclioversion. Unre
solved, however, is the risk of embolic complications when 
spontaneous contrast, rather than discrete thrombus, is seen. 

MANAGEMENT OF ATRIAL FIBRILLATION "RESISTANT" 
TO DIRECT CURRENT CARDIOVERSION. DCCV using 
standard monophasic shocks fails to restore sinus rhythm in 5% 
to 30% of patients with AF. "Resistant" AF is defined as AF that 
cannot be terminated with at least two consecutive 360 J trans
d10racic monophasic shocks. The DCCV techniques for manage
ment of this condition are listed in Table 6-7. The simplest 
modification of the procedure that should be attempted first is to 
va1y the current pathway by repositioning the skin electrodes. In 
some patients, a more superoanterior position of d1e left chest 
electrode facilitates atrial clefibrillation. Applying direct pressure 
to d1e electrodes may reduce transd1oracic resistance and 
increase current delive1y to the heait, facilitating atrial clefibrilla
tion. Synchronization of high-energy shocks from two external 
defibrillators using electrical switches successfully restored sinus 
rhyd1111 in 84% of patients wid1 resistant AF [40) . "Nearly" simul
taneous clelive1y of high-energy shocks from two electrode pairs 
using two operators has been advocated but should be avoided, 
however, because of an inability to guarantee shock synchroni
zation using variations on d1e "ready, set, go" approach. There is 
clinical evidence d1at at least a one low-energy (120 J) rectilinear 
biphasic waveform improved cardioversion efficacy versus a 
standard escalating energy (greater than 200 J) clamped sine
wave monophasic waveform (94% vs. 79%, respectively) [31) .  
Independent predictors of cardioversion success were rectilinear 
biphasic waveform, transd1oracic resistance, and duration of AF. 
Pretreatment wid1 ibutilicle may facilitate DCCV, presumably clue 
to favorable cell membrane effects [41,42). Pretreatment wid1 
atropine may also facilitate DCCV, particularly amongst patients 
with structurally normal heaits in whom AF often occurs in the 
setting of high vagal tone [43). Finally, internal DCCV, using two 
transvenous electrodes or a single transvenous electrode paired 
wid1 a chest wall electrode, may terminate "resistant" AF when 
all other teclmiques fail [44-46) .  This teclmique is generally 
rese1ved for trained clinical electrophysiologists in the electro
physiology laborato1y. 

APPROACH TO URGENT DIRECT CURRENT CARDIO
VERSION FOR ATRIAL FIBRILLATION. The indications for 
urgent DCCV of AF are relatively rare and listed in Table 6-8. 
In many such instances, DCCV is used almost immediately 
after the onset of AF, and concerns about anticoagulation and 
embolic risk are minimal. When urgent DCCV is considered 
for AF of uncertain duration or exceeding 48 hours in the 
absence of suitable anticoagulation, the risk of systemic 
embolism must be carefully weighed against the immediate 
hemodynarnic or electrical risk of AF. 
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Table 6-8. Scenarios for Urgent Direct Current 
Cardioversion of Atrial Fibrillation (AF) 

AF associated with ischemia due to acute myocardial infarction or 
unstable corona1y syndrome 

AF associated with hemoclynamic instability due to rapid ventricular 
response over the atrioventricular node 

AF associated with congestive heart failure clue to rapid ventricular 
response over the atrioventricular node 

AF causing hemoclynamic instability clue to a rapid venu·icular 
response over an accessory pathway (Wolff-Parkinson-White) 

Embolism Complications of Direct Current Cardioversion 
for Atrial Fibrillation and Other Supraventricular 
Tachycardias. The risk of thromboembolic events among 
patients who did not receive prophylactic anticoagulation 
before carclioversion of AF is between 1% and 7% [47,48). This 
risk is probably reduced to 1% to 2% by anticoagulation pre
treatment for 3 to 4 weeks as outlined previously [29) . 

Braclyarrhytlunias. Benign, transient rhythm disturbances 
are common immediately after DCCV for AF. These include 
ventricular and atrial premature beats (probably owing to 
automaticity) and sinus arrest [49) . Sinus braclycarclia and 
sinus arrest usually respond to pharmacologic support, 
such as atropine, isoproterenol, and dopamine. Rarely, 
temporary transcutaneous or transvenous pacing is neces
sary. A slow ventricular response during chronic AF may 
indicate significant underlying conduction system disease 
and should heighten alertness for postcarclioversion bracly
carclia [50) .  

Ventricular Tachyarrhythrnias. The induction of ventricular 
tachyarrhythmia during attempted DCCV of AF is almost 
always clue to the clelive1y of an unsynchronized shock or 
inadequate synchronization, as outlined above. The risk of 
induction of ventricular arrhythmia is increased in the setting 
of hypokalemia and digitalis intoxication [51 ,52). Hypokalemia 
should be corrected before DCCV. DCCV should be deferred 
in the presence of digitalis toxicity. However, it is not neces
sary to interrupt digoxin therapy before DCCV if there is no 
evidence of toxicity, as a serum digoxin level in the therapeu
tic range does not appear to increase the risk of ventricular 
arrhythmia [53). 

Guidelines for Direct 
Current Cardioversion of 
Ventricular Tachycardia 

APPROACH TO CARDIOVERSION OF MONOMORPHIC 
VENTRICULAR TACHYCARDIA. Cognitive skills, minimum 
training requirements, and patient preparation for DCCV of 
VT are similar to those listed for DCCV of AF. DCCV of VT 
is usually an urgent or serniurgent procedure, however, 
whereas DCCV of AF is usually elective. The urgency of the 
clinical scenario dictates modification in patient preparation 
and approach by necessity. From a practical perspective, 
considerations regarding patient monitoring, sedation, elec
trode position, synchronization, energy selection, and wave
form type similarly apply. DCCV of monomorphic VT 
carries unique risks, however, which are reviewed in the 
following section. 
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COMPLICATIONS OF DIRECT CURRENT 
CARDIOVERSION FOR MONOMORPHIC 
VENTRICULAR TACHYCARDIA 

Acceleration of Monomorphic Ventricular Tachycardia. 
Acceleration refers to an increase in  rate of persistent ventric
ular tachyarrhythmia after failed cardioversion. Three types of 
acceleration are observed clinically: (a) monomorphic VT 
with similar morphology as the initial VT, (b) monomorphic 
VT with different morphology as the initial VT, and (c) poly
morphic VT or VF. Acceleration caused by overdrive pacing is 
usually a fast monomorphic VT which can still be terminated 
by further pacing attempts. Acceleration by shock is usually 
rapid polymorphic VT or VF that requires a high-energy 
defibrillation shock. The risk of acceleration is directly related 
to the initial VT rate and is more common at rates exceeding 
200 beats per minute [54,55]. 

Induction of Atrial Arrhythmias. AF is frequently initiated 
by synchronized shocks for VT. The incidence may be as high 
as 20% when transvenous shocks are used [56]. AF is also 
commonly initiated by low-energy T-wave shocks used to ini
tiate VF during ICD testing. In either case, all that is required 
is that the "far-field" atrial shock strength resulting from the 
ventricular shock be less than the atrial ULV [57]. Such spuri
ously initiated AF may not terminate spontaneously and thus 
require DCCV. 

Bradyarrhythmias. Transient bradyarrhythmias are conunon 
after DCCV for VT. Most often, these manifest as transient sinus 
braclycardia or sinus arrest for which no specific intervention is 
needed. Transient heart block is often seen after internal 
shocks for VT delivered by ICDs, and rarely, true electrome
chanical dissociation has been described in this situation (58]. 
This latter complication is probably a cause of sudden death 
despite termination of VT and VF in ICD patients [58]. 

Guidelines for De.fibrillation 
Approach to Ventricular 
De.fibrillation 
Guidelines for defibrillation have been published [59] and are 
summarized in Table 6-9. The most important consideration in 
clefibrillation is time. The probability of successful clefibrilla
tion and survival is inversely related to the time from onset of 
VF to the first shock [60-62] . All other considerations, includ
ing basic life support and advanced cardiac life support care, 
are secondary to the goal of rapid defibrillation [59]. 

Shock energies for defibrillation are delivered in an escalat
ing fashion [59]. Historically, a first-shock energy of 200 ] has 
been recommended for monophasic shocks [63]. If the first 

Table 6-9. Guidelines for Ventricular Defibrillation 

Attempt defibrillation using first-shock energy of 200 ]. 
If first attempt unsuccessful, reattempt defibrillation using 200 ] .  
If second attempt unsuccessful, reattempt defibrillation using 360 ]. 
If the first three shocks fail to achieve defibrillation, continue cardio-

pulmona1y resuscitation and follow advanced care life support 
guidelines for sudden ventricular fibrillation/ventricular tachycardia: 

Intravenous access. 
Tracheal inrubation. 
Epinephrine. 
Repeat shocks if still in ventricular fibrillation. 
Consider intravenous amiodarone or lidocaine. 

shock fails to defibrillate, the second-shock energy i a matter 
of debate but should be at least 200 ]. A given shock energy 
may fail on the first attempt but succeed on th second 
attempt. This is possible because clefibrillation is a probabilistic 
phenomenon [64]. This phenomenon refers to a definable 
probability that a particular energy delivered at a particular 
point in time results in successful defibrillation. Thus, the like
lihood of successful defibrillation at a given shock energy 
increases with consecutive shocks. Additional shocks at the 
same energy may be increasingly efficacious due to a progres
sive fall in transthoracic resistance that increases transthoracic 
current densities [65,66]. If the first two shocks fail t clefibril
late, a third shock of 360 J should be given inunediat ly. 

Biphasic truncated exponential waveforms are superior to 
monophasic waveforms for internal defibrillation [9 , 10] and 
have rendered monophasic waveforms obsolete in !CDs. Exter
nal defibrillators using biphasic waveforms have recently 
become available and appear to be sin1ilarly s perior to 
monophasic waveforms for transthoracic defibrillation [ 11 , 12] .  
Frnthermore, repetitive lower-energy biphasic shocks (150 J) 
have equivalent or superior efficacy for defibrillation tl1an esca
lating energy monophasic shocks (e.g., 200, 300, 360 J) [12]. 
Until ft.uther comparative clinical data are available, however, 
tl1e use of lower energy biphasic shocks or escala · g energy 
monophasic shocks cannot be preferentially recommended [59]. 

Special Considerations for Direct 
Current Cardioversion and 
De.fibrillation in Patients with 
Pacemakers and Implantable 
Cardioverter-De.fibrillators 
The large electrical pulse during transthoracic cardioversion 
and defibrillation may adversely affect pacemaker and ICD 
operation. Such direct current pulses constitute a form of elec
tromagnetic interference. Modern pacemaker and !CDs are 
remarkably resistant to all forms of electromagnetic interfer
ence owing to circuitry shielding and fi ltering techniques. The 
adverse manifestations of high-voltage electrical pulses on 
pacemakers and ICD systems include altered mode of opera
tion; direct firmware and electronic component damage; and 
current shunting along the leads, causing cardiac tissue dam
age at the lead-enclocarclial interface. 

Alteration of pacemaker operating mode may include inap
propriate inhibition of pacing output, inappropriate triggering 
of pacing output, asynchronous pacing, and reprogramming 
to a backup mode [67]. uch resets of pacemaker operation 
are usually immediately evident during continuous electrocar
cliographic monitoring. 

Firmware and circuitry damage owing to external cardiover
sion and clefibrillation pulses is unusual in modern pacemak
ers and virtually never occurs in !CDs because of special 
designs (Zener diode) that regulate the voltage that enters the 
circuit1y. Reports of carastrophic pacemaker failure after an 
external clefibrillation pulse refer predominantly to Icier uni
polar systems [67]. 

High current flow associated with cardioversion and 
clefibrillation pulses ma travel down the transve ous lead 
system, owing to capacitive coupling with the elec ical pulse 
or shunting in the pacemaker circuit [67] . This can result in an 
effect similar to radiofrequency ablation at tl1e en docardial
lead interface. Resistive heating of the endocardium may 
cause myocardial damage resulting in persiste t pacing 



threshold elevation. Transient (a few seconds) pacing thresh
old elevations are common after cardioversion and defibrilla
tion and generally not of clinical consequence. 

Because this type of electromagnetic interference enters a 
pacemaker or ICD by conduction, it can be minimized by 
proper skin electrode position. The electrodes should not be 
placed in proximity to the device, which is usually in the left 
(or, less commonly, right) infraclavicular location. An anterior
posterior position is preferred. Pacemaker and ICD interroga
tion after transthoracic carclioversion or defibrlUation is prudent, 
pa11icularly if any abnormal behavior is noted during continu
ous electrocarcliographic monitoring. 
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7. Echocardiography in the 
Intensive Care Unit 

Echocardiography is commonly used to evaluate the critically 
ill patient in the intensive care unit (ICU) because of the 
wealth of information concerning cardiac structure and func
tion that it can provide rapidly, and because studies can be 
performed at the patient's bedside. At the authors' institution, 
approximately 30% of all echocardiographic studies are per
formed emergently in the ICU or emergency room, principally 
to diagnose life-threatening conditions, such as aortic dissec
tion, cardiac tamponade, and acute bacterial endocarditis, or 
to evaluate left ventricular function in patients with hyporen
sion or congestive heart failure. In these and other clinical sit
uations, echocardiography provides diagnostic information 
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with excellent sensitivity and specificity and is freq ently the 
only cardiac diagnostic test necessary. 

Echocardiography may be performed either with the trans
ducer placed directly on the patient's chest [tra sthoracic 
echocardiography (TIE)] or mounted on a gast.roscope that is 
passed into the patient's esophagus and stomach [t.ransesoph
ageal echocardiography ( TEE)]. TEE has extended tl e capabil
ities of echocardiography in tl1e ICU by providing high-quality 
diagnostic images in si ations in which TIE is technically 
limited. Thus at present, with few exceptions, echocardio
graphy rapidly provides in1portant clinical data, if not the 
answer to the major clinical question, in the ICU patient. 



Ultrasonography Principles 
Echocardiography uses ultrasonic energy to create real-time, 
two-dimensional (2-D) images of the beating heart. In this 
chapter, the term ecbocardiography is used to refer to ultra
sonographic examination of the heart; a routine echocardio
graphic study consists of M-mode, 2-D, and Doppler 
echocardiographic examinations (discussed in the following 
paragraphs). Details about ultrasonographic physics may be 
found elsewhere [ 1 ,2]. The echocardiography machine con
sists of a device that transmits and receives ultrasonography 
(transducer), a central processor that converts the received 
ultrasonography into a 2-D image, and a video display. The 
echocardiographic examination is recorded by the operator 
on videotape and chart paper and reviewed off-line, on the 
machine or at a separate VCR/television viewing station. 
Increasingly, routine echocardiographic examinations are 
recorded and displayed using digital technology, which per
mits enhanced resolution and streamlined study storage, 
retrieval, and playback. Digital technology is already used 
extensively in stress echocardiography. 

Transthoracic 
Echocardiographic Imaging 
A 2-D echocardiogram depicts the beating heart on a video 
display from a series of viewpoints or "windows. "  The opera
tor performs the examination using a standard routine and 
sequentially images the heart from each of these windows 
(see the following paragraphs and Figs. 7-1 and 7-2). The 
standard echocardiographic examination uses three separate 
ultrasonographic technologies: M-mode echo, 2-D echo, and 
Doppler flow analysis. The M-mode echocardiogram displays 
the motion of cardiac structures with respect to time, along a 
single ice-pick view (Fig. 7-3); this examination is recorded on 
strip-chart paper. At present, M-mode recordings are used 
principally for measurements of cardiac chamber sizes and to 
time events precisely in the cardiac cycle, because the tempo
ral resolution of M-mode technique is superior to that of 2-D 
echo. This means, for example, that the M-mode recording 
may be used to detect diastolic collapse of the right ventricle 
in patients with cardiac tamponade or early closure of the 
mitral valve in patients with acute severe aortic regurgitation 
due to bacterial endocarditis. In most other respects, however, 
M-mode echo has been supplanted by 2-D echo, which 
images much more of the cardiac volume than M-mode echo 
and, therefore, permits a better spatial appreciation of cardiac 
structures (Fig. 7-2); however, the M-mode examination is still 
a vital part of the routine echocardiographic study in the lab
orato1y for the analysis of dimensions and in situations that 
call for precise tiITling of cardiac events. 

The third ultrasonographic technology used in routine 
echocardiographic studies is Doppler echocardiography. A 
detailed discussion of the physics of Doppler ultrasonography 
is provided elsewhere (3,4) . In brief, Doppler ultrasonography 
provides a measure of the velocity of flowing blood in the 
heart and great vessels. By use of the simplified Bernoulli 
equation, which relates the peak velocity of flow across valves 
or septa! defects to the associated pressure drop, a pressure 
gradient may be estimated from the Doppler recording of peak 
velocity (3,4). The Doppler technique is, therefore, used to esti
mate, from the velocity profile, the peak and mean pressure 
gradients associated with aortic and mitral stenosis [4,5). The 
same principle is used to estimate the right venu·icular (RV) sys-
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Fig. 7-1. Two-dimensional echo performed with the probe in the 
parasternal position. The patient is supine or in the left decubitus 
position, with electrocardiographic leads placed on the arms, shoul
ders, or chest. The ultrasonographer sits on the examination bed or 
stands at the bedside and continuously views the video display. The 
controls on the echocardiographic machine are set to optimize image 
qual ity. (Courtesy of Hewlett-Packard.) 

tolic pressure from the peak velocity associated with tricuspid 
regurgitation (TR) [6]. The difference between RV and right 
atrial (RA) pressure can be derived from the TR velocity profile; 
this number is added to an estimate of RA pressure to derive 
the RV systolic pressure. In the absence of pulrnonic stenosis, 
the RV pressure is equal to the pulmonary arte1y pressure. 

Color-flow mapping [7,8) is another form of Doppler 
echocardiography that is used in vi1tually every echocardio
graphic examination. The principles underlying color-flow 
mapping are the same as those used in pulsed-wave Doppler. 
However, instead of a display of Doppler velocities with 
respect to tin1e, color flow mapping provides a color-coded dis
play of velocities superimposed on the 2-D echocardiographic 
image. In this manner, the spatial extent of disturbed flow may 
be appreciated in the context of the 2-D image. Color-flow 
Doppler therefore provides an immediate assessment of dis
turbed flow in valvular regurgitation, intracardiac shunts, and 
hypertrophic cardiomyopathy. Moreover, color-flow Doppler is 
the most widely used noninvasive technique to semiquantitate 
valvular regurgitation, providing results that are similar to semi
quantitative angiographic grading of regurgitation [7,8). 

TECHNIQUE. Echocardiographic imaging requires that the 
ultrasonographic u·ansducer be placed in certain specific loca
tions on the chest wall ("acoustic windows"); placement of 
the transducer in these locations permits the ultrasonographic 
beam to avoid interference by the lungs and ribs as it travels 
to and from the cardiac structures (Fig. 7-2). Routine echo is 
performed using several acoustic windows, as described in 
the following paragraphs. Transmission gel applied to the 
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transducer serves as an interface between the transducer and 
the chest wall, because air transmits ultrasonography poorly. 

An electrocardiogram (ECG) signal is recorded and dis
played simultaneously with the echocardiographic examina
tion; ECG timing is crucial for analysis of the motion of cardiac 
structures throughout the cardiac cycle. The ECG electrodes 
are usually placed on the patient's shoulders and lower part of 
the abdomen. Imaging is performed with the patient supine or 
in left lateral decubitus position, with the upper body lifted 30 
to 40 degrees. This position is useful during imaging from the 
apical and parasternal windows (see the following sections). 

In our laborato1y, a routine examination comprises M
mode, 2-D, and Doppler echo; the examination is problem 
oriented, however, and is tailored to answer the major clinical 
questions. Routine examination includes imaging from four 
major acoustic windows to view the heart from different 

Short Axis View-Papillary Muscle Level 

Fig. 7-2. Standard two-di ensional echo views with corresponding 
schematic diagrams to demonstrate cardiac anatomy. A: Parasternal 
long-axis view. B: Parasternal short-axis view at the level of the papil
lary muscle. C: Parasternal short-axis view at the level f the ao1tic 
valve (AoV). D: Apical four-chamber view. E: Apical long-axis view. 
The operator obtains sequ ntial images from parasternal and apical 
windows. Thus, after a comprehensive examination, all four cardiac 
valves and all four cardiac d1ambers are completely examined. The 
combination of the parasternal short-axis view and the pica! views 
permit a comprehensive e · m.inarion of wall motion of the left ven
tricular myocardium in all three coronary perfusion beds . Ao, aorta; 
LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. 
(Counesy of Hewlett-Packard.) 

angles. Additional images may be required to ans er certain 
clinical questions; these images are obtained from any stan
dard location by rotating and tilting the transducer. A com
plete examination generally takes 20 to 40 minutes but may 
be much longer in instances when precise Doppler quantita
tion of disturbed flow is required. 

Parasternal Views. Th transducer is first positioned at the 
second or third intercostal space just left of the sternum, with 
the patient in left lateral decubitus position; this positioning 
acts to shift the left lung to allow better visualization of the 
heart (Figs. 7-1 and 7-2). The reference point of the transducer 
is positioned toward th patient's right shoulder o that the 
plane of the image transects the heart along its long axis from 
apex to base. The resulting image, the parasternal long-axis 
view (Fig. 7-2A), display the heart sagittally, with the left ven-
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tricle (LY) at the center of the screen. The M-mode recording 
is made from this view. 

A short-axis, or transverse, view of the heart is obtained by 
rotating the transducer 90 degrees from the long-axis view 
so the reference point is directed toward the patient's left 
shoulder (Fig. 7-2B,C). The resulting images depict the right 
side of the heart, including the tricuspid valve, on the left of 
the screen; the pulmonic valve on right side of the screen; 
and the three cusps of the aortic valve in the center of the 
screen. The transducer is tilted or rocked to a position that is 
more perpendicular to the chest wall so the ultrasonographic 
beam intersects the heart at the mitral valve level. Finally, 
the transducer is tilted inferiorly and toward the apex of the 
heart so the ultrasonographic beam bisects the midportion 
of the LV chamber and depicts the LV at the level of the 
papillary muscles. This view permits a comprehensive eval
uation of LY function, because segmental wall motion 
abnormalities in all three coronary perfusion beds may be 
visualized at once. 

Apical Views. The transducer is moved to the apical window, 
with the patient remaining in left lateral decubitus position, 
and placed at or near the cardiac apex and angled superiorly. 
The apical long-axis view is obtained by orienting the refer
ence point on the transducer superiorly toward the patient's 
right shoulder. The resulting image displays the heart upside
down, with the apex of the heart displayed at the top of the 
monitor and the base displayed at the bottom. The apical 
four-chamber view is obtained by orienting the reference 
point on the transducer toward the patient's left shoulder. All 
four cardiac chambers (ventricles and atria) are seen simulta
neously. This view is useful for evaluations of the LV lateral 
and septa! walls, RV anterior wall, and mitral and tricuspid 
valves. The apical five-chamber view is obtained by tilting the 
transducer more anteriorly so the beam travels through the LV 
outflow tract and aortic valve. 

Rotating the transducer so the reference point is directed 
toward the left side of the patient's neck causes the beam to 
bisect the chambers of the left side only. This positioning pro
duces the apical two-chamber view, which displays the infe
rior and anterior walls of the LY. 
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Fig. 7-3. Use of harmonic imaging. 
A: A suboptimal transthoracic echocar
diography image, conunonly obtained 
in intensive care unit patients. B: The 
same image, with the border between 
the left ventricular cavity and wall 
enhanced using harmonic in1aging. 

Subcostal View. The transducer is positioned over the lower 
section of the chest just below the xiphoid. The ultrasono
graphic beam travels through the abdominal wall, liver, and 
diaphragm before reaching the heart. The reference point on 
the transducer is directed toward the right shoulder, with ante
rior and superior angulation of the transducer. The resulting 
image displays the base of the heart on the left and the apex 
on the right of the monitor. The anatomic relation of the plane 
of the interatrial septum to the path of the ultrasonographic 
beam is particularly important in evaluation of patients with 
suspected atrial septa! defect. This view provides images that 
may supplement suboptimal images obtained from the 
parasternal or apical windows. 

LIMITATIONS OF 1RANSTHORACIC ECHOCARDIO
GRAPHY. Several important limitations of TIE should be 
noted. Imaging from the chest wall requires the use of rela
tively low-frequency u·ansducers (usually 2 .5  or 3 .5 MHz for 
adults), which provides poor resolution of cardiac structures. 
Because air and the chest wall impede ultrasonographic trans
mission, high-quality TIE requires optimal acoustical win
dows. Consequently, patients who are obese, have obstructive 
lung disease, have suffered chest wall inju1y, or have under
gone sternotomy may not be suitable ulu·asonography sub
jects; sin1ilarly, patients who hyperventilate because of pain, 
anxiety, or poor gas exchange may be expected to have sub
optimal studies. Prosthetic ao1tic and miu·al valves present 
obstacles to the ultrasonographic beam transmission and result 
in acoustic shadowing. Such shadowing, for example, prevents 
the Doppler beam from reaching the left au'ium on apical 
views and, therefore, prevents complete color-Doppler map
ping of mitral regurgitation in most instances. Two new devel
opments, however, permit improved diagnostic yield in the 
difficult-to-image patient. Harmonic imaging represents a 
major advance in diagnostic ultrasonography and greatly 
enhances signal to noise ratio, thereby improving the endocar
dial edge/blood pool interface [9, 10] (Fig. 7-3). The second, 
related development is the advent of ultrasonographic conu·ast 
agents [ 1 1 , 1 2] .  These compounds, several of which are now in 
clinical use in t11e United States and Europe, are often 
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described as "microbubbles" which are administered intrave
nously and are small enough to traverse the pulmona1y circu
lation and opacify the left atrium and LV. Contrast agents 
generally consist of an emulsion of an inert gas and an agent 
(e.g. ,  polysaccharide), which helps to stabilize the bubbles and 
prevent destruction by ultrasonography. 

Transesophageal 
Echocardiographic Imaging 
Transesophageal echocardiographic imaging overcomes many 
of the technical limitations of TIE by imaging via the esopha
gus and avoiding the interference of the intervening chest 
wall structures and the lungs. In addition to providing a novel 
set of imaging windows, which permits examination of struc
tures (e.g. , the aorta and the left atrial appendage), the prox
imity of the esophagus to the bean and great vessels permits 
the use of higher-frequency transducers, providing better 
image resolution. For these reasons TEE images are, with few 
exceptions, of ve1y high quality. Thus, the advantages of TEE 
(compared to TIE) include improved image quality and 
expanded diagnostic capabilities. 

EQUIPMENT. The TEE probe consists of an ultrasonographic 
transducer mounted on the tip of a modified flexible gastro
scope that is approximately 1 00 cm long (Fig. 7-4). The distal 
flexible tip of the scope houses the ultrasonographic trans
ducer. The controls for manipulating the tip of the probe are 
located on the handle of the probe. Two lockable wheels on 
the handle control motion of the tip of the probe. A large 
outer wheel controls probe flexion (anteroposterior motion) 
while a smaller inner wheel controls lateral (right-left) motion. 
A cable connects the probe handle to an electrical transducer 
connector, which is inserted into the ultrasonographic imag
ing system. Controls for adjusting the echocardiographic 
image (e.g. ,  sector size, depth, gain) and Doppler modalities 
are located on the echocardiographic machine. 

The current generation of TEE transducers has multiplane 
imaging capabilities, often with multiple imaging frequencies, 
and full Doppler capabilities. 

Fig. 7-4. Transesophageal echo probes. Shown here is the Hewlett
Packard Omnil'lane probe, with a flexible probe, a handle with con
trol \Vheels, a connecting cable, and an electrical transducer connector. 

Table 7-1. Clinical Situations in which Transesophageal Echo 
Is Superior to Transthoracic Echo 

Assessment of patients with uspected endocarditis, both native and 
prosthetic valve, and complications of endocarditis 

Assessment of suspected prosthetic valve dysfunction, especially 
mitral prosd1e es 

Evaluation of suspected moracic aortic pad1ology, including aortic 
dissection 

Evaluation of suspected intracardiac masses, especially in the atria 
(e.g., atrial myxoma, atrial duombi) 

Evaluation of patients wiili a suspected cardiac source of systemic emboli 
Assessment of me interatrial septum (e.g., atrial septa! defect, patent 

foramen ovale) 
Diagnosis of central pulmonary emboli 

INDICATIONS. TEE is indicated in the assessment of cardiac 
structure and function in patients in whom TIE images are 
inadequate to answer the clinical question. In addition, TEE 
has been shown to be superior to TIE for a variety of specific 
indications and is usually indicated as an adjuncti e test to 
TIE. Table 7-1 lists indications for which TEE has been shown 
to be superior to TIE ( 13-21 ] .  Transesophageal echo may also 
provide diagnostic information beyond that derived from a 
good-quality TIE in patients with native valve dy. function, 
congenital heart disease, and complications of acute myo
cardial infarction. The precise role of TEE in many of these 
situations is rapidly evolving. 

EXAMINATION. The TEE procedure has been described by 
several authors [22,23]. The authors' approach is described in the 
following paragraphs, with mention of special considerations 
when performing TEE in the critical care setting (Table 7-2). 

Perso1mel. Whereas TTE is routinely performed by nonphy
sician sonographers, TEE is always performed by a physician 
who has e:.i..1:ensive training in echocardiography an who has 
completed appropriate training in esophageal intubation and 
interpretation of TEE images (24]. 

For optin1al patient safety, TEE requires the presence of one or 
two ancillary personnel to assist the physician operator and mon
itor the patient. A nurse or physician should be present to help 
position d1e patient, administer medications, monitor the patient's 
vital signs and respiratory status, and operate the suction device. 
It is helpful to have a second assistant (e.g . ,  a sonographer or 
anod1er physician) present to adjust d1e in1age settings on d1e 
echocardiography machine and to assist wid1 videotap· g. 

Preparation. An appropriate patient histo1y should be obtained 
to confirm the need for the study, screen for contraindications 
to the procedure, determine the need for endocarditis prophy
laxis (see the section Endocarditis Prophylaxis), dete mine any 

Table 7-2. Procedure for Transesophageal Echo 

Patient preparation 
Screen for appropriate indications/contraindications 
Hemodynamic/respiratory status assessment 
Patienc consent 
Non per os (nasogastric tube in selected patients) 
Intravenous access 

Pharyngeal anesd1esia 
Sedation (midazolam and/or meperidine) 
Monitor vital signs during and after procedure 
Esophageal intubation 

Manual guidance or blind intubation 
Image acquisicion (goal-directed examination) 
Equipment care 



drug allergies, and assess the patient's respiratory and hemo
dynarnic status. Patients with compromised respirato1y status 
should be stabilized before TEE, because sedation, esophageal 
intubation, or both may result in further respirato1y compro
mise. In such patients, the procedure should be delayed until 
the patient is stabilized; on occasion, intubation and controlled 
ventilation are required for airway protection and adequate 
oxygenation. 

It is mandatory to review prior TIE studies; a careful review 
of the findings may sometimes obviate the need for TEE. In 
the authors' experience this is often the case when intracar
diac masses are suspected: The TIE may demonstrate that the 
suspected mass is a Chiari network, prominent Eustachian 
valve, or imaging artifact. 

The TEE probe should be inspected for damage to the 
probe and to ensure that the controls of the scope are oper
ational, and it should be confirmed that the echocardio
graphy machine is operating properly. An appropriate 
suction device, supplemental oxygen, resuscitation equip
ment, and appropriate medications must be readily available 
during the procedure. 

Patient Preparation and Monitoring. The procedure should 
be explained to the patient and consent obtained from the 
patient or a surrogate. Dentures and other dental prostheses 
should be removed. To avoid the potential complication of 
aspiration of gastric contents, except in truly emergent situa
tions, patients should fast a minimum of 4 hours before TEE 
and preferably take nothing orally (except medications) over
night before the study. Critically ill patients often develop a 
paralytic ileus and even with an adequate overnight fast may 
have retained gastric contents. If there is any question as to 
the presence of gastric contents, a nasogastric (NG) tube 
should be passed before TEE to decompress the stomach. The 
NG tube may remain in place during TEE if no difficulty is 
encountered in passing the probe; if there is difficulty in pass
ing the TEE probe or if suboptimal images are obtained, the 
NG tube should be removed. For patients with an NG or feed
ing tube in place, the position of the tube should be con
firmed after TEE, as it may be displaced during the procedure. 
Many patients in the ICU have central venous access present, 
which can be used to administer medications. If access is not 
present, a stable peripheral intravenous catheter (preferably 
located in an antecubital vein if a saline contrast study is to be 
performed) is needed to administer medications. 

During the procedure, the patient's respiratory status, vital 
signs, and ECG should be continuously monitored. Continu
ous monitoring of the arterial oxygen saturation with pulse 
oximetry is routine in the authors' laboratory. After the proce
dure, patients must be observed to ensure that they have 
recovered from the effects of sedation and are stable. Food 
should be withheld until the effects of pha1yngeal anesthesia 
have resolved, usually 1 to 2 hours. 

Local Anesthesia. Local pha1yngeal anesthesia is used to 
suppress the gag reflex, even in the intubated patient. For the 
paralyzed or unconscious patient, local anesthesia is not nec
essary. Patients who are able to swallow are asked to gargle 
and then swallow 1 5  to 30 ml of viscous lidocaine. After this, 
the pha1ynx is sprayed with a topical anesthetic, such as 
Cetacaine (Cetylite Industries, Pennsauken, NJ). The adequacy 
of the anesthesia is tested using a gloved finger to confirm 
that the gag reflex has been suppressed. 

Sedation. Intravenous sedation is not mandatory [25], but we 
believe the procedure is much better tolerated with judicious 
use of conscious sedation [22,23] . The authors prefer a short
acting benzodiazepine, such as midazolam, given in 0.5- to 
1 .0-mg increments (to an average total dose of 4 mg). In addi-
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tion, the authors frequently use meperidine in doses of 12 .5  to 
25.0 mg intravenously (average total dose 25 to 50 mg), or fen
tanyl (25 to 50 µg). In patients with renal failure, tl1e authors 
prefer to use morphine sulfate in doses of 1 mg (to a total of 1 
to 4 mg) in place of meperidine to avoid the accumulation of a 
major metabolite of meperidine tl1at undergoes renal excre
tion. These drugs must be used witl1 caution in critically ill 
patients who may have altered metabolism due to underlying 
disease (e.g. , cardiac, renal, or hepatic failure), which may 
result in oversedation and respiratory depression. Hemody
namically unstable patients also may be more vulnerable to the 
potential hypotensive effects of these drugs. Adequate seda
tion is imperative in patients with suspected aortic dissection 
or acute myocardial infarction to avoid potentially deleterious 
increases in blood pressure and myocardial oxygen demand. 

Endocarditis Prophylaxis. The need for endocarditis pro
phylaxis for TEE is controversial [26]. The incidence of bacter
emia related to TEE and thus the risk of endocarditis should 
be similar to that of upper endoscopy witl10ut biopsy, a pro
cedure thought to be low risk [27]. The patient population 
evaluated by TEE is at greater risk for endocarditis, however, 
because many patients have underlying valvular or congenital 
heart disease, or both. Although there have been reports of 
endocarditis apparently related to TEE [28], most prospective 
studies have found a low incidence of positive blood cultures 
related to TEE, most if not all of which were thought to repre
sent contaminants [29]. Khandheria [26] summarized the 
results of several of these studies and concluded that the inci
dence of positive blood cultures related to TEE is no different 
than the rate of blood culture contamination; therefore, with 
the possible exception of patients witl1 poor dentition and a 
histo1y of endocarditis, antibiotic prophylaxis for TEE is not 
warranted. Patients at high risk (e.g.,  those with prosthetic 
heart valves, prior endocarditis, and surgically constructed 
systemic-pulmona1y shunts) may be considered for prophy
laxis. The authors' current practice is to administer prophylac
tic antibiotics only to patients with prosthetic valves, unless 
there is a clinical question of endocarditis, in which case such 
treatment could render diagnostic blood cultures negative. 

Esophageal Intubation. The technique of inserting the 
probe (esophageal intubation) and performing tl1e TEE proce
dure has been described in detail [22,23]. Here, the authors' 
approach is described. The nonintubated patient is asked to 
turn to the left lateral decubitus position; the intubated patient 
(see later) is usually studied in the supine position. The oper
ator and assistant wear disposable gloves. In patients with 
teeth, a bite-guard is placed around the probe. The distal 10 to 
15 cm of the probe is lubricated witl1 a combination of a 
water-soluble lubricating gel and 2% lidocaine gel. The lock 
on the wheel controlling flexion/anteflexion is released while 
the medial/lateral control wheel is kept locked in the neutral 
position. Once the probe is inserted, this lock is released. 
After adequate conscious sedation and pha1yngeal anestl1esia, 
one or two fingers of one hand are placed in the posterior 
pha1ynx to guide the probe. Because fiberoptic guidance is 
not available for TEE, the probe is inserted with manual guid
ance, with care to keep the probe in the midline. Once the 
probe has been advanced to the posterior pharynx, the 
patient is asked to swallow to help advance tl1e probe 
through tl1e upper esophageal sphincter and into tl1e distal 
esophagus (a depth of 25 to 35 cm as measured from the inci
sors), where the aortic valve and left atrium are visualized. 
The patient's neck may need to be flexed to facilitate probe 
placement. Gentle pressure may be used to pass the probe, 
but it should never be forcefully advanced. Once tl1e probe is 
placed, the bite-guard is positioned and images obtained. An 
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Fig. 7-5. Schematic drawing of a transesophageal echo probe in 
relationship to mediastinal structures. The probe is positioned in the 
esophageal imaging plane, providing a sagittal view of the heart. The 
probe may be further advanced into the stomach and retroflexed to 
image the hean in cross section. (Courtesy of 1-Iewlett-Packard.) 

alternative method of esophageal intubation is to place the 
bite-guard in the patient's mouth and insert the probe blindly 
through the opening in the bite-guard. 

Intubated Patients. Probe insertion in the intubated patient 
is similar to that described previously. Because the ai1way is 
protected, patients are routinely studied in the supine posi
tion. As respiration is supported, sedatives and analgesics may 
be used somewhat more generously, though hypotension 
should be avoided. For patients who are awake, the posterior 
pha1ynx may be anesthetized with a topical anesthetic spray. 
If difficulty is encountered with esophageal intubation, the 
cuff of the endotracheal tube may be temporarily deflated to 
facilitate probe passage. The cuff is reinflated once the probe 
has been placed. A laryngoscope may be used to facilitate 
esophageal intubation in the intubated patient in whom there 
is extreme difficulty passing the probe blindly. We occasion
ally use vecuronium (Norcuron), a short-acting nondepolariz
ing neuromuscular-blocking agent, when the patient is 
extremely uncooperative despite maximal amounts of intrave
nous sedation; the usual dose of vecuronium is 0.05 to 0 .10  
mg per kg, given as an intravenous bolus. 

Fig. 7-6. Anatomic specimen and corresponding transesophageal 
echo image, illustrating the plane of the section when the probe is in 
the esophagus. Cardiac structures are labeled as follows: Ao, aona; LA, 
left atrium; LY, left ventricle. This view provides a coronal image of the 
LY with a view of the mitral apparatus, aortic valve, aortic outflow tract, 
and LA. (Counesy of Hewlett-Packard.) 

Fig. 7-7. Transesophageal ·iew of the base of the heart, with the 
probe in the esophagus. Cardiac structures are labeled a · follows: 
AO, aorta; LA, left atrium; RA, right atrium; RYOT, right ventricular 
outflow tract. Nore the detail of the ao1tic valve leaflets. (Courtesy of 
Hewlerr-Packard.) 

Image Acquisition. Image acquisition commences with probe 
passage. Figures 7-5 to 7-8 show the standard TEE images 
recorded in a routine studv. In the critical care setting, a brief, 
directed examination must sometimes suffice. On completion 
of the procedure, the probe is cleaned and disinfect d with a 
2% glutaraldehyde solution in accordance with the manufac
turer's recommendations. 

CONTRAINDICATIONS. The contraindications to E in the 
ICU patient are similar to those in the ambulatory patient [30]. A 
histo1y of dysphagia should be elicited and if present evaluated 
to confirm that no significant esophageal disease is present. 
Esophageal pathology, such as strictures, varices, divenicula, 
scleroderma, prior surge1y, or radiation is an absolute contrain
dication to TEE, as are gasrric volvulus, perforation, and active 
upper gastrointestinal bleeding. If there are questions concern
ing the safety of TEE in a patient with known or suspected 
esophageal pathology, a gastroenterologist should be consulted. 

Although the patient with a coagulopathy may be at 
increased risk of complications, therapeutic anticoagulation is 
not a contraindication to TEE. Relative contraindications to 
TEE include inability of d1e patient to cooperate, oropha1yn
geal distortion, and cervical spondylosis, which may make 
probe passing difficult. A hiatal hernia may inter� re with 
image acquisition. Patients with head and neck trauma must 
be evaluated carefully to ensure that no oral/pha1yngeal 
trauma exists that could interfere with safe passag of the 
probe. In patients with su peered cervical spine inju , cervi
cal spine radiographs should be reviewed by a radiologist to 
exclude cervical spine fractures or dislocations before any 
attempt at probe passage or head positioning. 

COMPLICATIONS. TEE has proven to be an extre1 ely safe 
procedure, even in the critically ill patient [30-35]. The poten
tial complications are similar to d1ose encountered in d1e 
ambulato1y patient and include pha1yngeal and esophageal 
inju1y, aspiration, la1yngospasm, tracheal intubation, respira
tory depression, hypotension, and arrhythmias. Crit ically ill 
patients may be more susceptible to the untoward effects of 
inu·avenous sedation, and unconscious or heavily sedated 
patients may be at an increased risk of esophageal ir.ju1y due 
to their inability to inform the operator of discomfort. In the 
largest series to date, Daniel et al. reported that the most com
mon complication was failure to intubate the esophagus, 
which occurred in 201 ( 1 .9%) of 10.419 procedures [36]. The 
procedure was prematurely aborted in 90 (0.86%), in most 
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Fig. 7-8. The transesophageal echo probe has been advanced into the stomach and retroflexed to provide a short
axis image of the left ventricle (LV) similar to that obtained from transthoracic echo windows. From this transgastric 
window, wall motion of the myocardium in all three corona1y perfusion beds may be visualized. The corresponding 
anatomy is labeled. RV, right ventricle. (Courtesy of Hewlett-Packard.) 

cases due to patient intolerance (n = 65) or complications (n 
= 18). The complications included bronchospasm (n = 6), 
hypoxia (n = 2), arrhythmia (n = 7), severe angina (n = 1) ,  
pharyngeal bleeding (n = 1) ,  and severe hematemesis result
ing in death (n = 1) .  Thus the mortality rate in this series was 
0.0098%. The patient who died had a lung tumor that eroded 
into the esophagus, resulting in uncontrollable bleeding. The 
Mayo Clinic reported their experience in 3,827 TEE studies 
performed over 4 years (32] . They reported complications in 
2.9% of studies and death in one patient. The mortality rate 
was 0.026% (ventricular fibrillation in a patient with conges
tive heart failure). Several studies have shown that TEE is safe 
in the critical care setting (33-36]. 

Clinical Applications of 
Echocardiography in the 
Intensive Care Unit 
This section reviews the application of echocardiography in 
ICU patients. The application of echocardiography in specific 
cardiovascular disorders is also discussed in Chapters 30 
through 35,  37, and 39. 

In the authors' experience, echocardiography is most com
monly indicated in the ICU setting for the evaluation of LY 
function. Echocardiographic data are most helpful in guiding 
management in unexplained hypotension, congestive heart 
failure, and suspected mechanical complications after acute 
myocardial infarction. This experience is similar to that 
reported by other centers: In one study, hemodynamic insra
bility was the indication for TEE in approximately one-half of 
ICU patients [35] . In these instances, a

· 
bedside echocardio

gram (i .e. ,  TIE, TEE, or both) rapidly furnishes information 
concerning LY size, systolic performance, and LY diastolic fill
ing, and can depict disturbed flow resulting from valvular 
regurgitation or acquired ventricular septa! defects. 

UNEXPLAINED HYPOTENSION IN CRJTICALLY ILL 
PATIENTS. TEE is a powerful diagnostic tool in the hemo
dynamically unstable ICU patient [34,35l. It has been sug
gested that TEE can predict mortality in critically ill patients 
with unexplained hypotension. In one study, 61 ICU patients 

with unexplained hypotension were classified on the basis 
of their TEE findings: (a) nonventricular cardiac limitation to 
cardiac output (valvular, pericardia!), (b) ventricular failure, 
and (c)  noncardiac systemic disease (hypovolemia, low sys
temic vascular resistance, or both) (37]. The group with non
ventricular limitation to cardiac output had improved 
survival compared to the other two groups (81 % vs. 41  % and 
44%, respectively). In this same study, TIE was inadequate 
in 64% of the patients, compared to only 3% of inadequate 
TEEs. Therefore, it appears that TEE may play a pivotal role 
in the management of these patients, with both critical diag
nostic information and prognostic risk stratification. 

LEFT VENTRJCULAR STRUCTURE AND FUNCTION 

Hypotension. Comprehensive 2-D echo, using TEE where 
TIE is inadequate, rapidly provides an estimate of the ejection 
fraction (EF), the most widely used clinical index of LY systolic 
function. The EF may be estimated by visual inspection of the 
2-D echo images or by computing LY end-diastolic and end
systolic volumes (38]. Most commercially available echocardio
graphic machines are equipped with software that allows for 
off-line computation of EF; these methods require that endocar
dial edges of the LY cavity be u·aced manually in systole and 
diastole. The EF is then calculated from the resulting cavity 
areas, using geomeu·ic assumptions about LY shape (38]. How
ever, a study suggests that a visual estimate of EF by an experi
enced physician compares favorably with results of the more 
labor-intensive, off-line computer computation of EF from the 
same images (39]. There is much interest in the use of semiau
tomated border detection algorithms, which permit rapid deter
mination of LY volumes and ejection fraction without the need 
for off-line, manual tracing of echocardiographic images. This 
technique appears to hold promise for the rapid quantitation of 
LY volumes and function in clinical practice (Fig. 7-9). 

Because LY chamber dimensions and volumes may be esti
mated visually or by quantitative analysis, echocardiography 
can be used to diagnose hypovolemia. The echocardiogram 
demonstrates small end-diastolic and end-systolic LY volumes 
and normal or supranormal ejection fraction (Fig. 7-10). In the 
authors' experience, hypovolemia is an important cause of 
hypotension in the postoperative patient, particularly within 
the first 24 to 48 hours. 

Echocardiography is an essential part of the evaluation and 
postoperative management of elderly patients after aortic 
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Fig. 7-9. The technique of automated bounda1y detection and its 
application to the study of cardiac volumes and ejection fraction. 
Top: Apical four-chamber view. Bottom: Corresponding beat-to-beat 
volume display. This technique may be used for on-line, rapid quan· 
titation of encl-diastolic and end-systolic volumes and ejection frac
tion. (Courtesy of Hewlett-Packard.) 

valve replacement for aoitic stenos.is [4�3]. In a subset of 
these patients (generally older women) who had echocardio
graphy to investigate hypotension, we have noted marked 
hypeitrophy, hyperdynamic systolic function with an EF 
greater than 70%, small chamber volumes, and Doppler evi
dence consistent with outflow tract obstruction [4�31. Often, 
these findings were completely unexpected and led to dra
matic changes in postoperative management, such as discon
tinuation of positive inotropic agents and institution of fluid 
resuscitation; in some instances, institution of beta-blockers, 
calcium-channel blockers, or both was required. In the 
authors' experience, these changes are often associated with 
a restoration of adequate blood pressure, probably due to 
improved LV filling. Because proper management is predi
cated on correct diagnosis, there is a low threshold for per
forming an echocardiogram on postoperative aoitic valve 
disease patients, as routine clinical, radiographic, and even 
Swan-Ganz catheter data may be misleading [40]. 

Congestive Heart Failure. Up to 40% of patients presenting 
with congestive bean failure have an EF of 45% or greater [44] . 
When the EF is normal, cardiac causes for congestive healt fail
ure may include acute, severe mitral, or aonic regurgitation or 
impairment of LV filling (diastolic dysfunction) caused by myo
cardial ischemia, hype1tensive healt disease, or both. Many 
patients with congestive bean failure and a normal EF have an 
antecedent history of hypenension [44]. In long-standing 
hypenension with or without myocardial ischemia, the LV loses 
its ability to fill completely at normal diastolic pressure (45]. 
Adequate filling of the LV is then associated with a rise in LV 
diastolic pressure, resulting in pulmona1y congestion (45]. The 
Doppler mitral inflow velocity pattern has been used to iden
tify abnormalities in diastolic function (46,47]. 

A pattern of abnormal relaxation (Fig. 7-1 1) generally accom
panies patients with long-standing hypeitension. H wever, a 
shift in the Doppler inflow pattern to a restrictive pattern gener
ally indicates high LV filling pressures associated with abnormal 
LV compliance (46]. These diastolic filling profiles may be 
dynamic, as indicated by the fact that treatment with ag nts such 
as nitroglycerin or diuretics, which reduce filling pressures, 
results in a reversion of ti ·s restrictive pattern to t11e abnormal 
relaxation pattern (46]. The presence of an abnormal relaxation 
or restrictive filling pattern in tl1e face of a normal L\. ejection 
fraction signifies diastolic dysfunction as a possible etiology for 
congestive heart failure. Thus, 2-D echo coupled wiili Doppler 
mitral inflow analysis suppons t11e diagnosis of diastolic dys
function as a cause for congestive heart failure by demonstrating 
normal ejection fraction and an abnorn1al LV filling pattern. 

Oh and coworkers demonstrated t11at t11e Doppler transmitral 
flow profile correlates with me presence of clinical healt failure 
in patients suffering an acute myocardial infarction (48] . This is 
presumably because tl1e restrictive mitral inflow pattern is 
indicative of abnormally elevated LV diastolic pressures. There
fore, in patients wiili congestive healt failure, diastolic filling 
variables complement the assessment of systolic function and 
permit a comprehensive assessment of ventricular fun tion. 

Assessment of Pulmonary Venous Flow for Eval ation of 
Diastolic Function and Noninvasive Hemodynamics. In 
t11e ICU setting, mainly in mechanically ventilated pa tients, or 
in patients who have recently undergone open-healt surgery, it 

Fig. 7-10. A patient evaluated for hypotension after aortic valve replacement for aortic stenosis. Although systolic 
dysfunction was the suspected cause of hypotension, the study reveals that the ejection performance is supranormal, 
and there is very small end-systolic volume. A: End-systolic frame, demonstrating almost total cavity obliteration and 
small encl-systolic volume. B: Diminished left ventricular cavity size on this diastolic frame. Posteromeclial and anterolat
eral papillary muscles are shown at 1 and 5 o'clock, respectively. These findings led to discontinuation of intravenous 
pressor support and substitution of fluid resuscitation with subsequent hemodynamic impro ·ement. LV, left ventricle. 



Fig. 7-1 1. Doppler mitral inflow patterns: strip chart recordings of 
mitral inflow velocities showing three commonly encountered pat
terns. Velocity is on the vertical axis and electrocardiogram (ECG) on 
the horizontal axis. A: A normal individual. In each cardiac cycle, 
denoted by the R wave, the first velocity profile is associated with 
passive filling of the left ventricle (LV) (E wave, occurring at the time 
of the T wave of the ECG), and the second profile is associated with 
atrial systole (A wave, occurring shortly after the P wave on the ECG). 
In normals, peak E exceeds peak A velocity. B: A patient with hyper
tensive left ventricular hypertrophy, showing reduced E velocity and 
enhanced A velocity. This pattern is consistent with abnormal LV 
relaxation. C: A patient with clinical congestive heart failure. This pat
tern CE velocity exceeding A velocity) is similar to normal, but the 
rapid deceleration of the E velocity profile reflects abnormal LV com
pliance and abnormal elevation in diastolic filling pressures. 

is often difficult to obtain adequate mitral inflow velocity pat
terns for echocardiographic assessment of diastolic function 
and fluid status. This information can routinely be obtained 
with TEE. Although TEE can usually be used to evaluate most 
Doppler flows, it is especially useful for pulrnona1y venous 
flow in the determination of left ventricular filling pressures. 
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Measurement of the duration of the systolic fraction of pulmo
nary venous flow and the duration of the atrial systolic flow of 
the pulmonary vein flow relative to the duration of the mitral A 
wave can provide relevant bedside information. The change in 
systolic fo1ward-flow velocity in the pulmona1y vein correlates 
with changes in cardiac output, and the capillary wedge pres
sure correlates with the flow velocity reversal in the atrial con
traction [49] . A prolonged duration of atrial flow reversal 
(relative to mitral A-wave duration) predicts an LV end
cliastolic pressure of greater than 1 5  mm Hg, and the systolic 
fraction of pulmonary venous flow when markedly decreased 
(less than 0.4) indicates a pre-A pressure (left ventricular pres
sure before atrial systole) of greater than 18 mm Hg [SO]. 

Myocardial Infarction. At the authors' institution, echocar
cliography is the principal method used to investigate sus
pected mechanical complications after myocardial infarction 
(see Chapter 40). Echocardiography can rapidly estimate LV 
ejection fraction and, therefore, determine whether hypoten
sion in the patient after myocardial infarction is due to 
depressed pump function, RV infarction, hypovolemia, or a 
mechanical complication such as ventriculoseptal rupture. 

The ability of echocardiography to detect wall motion abnor
malities in myocardial infarction is well established [51-53]; in 
general, reduction in coronary flow of 20% or more is required to 
produce an abnormality in wall motion detectable by echocar
cliography [54] . The hallmark of such flow reduction is systolic 
thinning of the myocardium and an apparent outward motion of 
the enclocarclium. Corona1y flow reductions of 50% or greater are 
reliably associated with a wall morion abnormality on the 
echocarcliogram. An extensive literature has also documented 
that 2-D echo accurately diagnoses the site of acute myocardial 
infarction, with an excellent correlation between the location of 
the regional wall motion abnormality with coronary anatomy in 
patients with their first acute myocardial infarction [51 ] .  

Doppler color flow mapping enables the clinician rapidly to 
visualize flow disturbances complicating acute myocardial 
infarction. The echocarcliographic examination can sensitively 
detect acute ventricular septa! rupture as well as papilla1y mus
cle dysfunction or ruptured chordae tenclineae complicating 
acute myocardial infarction [60] . Thus 2-D echo and color flow 
mapping are invaluable adjuncts to clinical examination in the 
postmyocardial infarction patient with a new holosystolic mur
mur. TEE supplements the transthoracic examination and in 
our experience has been particularly useful in diagnosing 
severe mitral regurgitation or ventricular septa! rupture in 
patients with inadequate TTE studies. Echocardiography is also 
used to estimate the amount of myocardial damage by acute 
infarction. Although there has been an excellent correlation 
between echocardiographic and autopsy estimates of the 
extent of myocardial infarction in both experimental and 
human studies [54-56], echocarcliography tends to overesti
mate the anatomic extent of infarction [57-58] . This phenome
non is most likely clue to the fact that echocardiography 
depicts the abnormal function of anatomically normal myocar
dium that is tethered to the infarcted myocardium [59]. Despite 
this limitation, echocarcliography is useful in estimating the 
extent of myocardial damage after infarction. In addition to 
diagnosing myocardial infarction and stratifying risk in patients 
presenting with chest pain syndromes, 2-D echo sensitively 
and accurately depicts mechanical complications of myocardial 
infarction [60] (Figs. 7-1 2  to 7-16). 

CARDIAC VALVES 

Stenosis and Regurgitation. Echocardiographic assessment 
of heart valve disease requires a combination of M-mode, 2-D, 
and Doppler techniques and a skilled ultrasonographer. For 



90 Procedures and Tecbniques in Intensive Care Medicine 

Fig. 7-12. A patient with a large apical myocardial infarction (api
cal long-axis orientation). The left ventricular cavity is enlarged and 
there is a pedunculated, large, freely mobile clot (arrow) attached to 
the inferoapical portion of the left ventricle (LV). LA, left atrium; rvrv, 
mitral valve. 

regurgitant lesions, the anatomical defect (e .g. , flail mitral leaf
let) is depicted by 2-D echo, and the location and spatial 
extent of the flow disturbance is semiquantitated by color
flow mapping (7,8]. 

Suspected Endocarditis. Echocardiography is commonly 
requested in the ICU to evaluate patients with suspected 
endocarditis. The reported sensitivity of TIE ranges from 44% 
to 80% in patients with clinically suspected endocarditis (61] ;  it 
has been shown to have excellent specificity and negative 
predictive value and can demonstrate abscess formation com
plicating endocarditis. However, false-positive results may be 
caused by nonspecific valve thickening, degenerative or rheu
matic leaflet sclerosis, ruptured chordae tendineae, or severe 
myxomatous degeneration of valve leaflets. Pulsed and color
flow Doppler imaging supplement TIE in infective endocardi
tis by enabling the clinician to assess the site and severity of 
associated valvular regurgitation. Jaffe et al .  demonstrated that 
when infective endocarditis is associated with mjnimal valvu
lar regurgitation, the risk of in-hospital mortality is low and 
progression to valve replacement is unlikely [62]. 

Fig. 7-13. A,B: A patient with an extensive apical 1 yocardial 
infarction. Arrows demonstrate a large apical thrombus. 

A,B 

Considering the high-quality images routinely obtained with 
TEE, it is not surprising that this procedure has an · pressive 
incremental yield in sensitivity and specificity in pati nts with 
suspected endocarditis c mpared with TIE. Shively et al. 
showed thar the sensitivitv of TEE was much greater than that 
of TTE (94% vs. 44%, p <.01) when echocardiograph1c studies 
were considered "almost certainly" to demonstrate endocardi
tis (61 ] .  At lesser levels of diagnostic certainty, TEE was still 
associated with a much higher sensitivity than TIE (94% vs. 
69%), with no sacrifice in specificity. In the author ' experi
ence, TEE is particularly helpful when TIE is suggestive but 
not diagnostic of vegetations (Fig. 7-17) .  

TEE may also demonstrate clinically unsuspected imracardiac 
abscesses (Fig. 7-18). Daniel and coworkers reported the find
ings of TEE examination i 1 18 consecutive patients with infec
tive endocarditis of both native and prosthetic valve. ; 44 had 
one or more areas of intracardiac abscess, typically the result of 
Stapbylococcus aureus infection of the aortic valve (20]. TEE 
successfully demonsu·ated 40 to 46 areas of abscess, compared 
with only 13 of 46 identified by TIE (sensitivity 87% f or TEE vs. 
28% for TIE). 

Fig. 7-14. Anewysm of the inferoposterior wall of the left ventricle (LV). A: Normal LV inferoposterior wall. B: A 
patient with an inferior myocardial infarction. Large outpouching of the LV wall is seen in the vicinity of papillary mus
cle (arrow), which represents an aneu1ysm of the inferior wall. AV, aortic valve; LA, left atrium; rvrv, mitral valve. 
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Fig. 7-15. Bacterial endocarditis. A: Large vegetation on the mitral valve (arrow). B: Turbulent flovv indicative of  
mitral regurgitation (arrow). Cardiac structures are labeled as  follows: AO,  ao1ta; LA, left atrium; LV, left ventricle; PML, 
posterior mitral leaflet; MR, mitral regurgitation; RV, right ventricle. 

Transthoracic echo also appears to identify endocarditis 
patients at increased risk of complications. Buda et al. (63] and 
Stafford et al. [64] observed more complicated clinical courses in 
endocarditis patients whose TIE tudies demonstrated vegeta
tions. In Buda's series, patients with maximal vegetation diame
ter exceeding 10 mm were at higher risk for the development of 
emboli, congestive hean failure, need for surgical intervention, 
and death than those with smaller vegetations [63]. Mugge and 
coworkers showed that 22 of 47 patients witl1 a vegetation 
greater tl1an 10 mm suffered embolic events, in comparison to 
1 1  of 58 patients witl1 a vegetation diameter of 10 mm or less 
(65]. Sanfilippo and coworkers retrospectively reviewed medical 
records and 2-D echo studies in 204 consecutive patients witl1 a 
clinical diagnosis of endocarditis (66]. These investigators dem
onstrated that the probability of complications (e.g., antibiotic 
failure, congestive bean failure, embolization, need for surgery, 
in-hospital monality) was related to vegetation size as a contin
uous variable. Moreover, echocardiographic descriptions of the 

vegetation (i .e. ,  consistency, mobility, and e),,1:ent) were predic
tors of complications. Jaffe and coworkers also demonstrated 
that in patients with vegetations greater than 10 mm as depicted 
by 2-D echo, tl1e risk of subsequent embolism significantly 
exceeded tl1at in patients witl1 smaller vegetations [62]. 

Di Salvo and coworkers, using TEE, showed that the mor
phologic characteristics of vegetations by this technique are 
useful in predicting embolic risk (67]. Two factors-vegetation 
length and mobility-were found by these investigators to be 
significant predictors of embolic events. Specifically, vegeta
tion length greater than 10 mm and moderately and severely 
mobile vegetations were associated with increased embolic 
potential. Large (greater than 15 mm) and severely mobile 
vegetations \Vere associated with a ve1y high risk (83%) of 
peripheral embolism. Other factors, including age, gender, 
vegetation location (aortic vs. mitral position), and valve type 
(native vs. prosthesis) were not associated with a significantly 
increased risk of embolism. 

Fig. 7-1 6. A patient with a myocardial infarction and holosystolic murmur. A: Shoit-axis view, demonstrating disconti
nuity in the anteroseptal region (arrow). B: Turbulent flow, diagnostic of left ventricle-to-right ventricle septa! rupture 
flow, is demonstrated (arrow). LV, left ventricle; MV, mitral valve; RV, right venu-icle; VBR, ventricular-brain ratio. 
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Fig. 7-1 7. Patient with clinical evidence of bacterial endocarditis. A: Transesophageal vie , showing all four cardiac 
chambers. There is a large, freely mobile vegetation attached to the posterior mitral valve CMV) leaflet. B: Associated 
severe mitral regurgitation, denoted by mosaic color-flow pattern that completely fills the left atrium. This patient was 
taken to the operating room for rvN replacement. LV, left ventricle; MR, mitral regurgitation; RV, right ventricle; VEG, 
vegetation. 

In summary, TIE and TEE are complementa1y diagnostic 
techniques in infective endocarditis. A negative, high-quality 
TIE provides strong evidence against the diagnosis of bacte
rial endocarditis, particularly when valvular regurgitation is 
minimal. TEE offers an important increase in diagnostic sensi
tivity when the TIE is of poor quality or when the TIE is neg
ative or equivocal in cases of high clinical suspicion for 
endocarditis. Certain TIE and TEE findings appear to identify 
infective endocarditis patients at high risk for embolic or other 
complications (66,67]. 

AORTA AND GREAT VESSELS 

Thoracic Aortic Dissection. Thoracic aortic dissection is a 
catastrophic event in which a rapid, accurate diagnosis can be 
life saving. Until the 1990s, the evaluation of aortic dissection 
relied on aortography or contrast-enhanced computed tomog-

Fig. 7-18. Transesophageal image of a patient who had aortic valve 
surgery and subsequently developed bacterial endocarditis. The large 
mobile mass attached to the mitral valve represents a vegetation 
(VEG.) (arrow). There is also an ao11ic root abscess (an-ows). The car
diac structures are labeled as follows: AV, aortic valve; LA, left atrium; 
LV, left ventricle; RA, right atrium; RV, right ventricle. 

raphy. TEE and magnetic resonance imaging (MRI) have been 
introduced into use for diagnosis of aortic dissection. A com
plete discussion of aortic dissection is found in Chapter 34. 
TEE has greatly expanded the role of echocardiograp y in the 
evaluation of aortic dissection (68,69] and is also useful in 
detecting pulmonary embolism [70], conditions that often 
enter the differential diagnosis of the patient presenting with 
acute chest pain, dyspnea, or both. 

Transthoracic echo has been used to evaluate patients with 
suspected aortic dissection [71 ,72], but its inadequate sensitiv
ity, especially for descending aortic dissection, has until 
recently precluded the use of echocardiography as a definitive 
diagnostic test for aortic dissection. The diagnosis of aortic dis
section by echocardiography depends on the identification of 
an intimal flap, an abnormal linear echo in the ao1tic lumen, 
which may be undulating or stationa1y (68,69]. If the false 
lumen is thrombosed, tl1e presence of central displacement of 
intimal calcification may be used to diagnose aortic dissection. 

Transt110racic echo is hampered by its inability to · 1age tl1e 
entire thoracic aorta, especially the descending aort , as well 
as in obtaining adequate acoustic windows in critically ill 
patients. The reported sensitivity and specificity of TIE for 
diagnosing aortic dissection range from 59% to 100% and 63% 
to 96%, respectively (69]. TEE overcomes many of the limita
tions of TIE in assessment of the aorta. Due to the close prox
imity of the esophagus to the aorta, the entire thoracic aorta is 
well visualized by TEE, ·ith the exception of a small blind 
spot in the distal ascending aorta that is obscured from view 
due to the interposition of tl1e trachea between the esophagus 
and t11e aorta. Figure 7-19 demonstrates the appe ranee of 
aortic dissection on TEE. 

Several studies comparing multiple imaging modalities have 
demonstrated that TEE is, witl1 the possible exception of MRI, 
most accurate in tl1e diagnosis of aortic dissection [ 9l . Two 
studies showed a lower specificity than originally eported, 
due to a significant number of false-positive findin0s in the 
ascending aorta [73l. False-positive studies are ofte due to 
the presence of imaging artifacts resulting from rever erations 
from vessel or aortic root calcification or atherosclerotic dis
ease that mimics an intimal flap, as well as multiple path arti
facts from ultrasound re ection in the left atrium (74]. The 
aorta-lung interface may cause mirror-image artifacts in the 



Fig. 7-19. Transesophageal study of a patient with Marfan syn
drome. Transverse view of the descending aorta, demonstrating a 
complex 111t11nal flap (single arrows) with thrombus in a false lumen 
(double arrows). 

arch and descending aorta, giving the appearance of a 
double-lumen aorta [74]. Thus, accurate evaluation of the 
aorta while using TEE requires considerable operator experi
ence and knowledge of the potential pitfalls. 

TEE has several advantages over other imaging modalities: 
It is portable, thus allowing bedside diagnosis as well as 
ongoing treatment and monitoring of the patient's hemody
namic status; it is readily available; it allows rapid diagnosis 
(dissection can be excluded in minutes after the probe is 
placed); it is minimally invasive; it does not require the use 
of intravenous contrast material or ionizing radiation; and it 
is relatively inexpensive [69]. It can also assess LY function 
the status of the aortic valve, degree of aortic regurgitation : 
and the presence of a pericardia! effusion that may cause 
cardiac tamponade. With the possible exception of MRI, no 
other imaging modality shares all of these advantages, and 
MRI is hampered by the need for long scan times, which pre
cludes its applicability to acutely ill patients. Thus, in many 
institutions, including that of the authors, TEE has become 
the imaging modality of choice in the initial evaluation of 
suspected aortic dissection, and in many circumstances has 
obviated the need for further diagnostic imaging, including 
aortography. 

Acute Pulmonary Embolism. Transthoracic echo may dem
onstrate suggestive evidence of pulmonary embolus, such as 
right ventricular enlargement, abnormal right ventricular and 
interventricular septa! wall motion, or evidence of pulmona1y 
hypertension. Although it is not a prima1y imaging modality 
for the diagnosis of pulmona1y embolus, TEE can detect cen
tral pulmonary embolus [70]. In patients undergoing TEE for 
chest pain syndromes and unexplained dyspnea or hypox
emia, careful scanning of the pulmona1y arteries is warranted, 
especially if no other findings that may explain the patient's 
symptoms are detected (Fig. 7-20). 

Trauma. Traumatic inju1y to the aorta commonly accompa
nies serious, nonpenetrating inju1y to the thorax. Several stud
ies have demonstrated the use of TEE in the evaluation of 
patients with blunt thoracic trauma [75,76]. 

Traumatic valve injuries may result clinically in acute regur
gitation. Most conunonly, traumatic inju1y involves the aortic 
valve. The 2-D echo, either TIE or TEE, usually visualizes aor
tic valve rupture and aortic regurgitation. Echocardiography 
and color-flow Doppler mapping are also useful in penetrat
ing chest injuries (Fig. 7-21) .  
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Fig. 7-20. Transverse view of the pulmona1y arte1y bifurcation, 
demonstratmg a large central pulmona1y embolus (arrows). This 
patient presented with dyspnea and chest pain. Transesophageal 
echo was requested after inadequate transthoracic echo, to evaluate 
left ventricular function. 

PERICARDIAL DISEASE. Echocardiography is the principal 
method used in the ICU setting to evaluate the patient with sus
pected cardiac tamponade. M-mode and 2-D echo readily detect 
pericardia! effusions and can help distinguish loculated from 
free-flowing collections (Figs. 7-22 and 7-23). Echocardiography 
may also be used at the bedside to guide pericardiocentesis and 
to help the clinician decide when an operative approach is 
advisable, in the case of localized collection of fluid. 

In patients with sizable pericardia! effusions, several 
echocardiographic signs indicate increased intrapericardial 
pressure, including early diastolic collapse of the RV free wall 
and diastolic collapse of d1e right atrial free wall. However, 
these are both sensitive signs of increases in intrapericardial 
pressure and do not necessarily diagnose cardiac tamponade, 
which is a clinical diagnosis made at the bedside. Additional 
signs of increased intrapericardial pressure include exagger
ated respiratory variation in the Doppler mitral inflow and 
hepatic vein flow profiles. 

Fig. 7-21. A patient who developed acute, severe aortic regurgita
tion after blunt chest trauma during a motor vehicle accident. A tear in 
commissure between the noncorona1y and left cusp is clearly demon
strated (arrow). Color-flow Doppler examination demonstrated severe 
aonic regurgitation. Based on this study, the patient was sent for urgent 
ao1tic valve replacement. 
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Fig. 7-22. A patient with hypotension. Panels (A) and (B) are parasternal and apical iews, respectively. These 
images show a ve1y large pericardia! effusion (PE) and clear-cur compromise of right ventricular filling. ote the com
pression of the right vemricle (RV) in the diastolic frame shown in A (arrow). AO, aona; LA, left atrium; LV, left ventri
cle; RA, right atrium. 

Future Directions 

Future directions in the use of echocardiography in the ICU set
ting include the potential development of miniaturized, 
indwelling TEE probes that make possible continuous assess-

ment of LY function; expanded use of hand-held porta ble ultra
sonographic devices by ICL staff with less extensive ech training 
to provide limited, but rapid point-of-care assessment of LY func
tion; and the continued development of t111·ee-cl' ensional 
echocardiography technology tl1at has tl1e potential to provide 
real-time, on-line assessment of LY function and volumes. 

Fig. 7-23. A: Postoperative transesophageal study of a patient with profound hemodynamic compromise after car
diac surge1y, demonstrating a large hematoma compressing the right atrium (RA) and left atrium (LA), limiting ventric
ular filling. B: Study obtained approximately 5 minutes later after drainage of large sanguineous pericardia! effusion. 
Note the restoration of normal-sized RA and LA and increase in size of the right ventricle (RV). Pericardiocenresis was 
associated with dramatic increase in systolic pressure. LV, left ventricle; IvN, mitral valve. 
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8. Pericardiocentesis 

Pericardiocentesis is an important and potentially life-saving 
procedure performed in the critical care setting. It is not car
ried out with enough frequency, however, to allow most phy
sicians to master the procedure. This chapter reviews the 
indications for emergent and urgent pericardiocentesis, sum
marizes the pathobiology of pericardia! effusions, and pro
vides a step-by-step approach to pericardiocentesis, including 
management of patients after the procedure. 

Indications for Pericardiocentesis 
The initial management of a patient with known or suspected 
pericardia! effusion is largely determined by overall clinical 
status. In the absence of hemodynamic instability or sus
pected purulent bacterial pericarditis, there is no need for 
emergent or urgent pericardiocentesis. It may, however, be 
performed for diagnostic purposes. A thorough noninvasive 
workup should be completed before consideration of an inva
sive diagnostic procedure [l ] .  Whenever possible, elective 
pericardiocentesis should be performed using ultrasonogra
phy or fluoroscopic guidance. 

In contrast, the management of hemodynamically compro
mised patients requires emergent removal of pericardia! fluid 
to restore adequate ventricular filling (pre-load) and hasten 
clinical stabilization. The exact method and timing of pericardi
ocentesis is ultimately dictated by the patient's overall degree 
of instability. Patients with hypotension unresponsive to fluid 
resuscitation and vasopressor support require immediate, often 
unguided (blind), pericardiocentesis. In this setting, there are 
no absolute contraindications to the procedure, and it should 
therefore be performed without delay at the patient's bedside. 

Urgent pericardiocentesis is indicated for patients who are 
initially hypotensive but respond quickly to aggressive fluid 
resuscitation. The procedure should be performed within 
several hours of presentation while careful monitoring and 
hemodynamic support continue. As in elective circumstances, 
pericardiocentesis in these patients should be undertaken 
with appropriate visual guidance, the method of which depends 
on the physician's expe1tise and resources. The modalities used 
most conunonly are ultrasonography, echocardiography, and 
fluoroscopy. 

Three additional points must be stressed regarding patients 
undergoing expedited pericardiocentesis. First, coagulation 
parameters-prothrombin time activated, partial thromboplastin 
time, and platelet count-should be checked and, when possi
ble, quickly normalized prior to the procedure. Second, some 
critical care authoiities advocate performance of all pericardio
centesis procedures in the catheterization laboratory with con
comitant right heart pressure monitoring to document efficacy 
of the procedure and to exclude a constrictive element of peri
cardia! disease (see Chapter 33) [2]. The authors support this 
approach; however, excessive delays because of scheduling dif
ficulties must be avoided. Finally, efforts to assure a cooperative 
and stationa1y patient during the procedure greatly facilitate the 
performance, safety, and success of pericardiocentesis. 

The clinical presentation of hemodynamically significant 
pericardia! effusions varies widely among patients. A compre-
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hensive understanding requires knowledge of normal pericar
dia! anatomy and physiology. 

Anatomy 
The pericardium is a membranous structure with two layers 
separated by a small potential space. The visceral pericardium 
is closely but loosely adherent to the epicardial surface. It is a 
monolayer of mesothelial cells and attaches to the epicardium 
by a loose collection of small blood vessels, lymphatics, and 
connective tissue. The pan:etal pericardium is a fibrous struc
ture that defines the outer membrane: Its inner surface is also 
composed of a monolayer of mesothelial cells. The remainder 
of the parietal pericardium consists of a dense network of 
connective tissue that is relatively nondistendible; therefore, it 
defines the dimensions and shape of the pericardium [3]. 

Further anatomic definition of the pericardium is derived 
from multiple attachments of the parietal pericardium in the 
thorax. Superiorly, the fibrous parietal pericardium attaches to 
the ascending aorta just below the arch. The inferior portion 
adheres strongly to the fibrous center of the diaphragm on 
which it rests. Anteriorly, the outer membrane is anchored to 
the sternum and costal cartilages by ligaments, as well as by a 
less-organized collection of connective tissue. The posterior 
margin of the parietal pericardium abuts the esophagus and 
pleural sacs; here, the visceral pericardium is absent and the 
parietal pericardium attaches directly to the epicardium at the 
borders of the entrance of the inferior and superior vena 
cavae and pulmonary veins [4]. Beyond providing stability, 
these multiple attachments also limit the inherent elasticity 
and distensibility of the pericardium. 

This complex anatomic arrangement provides an anchor for 
the contracting myocardium and results in a small space 
between the visceral and parietal layers (pericardia! space) . 
The pericardia! space or sac usually contains a small volume 
( 15  to 50 mL) of clear, serous fluid that is chemically similar to 
a plasma ultrafiltrate [5,6]. The mechanism responsible for the 
production of pericardia! fluid is not well understood. A 
homeostasis usually exists between new production of peri
cardia! fluid and its drainage into the venous circulation via 
lymphatics. 

The major determinant of when and how pericardia! effu
sions come to clinical attention is directly related to the speed 
at which they develop. Effusions that collect rapidly (over 
minutes to hours) may cause hemodynamic compromise with 
volumes of 250 mL or less. These effusions are usually located 
posteriorly and are often difficult to detect without echocar
diography. In contrast, effusions developing slowly (over days 
to weeks) allow for hypertrophy and distention (stretch) of 
the fibrous parietal membrane. Volumes of 2,000 mL or 
greater may accumulate without significant hemodynamic 
compromise. These patients may present with symptoms 
owing to compression of adjacent thoracic structures, such as 
cough, dyspnea, dysphagia, or early satiety. Three other clini
cal conditions promote hemodynamic compromise, even in 
the absence of large pericardia! effusions: intravascular hypo
volemia, impaired ventricular systolic function, and ventricular 
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hypertrophy with decreased elasticity of the myocardium 
(diastolic dysfunction). 

Procedure 
Since the first blind or closed pericardiocentesis in 1840 [7), 
several different approaches have been described [8] . These 
approaches have varied considerably, particularly in the nee
dle apparatus entry site. Marfan described the subcostal 
approach in 191 1 [9], which then became the standard 
approach for unguided pericardiocentesis. 

The advent of clinically applicable ultrasonography has 
opened a new chapter in diagnostic and therapeutic 
approaches to pericardia! disease, allowing clinicians to quan
titate and localize pericardia! effusions quickly and noninva
sively [10, 1 1] .  Work by Callahan and colleagues at the Mayo 
Clinic established the efficacy and safety of two-dimensional 
echocardiography to guide pericardiocentesis [ 12 , 13] .  This has 
resulted in two major trends in clinical practice: First, two
dimensional echocardiography is commonly used to guide 
pericardiocentesis. Second, approaches other than the sub
xiphoid method have been investigated owing to the ability to 
clearly define the anatomy (location and volume) of each 
patient's effusion [8, 1 2, 13] . Typically, a four-chamber view of 
the heart is obtained by positioning the transducer at the apex. 
After insertion of the pericardiocentesis needle (described later), 
appropriate positioning within the pericardia! space can be 
confirmed by injecting 5 ml of agitated saline (contrast). 
Echocardiography can also be used to reposition the needle 
safely if fluid return is suboptimal. Standard fluoroscopy can 
be used to confirm needle and catheter positioning within the 
pericardia! space. 

Formulas for quantitating the amount of pericardia! fluid by 
echocardiographic or fluoroscopic means have not been estab
lished. As a rule, however, an effusion of moderate size (at 
least 250 ml) is required for percutaneous pericardiocentesis. 

Regardless of whether echocardiography or another guid
ance method is used, the subxiphoid approach remains the 

Table 8-1. Materials for Pericardiocentesis 

Site preparation 
Antiseptic 
Gauze 
Sterile drapes and towels 
Sterile gloves, masks, gowns, caps 
5-ml or 10-ml syringe with 25-gauge needle 
1% lidocaine (wid10ut epinephrine) 
Code cart 
Atropine Cl-mg dose vial) 
Procedure 
No. 1 1  blade 
20-ml syringe with 10 ml of 1% lidocaine (without epinephrine) 
18-gauge, 8-cm, thin-walled needle with blunt tip 
Multiple 20- and 40-ml syringes 
Hemostat 
Sterile alligator clip 
Electrocardiogram machine 
Three red-top tu bes 
Two purple-top (heparinizecl) tubes 
Culture bottles 
Postprocedure 
Suture material 
Scissors 
Sterile gauze and bandage 

Fig. 8-1. Materials required for pericarcliocentesis (clock-wise from 
upper left): 1% liclocaine solution, suture material, 1 0-ml syringe with 
25-gauge needle, 10-ml syringe with 22-gauge needle, No. 1 1  blade, 
18-gauge 8-cm thin-walled n edle, 20-ml syringe, 30-ml syringe, alli
gator clip, hemostat, three red-top tubes, two purple-top rubes, cul
ture bottles, scissors. 

standard of practice. The materials required for bedside peri
cardiocentesis are listed in Table 8-1 (Fig. 8-1 ) .  Table 8-2 (Fig. 
8-2) lists the materials required for simultaneous placement of 
an intrapericardial drainage catheter. The materials are avail
able in prepackaged kits or individually. The authors do not 
have a preference; the key to success is immediate a ailability 
of the necessa1y materials. 

While the patient is being prepared for emergent r urgent 
pericardiocentesis, it is imperative that aggressive resuscita
tion measures are undertaken. Two large-bore p eripheral 
intravenous lines should be placed for infusion of isotonic 
saline or colloid solutions. The use of inotropic a ents and 
other vasoactive drugs (vasopressors) remains controversial 
[14-16), but when fluid resuscitation alone is inadequate, their 
use should be strongly considered. 

Table 8-2. Materials for Intrapericardial Catheter 

Catheter placement 
Teflon-coated flexible J-curvecl guiclewire 
6-Fr dilator 
8-Fr dilator 
8-Fr, 35-cm flexible pigtail cad1eter with multiple fenestration (encl 

and side holes) 
Drainage system" 
Three-way stopcock 
Sterile IV tubing 
500-mL sterile collecting bag or bottle) 
Sterile gauze and adhesive b:ig (or bottle) 
Suture material 

nsystem ciescribecl allows conLinuous drainage. 



Fig. 8-2. Materials required for intrapericardial catheter placement 
and drainage (clockwise from lower left): Teflon-coated flexible 0.035-
inch J-cu1ved guidewire, 8-Fr dilator, 6.3-Fr dilator, 8-Fr catheter with 
end and side holes (35-cm flexible pigtail cad1eter not shown), three
way stopcock, 500-ml sterile collecting bag and tubing, suture material. 

The subxiphoid approach for pericardiocentesis is as follows: 

1 .  Patient preparation. Assist the patient in assuming a com
fonable supine position with the head of the bed elevated to 
approximately 45 degrees from the horizontal plane. Ir is 
impoitanr for the patient to maintain th.is position during the 
procedure. Extremely dyspneic patients may need to be posi
tioned fully upright, with a wedge if necessary. Elevation of the 
thorax allows free-flowing effusions to collect inferiorly and 
anteriorly, sites that are safest and easiest ro access using the 
subxiphoid approach. The patient's bed should be placed at a 
comfortable height for the physician performing the procedure. 

2. Needle entiy site selection. Locate the patient's xiphoid 
process and the border of the left costal margin using inspec
tion and careful palpation. The needle ent1y sire should be 0 .5 
cm to the (patient's) left of the xiphoid process and 0.5 to 1 .0 
cm inferior ro rhe costal margin (Fig. 8-3) .  Ir is essential that 
the surface anatomy be accurately defined before proceeding 
further. Ir is helpful ro estimate (by palpation) the distance 
between the skin surface and the posterior margin of the bony 
thorax: This helps guide subsequent needle insertion. The 
usual distance is 1 . 0  to 2 .5  cm, increasing with obesity or pro
tuberance of the abdomen. 

3 .  Site preparation .  Strict sterile techniques must be main
tained at all rimes in preparation of the needle entry sire. Pre
pare a wide area in the subxiphoid region and lower thorax 
with a povidone-iodine solution and drape the field with ster
ile rowels, leaving exposed the subxiphoid region. Raise a 1-
ro 2-cm subcutaneous wheal by in.filtrating the needle entry 
site with 1 % lidocaine solution (without epinephrine). Incise 
the skin with a No. 1 1  blade at the selected site after achieving 
adequate local anesthesia: This facilitates needle entry, which 
is at times difficult because· of the absence of a bevel on the 
Teflon needle apparatus. 

4. Insertion of tbe needle apparatus. Place the needle appa
ratus in the dominant hand (right-handed operators should 
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Fig. 8-3. Selected locations for pericardiocentesis. In most cases, the 
subxiphoid approach ( 1  to 3) is preferred. (From Spodick DH: Acute 
Pericarditis. New York, Grune & Stratton, 1959, wid1 permission.) 

stand to the patient's right and left-handed operators to the 
left) and insert it in the subxiphoid incision. The angle of 
entry (with the skin) should be approximately 45 degrees. 
Direct the needle rip superiorly, aiming for the patient's left 
shoulder. Continue to advance rhe needle posteriorly while 
alternating between aspiration and injection of lidocaine, until 
the rip has passed just beyond rhe posterior border of the 
bony thorax (Fig. 8-4). The posterior border usually lies 
within 2 .5  cm of the skin surface. If the needle tip contacts the 
bony thorax, inject lidocaine after aspirating to clear the nee
dle tip and anesthetize the periosteum. Then, walk the needle 
behind the posterior (cosral) margin. 

5.  Needle direction. Reduce the angle of contact between 
the needle and skin to 1 5  degrees once the tip has passed the 
posterior margin of the bony thorax: This will be the angle of 
approach to the pericardium; rhe needle tip, however, should 

Fig. 8-4. Insertion of the needle apparatus. After the subxiphoid 
region and lower thorax are prepared and adequate local anesthesia 
is given, the pericardiocentesis needle is inserted in the subxiphoid 
incision. The angle of ent1y (with the skin) should be approximately 
45 degrees. The needle tip should be directed superiorly, toward the 
patient's left shoulder. 
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Fig. 8-5. Needle direction. The needle tip should be reduced to 1 5  
degrees once the posterior margin o f  the bony thorax has been passed. 
Needle advancement: The needle is advanced toward the left shoulder 
slowly while alternating between aspiration and injection. A "give" is 
felt, and fluid is aspirated when the pericardia! space is entered. 

still be directed toward the patient's left shoulder. A 1 5-degree 
angle is used regardless of the height of the patient's thorax 
(whether at 45 degrees or sitting upright) (Fig. 8-5). 

6. Needle advancement. Advance the needle slowly while 
alternating between aspiration of the syringe and injection of 
1 % lidocaine solution. If electrocardiographic guidance is used, 
apply the sterile alligator clip to the needle hub, being certain 
not to occlude the needle's lumen. Obtain a baseline lead V 
tracing and monitor a continuous tracing for the presence of 
ST-segment elevation or premature ventricular contractions 
(evidence of epicardial contact) as the needle is advanced. 
Advance the needle along this extrapleural path until either 

a. A "give" is felt, and fluid is aspirated from the pericardia! 
space (usually 6.0 to 7 .5  cm from the skin) (Fig. 8-6). Some 
patients may experience a vasovagal response at this point 
and require atropine intravenously to increase their blood 
pressure and heart rate. 

b. ST-segment elevation or premature ventricular contrac
tions are observed on the electrocardiographic lead V tracing 
when the needle tip contacts the epicardium. If ST-segment 
elevation or premature ventricular complexes occur, immedi
ately (and carefully) withdraw the needle toward the skin sur
face while aspirating. Avoid any lateral motion, which could 
damage the epicardial vessels. Completely withdraw the nee
dle if no fluid is obtained during the initial repositioning. 

The patient's hemodynamic status should improve promptly 
with removal of sufficient fluid. Successful relief of tampon
ade is supported by (a) a fall of intrapericardial pressure to 
levels between -3 and +3 mm Hg, (b) a fall in right atrial 
pressure and a separation between right and left ventricular dias
tolic pressures, (c) augmentation of cardiac output, (d) increased 
systemic blood pressure, and (e) reduced pulsus paradoxus to 
physiologic levels (10 mm Hg or less). An in1provement may 
be observed after removal of the first 50 to 100 ml of fluid. If 
the right atrial pressure remains elevated after fluid removal, 
an effusive-constrictive process should be considered. The 
diagnostic studies performed on pericardia! fluid are outlined 
in Table 8-3. Several options exist for continued drainage of 
the pericardia! space. The simplest approach is to use large
volume syringes and aspirate the fluid by hand. This approach 
is not always practical ( i .e . ,  in large-volume effusions), how
ever, and manipulation of the needle apparatus may cause 
myocardial trauma. Alternatively, some pericardiocentesis 
kits include materials and instructions for a catheter-over-

Fig. 8-6. Placement technique. Holding the needle in place, a 
Teflon-coated, 0.035-in. guidewire is advanced into the pericardia! 
space. The needle is then removed. After a series of skin dilations, an 
8-Fr, 35-cm flexible pigtail catheter is placed over the guidewire into 
the pericardia] space. Passage of dilators and the pigtail catheter is 
facilitated by a gentle clochvise/counterclockwise motion. 

needle technique for inserting a pericardia! drain. Finally, the 
Seldinger technique may be used to place an indwelling peri
cardia! drain. 

7. Placement technique. Create a track for the catheter by 
passing a 6-Fr dilator over a firmly held guidewire. After 
removing the dilator, use the same technique to pass an 8-Fr 
dilator. Then advance an 8-Fr flexible pigtail catheter over the 
guidewire into the pericardia! space. Remove the guidewire. 
Passage of the dilators is facilitated by use of a torquing 
(clockwise/counterclockwise) motion. A wider incision at the 
base of the guidewire may be required to pass the dilators. 
Proper positioning of the catheter using radiography, fluoros
copy, or bedside echocardiography can be used to facilitate 
fluid drainage. 

8. Drainage system (17-20]. Attach a three-way stopcock to 
the intrapericardial catheter and close the system by attaching 
the stopcock to the sterile collecting bag with the connecting 

Table 8-3. Diagnostic Studies Performed on Pericardia] Fluid 

Hematocrit 
White blood cell count with differential 
Glucose 
Protein 
Gram's stain 
Routine aerobic and anaerobic cultures 
Smear and culture for acid-fast bacilli 
Cytology 
Otl1er studies as indicated 
Cholesterol, triglyceride 
Amylase 
Lactate dehydrogenase 
Special cultures (viral ,  parasite studies) 
Antinuclear antibody 
Rheumatoid factor 
Total complement, C3 



Tab/,e 8-4. Complications of Pericardiocentesis 

Cardiac puncture 
Uncomplicated 
Secondary hemopericardium, myocardial infarction 
Pneumothorax 
Arrhythmias 
Bradycardia 
Ventricular tachycardia 
Trauma to abdominal organs (liver, gastrointestinal tract) 
Cardiac arrest (predominantly electromechanical dissociation from 

myocardial perforation, but occasionally tachyarrhythmia or 
bradyarrh ythmia)a 

Rare 
Coronary artery laceration (left anterior descending coronaiy 

artery, right corona1y artery) 
Infection 
Fisnila formation 
Pulmona1y edema 

"Incidence has varied from 0% to 5% in studies and was less common in guided 
procedures, more common in "blind" procedures [1 ,21 ,221. 

tubing. The catheter may also be connected to a transducer, 
allowing intrapericardial pressure monitoring. The system 
may be secured as follows: 

a. Suture the pigtail catheter to the skin, making sure the 
lumen is not compressed. Cover the enuy site with a sterile 
gauze and dressing. 

b. Secure the drainage bag (or bottle) using tape at a level 
approximately 35 to 50 cm below the level of the heart. This 
system may be left in place for 48 to 72 hours. Echocarclio
graphy or fluoroscopic guidance may be used to reposition 
the pigtail catheter, facilitating complete drainage of existing 
pericardia! fluid. 

The catheter should be flushed eve1y 4 to 6 hours using 10 
to 15 cc of normal saline solution. 

Short-Term and 
Long-Term Management 
After pericardiocentesis, close monitoring is required to detect 
evidence of recurrent tamponade and procedure-related compli
cations. Table 8-4 lists d1e most conunon serious complications 
associated wid1 pericardiocentesis [ 1 ,21 ,22] . Factors associated 
wid1 an increased risk of complications include (a) small effu
sion (less than 250 ml), (b) posterior effusion, (c) loculatecl 
effusion, (d) maximum anterior clear space (by echocarclio
graphy) Jess d1an 10 mm, and (e) unguided percutaneous 

Tab/,e 8-5. Major Surgical Options for the 
Management of Pericardia! Effusions 

Procedure 

Pericardia! window 
Subxiphoid 
Pleural 

Partial pericardiec
tomy 

Complete peri
cardiectomy 

Approach 

Subxiphoid 
Thoracot

omy 
Thoracot

omy 
Thoracot

omy or 
sternot
omy 

Resection Margins 

<9 cm2 block 
<9 cm2 block 

Right plu·enic ne1ve; great vessels 
to cliaplm1gmatic reflection 

Right phrenic ne1ve to left pul
monary vein; great vessels to 
midportion of diaphrag
matic pericardium 
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Table 8-6. Common Causes o f  Pericardia! Effusion 

Idiopathic 
Malignancy 
Uremia 
Postpericardiotomy syndrome 
Connective tissue disease 
Trauma 
Blunt 
Penetrating 
Infection 
Viral 
Bacterial 
Fungal 
Tuberculosis 
Ao11ic dissection 
Complication of cardiac catheterization or pacemaker insertion 
Myxedema 
Postirradiation 

approach. All patients undergoing pericardiocentesis should 
have a portable chest radiograph perfom1ed immediately after 
d1e procedure to exclude the presence of pneumothorax. In 
addition, a transthoracic two-dimensional echocarcliogram 
should be obtained within several hours to evaluate the ade
quacy of pericardia[ drainage. Echocardiography can also be 
used to confirm cad1eter placement. 

Finally, careful technique is required to maintain the sterility 
of d1e pericardia! catheter drainage system. With meticulous 
local care, the complication rate is exceptionally low, even 
when the catheter is left in place for 36 to 48 hours [ 12, 18]. 

The long-term management of patients with significant 
pericardia! fluid collections is beyond the scope of this chap
ter (see Chapter 33); however, the role of surgical interven
tion is reviewed briefly. The indications for surgical 
intervention are controversial and vary widely (Table 8-5) 
[2,23-28]. Several indications that have been established 
include (a) pericardia! disease with concomitant constrictive 
physiology, (b) known loculated or posteriorly located effu
sions not amenable to pericardiocentesis, (c) suspected puru
lent pericarclitis, (cl) effusions not successfully drained by 
pericarcliocentesis, and (e) rapidly recurring effusions [2,29]. 
The etiology of the pericardia! effusion (Table 8-6) and the 
patient's functional status are of central importance for deter
mining the preferred treatment. Aggressive attempts at non
surgical management of chronically debilitated patients or 
those with metastatic disease involving the pericardium may 
be appropriate [25,30,31] .  Pericardia! sclerosis with tetracy
cline or other agents has benefited carefully selected patients 
with malignant pericardia! disease [30,32,33l. Patients with a 
guarded prognosis who fail aggressive medical therapy 
should be offered the least invasive procedure. 

References 
1 .  Permayer-Miulda G, Sagrista-Savleda J, Soler-Soler J: Primary 

acute pericardia! disease: a prospective study of 231 consecutive 
pat.ients. Am] Cardiol 56:623, 1985. 

2 .  Lovell BH, Braunwald E: Pericardia! disease, in Braunwald E 
(eel): Heai1 Disease: A Textbook of Cardiovascutm· Medicine. 
Philadelphia, WB Saunders, 1988, p 1484. 

3. Tandler J :  A natomie des Harsens. Jeng, Fischer, 1913. Quoted by 
Elias H, Boyd LJ: Notes on the anatomy, emb1yology and histol
ogy of the pericardium. j N Y  Med Coll 2:50, 1960. 

4. Roberts WC, Spray TL: Pericardia! hea11 disease: a study of its 
causes, consequences, and morphologic features, in Spodick D 
(eel): Pericardia/ Diseases. Philadelphia, FA Davis, 1976, p 17. 



102 Procedures and Techniques in Intensive Care Medicine 

5. Shabatai R: Function of the pericardium, in Fowler NO (ed): The 
Pericardium in Healtb and Disease. Mount Kisco, l\'Y, Futura, 
1985, p 19.  

6. Shaberai R: 771e Pericardium. New York, Grune & Stratton, 198 1 .  
7.  Schuh R: Erfahrungen uber d e  Paracentese der Brust und des 

Herz Beutels. Med.fabrb Osterr Staates Wien 33:388, 184 1 .  
8 .  TiJkian AG, Daily EK: Pericardiocentesis and drainage, i n  Tilkian 

AG, Daily EK (eds): Cardiovascular Procedures: Diagnostic Tecb
n.iques and Therapeutic Approacbes. St. Louis, Mosby, 1986, p 231 .  

9. Marfan AB: Poncitian du pericarde par I espigahe. Ann Med Cbir 
Infarct 15 :529, 1 9 1 1 .  

10 .  Pandian NG, Brockway B ,  Simonetti J ,  et al: Pericardiocentesis 
under 2-dimensional echocardiographic guidance in loculated 
pericardia! effusion. Ann 7borac Surg 45:99, 1 988. 

1 1 .  Chandrararna PA, Reid CL, Nimalasuriya A, et al: Application of 
2-dimensional contrast studies during pericardiocentesis. Am .f 
Cardiol 52: 1 1 20, 1983. 

12. Callahan JA, Seward JB, ishin1L1ra RA: 2-dimensional echocar
diography-guided pericardiocentesis: experience in 1 17 consecu
tive patients. Am.f Carcliol 55:476, 1985. 

13. Callahan JA, Seward JB, Tajik AJ: Pericardiocentesis assisted by 2-
dimensional echocardiography . .f 7borac Ca.rdiovasc Surg 85:877, 
1983. 

14 .  Callahan M: Pericardiocentesis in traumatic and non-traumatic 
cardiac tamponacle. Ann Emerg Med 1 3:924, 1 984. 

1 5. Fowler 10, Guberman BA, Gueron M:  Cardiac tarnponade, in 
Eliot RS Ced): Cardiac Emergencies. 2nd ed. Mount Kisco, NY, 
Futura, 1982, p 415 .  

16.  Seldinger S: Catheter replacement of the needle in percutaneous 
angiography. Acta Radial Diagn (Slockb) 39:368. 

17. Kapoor AS: Technique of pericardiocentesis and intrapericarclial 
drainage, in Kapoor AS (eel): International Cardiology. ew 
York, Springer-Verlag, 1989, p 1 46. 

18.  Kopecky SL, Callahan JA, Tajik AJ, et al :  Percutaneous pericardia! 
ca dieter drainage: report of 42 consecutive cases. Am .f Cardiol 
58:633, 1986. 

19. Massumi RA, Rios JC, Ewy GA: Technique for insertion of an 
indwelling pericardia! cadleter. Br Heart .f 30:333, 1960. 

20. Patel AK, Kogolcharoen PK, Nallasivan M, et al :  Catheter drain
age of die pericardium: practical method to maintain long-term 
patency. Cbest 92: 1 0 18, 1987. 

2 1 .  Wong B, Murphy J,  Chang CJ, et al :  The risk of pericarclioceme
sis. Am.f Cardiol 44: 1 1 10,  1979. 

22. Krikorian JG, Hancock EW: Pericardiocentesis. Am.f Med 65:808, 
1978. 

23. Piehler JM, Pluth JR, Schaff HV, et al: Surgical management of 
effusive pericardia! disease: I nfluence of extent of pericardia! 
resection on clinical cause . .f 7710rac Cardiovasc Surg 90:506, 
1985. 

24. Little AG. Kremser PC, Wade JL, et al: Operation for diagnosis 
and treatment of pericardia! effusions. Sw·ge1y 96:738, 1984. 

25. Palatianos GM, Thuer RJ, Karser GA: Comparison of effectiveness 
and safety of operations on the pericardium. Cbest 88:30, 1985. 

26. Little AG, Fergusen MK: Pericarclioscopy as adjunct to pericardia! 
window. Cbest 89:53, 1986. 

27. Prager RL, Wilson CH, Border WH Jr: The subxiphoid approach 
to pericardia! disease. Ami Tbora.c Surg 34:6, 1982. 

28. Spodick DH: Pericardia! windows are suboptinlal. A m .f Ca.rdiol 
51 :607, 1 983. 

29. Rub RH, Moelleering RC: Clinical microbiologic and therapeutic 
aspects of purulent pericarditis. Am.f Med 59:68, 1975. 

30. Shepherd FA, Morgan C, Evans \VK, er al: Medical management 
of malignant pericardia! effusion by tetracycline sclerosis. Am .f 
Cardiol 60: 1 16 1 ,  1987. 

3 1 .  Morm JE, I-Iallonby D, Gonda A, er al: Management of uremia 
pericarditis: a repo11 of 1 1  patients with cardiac tamponacle and 
a review of me literature. Ann 771orac Surg 22:588, 197 . 

32. Reitknecht F, Regal AM, Antkowiak JG, et al: Management of car
diac tamponacle in patients with malignancy . /  Surg Oncol 30: 19, 
1985 

33. Biran S,  Brufman G,  Klein E, et al: The management of pericar
dia! effusion in cancer patients. Cbest 7 1 : 182, 1977. 

9. The Intraaortic Balloon and 
Counterpulsation 

External left ventricular assist devices (LVADs) are of two 
types. The first type reduces left ventricular work by function
ing as a pump in a parallel circuit with the heart. The second 
is the intraaortic balloon pump (IABP), which assists the 
ischemic left ventricle through improvement in corona1y 
arte1y perfusion and reduction in systemic after!oad by coun
terpulsation. The IABP is by far the most widely used LVAD 
because of its effectiveness, ease of application, and relative 
safety [l ] .  

Equipment 
The balloon is composed of a thin polyurethane or silicone 
membrane that provides strength and antithrombotic proper
ties. Mechanical failures, including leaks, are rare. Intraaortic 
balloons are available in 25- to 50-cc volumes. The most com
monly used size is 40 cc, which measures 15 mm x 263 mm 
(Table 9-1) .  The most common balloon catheter diameter is 
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6.5 French (Fr), which will pass through an 8-Fr inu·oducer. 
This diameter is compatible with the insertion sheaths used 
for diagnostic and therapeutic cardiac catheterization, which 
facilitates intraaortic balloon (IAB) insertion in cor,junction 
with other percutaneous cardiac procedures. Balloons are 
mounted on the end of a oaxial catheter. The smaller central 
lumen is used to pass a 0.020- or 0.025-in. guidewir during 
insertion and to monitor central aortic pressure. The outer 
lumen is the passageway for gas exchange and is c nnected 
to a console that synchronizes inflation and deflation with the 
cardiac cycle and makes automatic adjustments for changes in 
heart rate and rhythm. Circuiny in the console detects arrhyth
mias, gas leaks, and internal malfunctions. Helium is used as 
the driving gas because it low molecular weight allows the 
high gas velocities necessary at elevated heart rates without 
excessive generation of heat. Although the IAB can cycle as 
rapidly as 160 to 200 times per minute, the efficiency of coun
terpulsation is reduced at heart rates over 130 b ats per 
minute. Pharmacologic control of tachycardia r other 
arrhythmia may be necessary for optin1al IAB function. 



Tabl.e 9-1. Fitting the Balloon to the Patient 

Patient Body surface 
Manufacturer height (cm) area (m2) 

Datascope <152  
(Montvale, �) 1 53-162 

163-183 
> 1 83 

Arrow (Reading, PA) < 1 .8 
>1 .8  

JAB, intraaortic balloon. 

Physiology 

lAB 
volume 
(cc) 

25 
34 
40 
50 
30 
40 

lAB 
length 
(mm) 

174 
219 
263 
269 
230 
262 

Counterpulsation improves left ventricular performance through 
a favorable influence on the myocardial oxygen supply and 
demand ratio. Counterpulsation is timed so that the balloon 
inflates at the beginning of diastole and deflates during sys
tole. Because the majority of coronary blood flow occurs 
during diastole, balloon inflation raises the diastolic pressure 
in the aortic root and enhances coronary perfusion. Improve
ment in coronary blood flow occurs without an increase in 
myocardial work and results in a 1 0% to 20% reduction in 
oxygen consumption. Counterpulsation also mechanically 
reduces impedance to ventricular ejection by deflating 
immediately before isovolumetric contraction, producing an 
intravascular volume deficit of approximately 40 cc in the 
aortic root. This allows the next ventricular contraction to 
occur against a reduced afterloacl, resulting in a further 
reduction in the myocardial oxygen requirement. Thus, the 
net effect of counterpulsation in a patient with carcliogenic 
shock is to increase coronary blood flow and myocardial 
oxygen supply while reducing myocardial work and oxygen 
consumption. Cardiac output may increase by as much as 
50%. 

In contrast to other types of circulatory assist devices, the 
IAB requires a minimum cardiac index of 1 .2 to 1 .4 L per 
minute per m2 to be effective. Because of the requirement of 
minimum intrinsic left ventricular ejection, the IAB cannot 
assist the patient who is asystolic or in ventricular fibrillation. 
IAB counterpulsation has little effect on the perfusion of myo
cardium supplied by occluded coronary arteries [2]. 

Indications 

CARDIOGENIC SHOCK. The IAB was developed in the 
hope of reversing cardiogenic shock after myocardial infarction. 
Clinical studies from a number of institutions have confirmed 
that counterpulsation is successful in reversing ventricular dys
function, at least temporarily, in 80% to 85% of patients [3,4]. 
Postmortem studies of refracto1y patients show extensive infarc
tion involving 50% or more of the left ventricle [5]. Although 
counterpulsation is initially effective in reversing shock after 
myocardial infarction, a disappointingly high percentage of 
such patients become dependent on the IAB, as demonstrated 
by a decrease in systemic anerial pressure and cardiac output 
and an increase in left atrial filling pressures when counterpul
sation is temporarily discontinued. Under these circumstances, 
there is relatively little potential for spontaneous improvement 
in left ventricular function after myocardial infarction, and coun-
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terpulsation by itself simply postpones tl1e inevitable outcome. 
When tl1e IAB is used alone in tl1e treatment of cardiogenic 
shock after myocardial infarction, tl1e 1-year survival rate is only 
9% to 22% [6] . 

It is important that the anatomic and functional derange
ments responsible for carcliogenic shock be corrected if the 
high rate of IAB dependence is to be reduced. Aninrnl and 
clinical studies indicate that infarctecl myocardium is sur
rounded by a zone of ischemic tissue that may redevelop 
effective contractility if satisfacto1y corona1y perfusion can be 
restored through thrombolytic therapy, angioplasty, or aorto
corona1y surge1y. Counterpulsation should be initiated as 
soon as it is determined that the shock state is not responsive 
to volume expansion and drug therapy. Once stabilized, as 
indicated by improvement in the cardiac index, peripheral 
perfusion, and urina1y output, tl1e patient should undergo car
diac catheterization and, if feasible, revascularization. The IAB 
is usually removed a clay or rwo later. Only approximately 40% 
of patients with carcliogenic shock after myocardial infarction 
are suitable candidates for revascularization. Although the 
overall mortality rate for early revascularization after myocar
dial infarction is 50%, this represents an improvement when 
compared witl1 medical therapy alone. 

REVERSIBLE MECHANICAL DEFECTS. Counterpulsation is 
ve1y effective in tl1e initial stabilization of patients witl1 mechan
ical intracarcliac defects complicating infarction, uch as acute 
mitral regurgitation and ventricular septa! perforation. Counter
pulsation reduces pulmona1y arte1y pressure and increases car
diac output for both of these lesions, and it also decreases tl1e 
regurgitant V wave seen in mitral insufficiency. Mitra! valve 
replacement with concomitant coronary revascularization is the 
usual treatment for rupture of a papilla1y muscle. 

Acute ventricular septa! defects are usually caused by infarc
tion of tl1e septum clue to occlusion of tl1e left anterior or pos
terior descending corona1y arte1y, or both. The timing of 
surgical repair of an acute ventricular septa! defect remains con
troversial. Some cardiologists have advocated early repair, 
before tl1e development of multiple organ failure. Early opera
tion poses the technical difficulty of suturing recently infarcted 
tissue and is associated with a surgical monality of 36% [7]. With 
the clelayecl approach, mortality is reduced, but some patients 
die before operation. Both methods of treatment rely on coun
terpulsation to maintain pre- and postoperative hemodynamic 
stability [8] 

UNSTABLE ANGINA. Counterpulsation is effective in the 
treatment of unstable angina. To be maximally effective, the 
IAB should be inserted before irreversible myocardial injury 
and cardiogenic shock occur. Some institutions use counter
pulsation ve1y liberally in the trearment of unstable angina 
and report surgical mortality rates approaching tl10se for 
chronic stable angina-2% to 6% [9]. Such statistics are diffi
cult to evaluate because the majority of patients witl1 unstable 
angina also do well with aggressive medical therapy alone. 
Until more exact guidelines are developed from the results of 
randomized comparative trials, treatment of patients with 
unstable angina rests on clinical judgment. Counterpulsation 
should not be used as a substitute for vigorous pharmacologic 
therapy; however, counterpulsation is indicated when angina 
is persistent and when there is ongoing electrocardiographic 
evidence of ischemia, despite maximal medical therapy. 

POSTCARDIOTOMY CARDIOGENIC SHOCK. One of the 
most useful and most common indications for counterpulsa
tion is to aid in weaning patients from cardiopulmonary 
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bypass who have sustained perioperative myocardial injury 
[ 10] .  Postsurgical myocardial dysfunction is often reversible if 
the patient's circulation can be assisted for 24 to 48 hours. 
The best results are achieved when counterpulsation is used 
in conjunction with optimal preloading, reduction of after
load with vasodilators, and early institution of inotropic sup
port to increase cardiac output. When used in this setting, 
approximately 75% of bypass-dependent patients can be suc
cessfully weaned, with a 50% 2-year survival rate. The best 
results are reported for patients with pure coronary artery 
disease, rather than for those requiring valve replacement or 
repair. Postcardiotomy patients who are refracto1y to coun
terpulsation usually require an LVAD to prevent further myo
cardial decompensation (see Chapter 10) [ 1 1 ] .  

PREOPERATIVE USE. Routine preoperative use of  counter
pulsation has been advocated by some centers for certain high
risk patients, including those with unstable angina requiring 
emergency procedures or left main corona1y stenosis greater 
than 70%. It is also advocated for off-pump bypass to posterior 
corona1y a1teries (12], marked left ventricular dysfunction with 
an ejection fraction of less than 0.35, and redo corona1y opera
tions [13-15]. Patients who are placed on lAB suppo1t preoper
atively are repo1ted to have decreased cardiopulmona1y bypass 
tin1e, reduced mo1tality, and shorter intensive care unit stays. 
However, with improvements in anesthetic techniques and 
more sophisticated i.ntraoperative monitoring, many institutions 
now report surgical mortality rates for left main coronary dis
ease equivalent to those for other types of corona1y surge1y 
without preoperative suppo1t [16] .  Because the incidence of 
peripheral vascular complications associated with the use of the 
lAB is significant, the risk of lower lin1b ischernia must be 
weighed against the potential benefits of routine counterpulsa
tion. Most centers now use counterpulsation selectively for 
patients with din1inished ejection fractions and complicated 
redo procedures [17]. 

BRIDGE TO TRANSPLANTATION. Counterpulsation has 
been used to provide mechanical support for patients in left 
ventricular failure while they await cardiac transplantation. 
The IAB may be used alone or in combination with other 
assist devices, such as an extracorporeal membrane oxygen
ator, LVAD, or implantable artificial heart. Not surprisingly, 
the incidence of bacteremia is higher and the survival rate 
reduced for bridged patients compared to those not requir
ing preoperative assistance [ 18] .  

PERCUTANEOUS CORONARY ANGIOPLASTY. The indi
cations and experience with percutaneous corona1y angio
plasty have expanded to include patients with multiple 
corona1y lesions and those with impaired left ventricular func
tion [19] .  Many centers now use counterpulsation to control 
unstable angina before and during corona1y angioplasty and 
stenting [20,21] .  The lAB has also been recommended for pro
phylactic use in patients with severe left ventricular dysfunc
tion and during angioplasty and stenting of an unprotected 
left main corona1y stenosis or a protected stenosis with 
reduced left ventricular function [22]. Some investigators have 
found that counterpulsation decreases the risk of acute coro
na1y reocclusion after percutaneous transluminal coronaiy 
angioplasty, whereas others have found no benefit to the 
overall clinical outcome [23,24]. Nonetheless, counterpulsa
tion may be lifesaving after a failed angioplasty to support the 
myocardium until emergency aortocoronary revascularization 
can be performed. 

CHILDREN. Use of the extracorporeal membrane m..'Ygen
ator has been the most widely used method to treat low car
diac output states in children because it provides biventricular 
and pulmona1y support, whereas counterpulsation benefits 
only the left ventricle. At one time, there was concern that 
the greater elasticity of the aortic wall in children w uld pre
vent effective diastolic augmentation [25,26] . Recently, how
ever, small-caliber balloons have been developed and consoles 
have been modified for ilie small volumes and high heart 
rates required for pediatric use. Counterpulsation has been 
effectively used in infants as young as 7 days [25]. Counter
pulsation appears to be of value in treating perioperative left 
ventricular failure and appears to support low cardiac output 
states until the extracorporeal membrane oxygenator can be 
instituted. 

LESS FREQUENT INDICATIONS. Counterpulsation is fre
quently used to stabilize patients in cardiogenic shock or with 
refracto1y angina during transit from a community hospital to a 
tertia1y care facility, where more definitive treatment is avail
able [27]. Successful use of IABs for treatment of heart failure 
after myocardial trauma has been reported [28]. Coumerpulsa
tion has also been used for perioperative support of high-risk 
noncardiac surge1y, such as aortic aneu1ysm resection or gen
eral surgical procedures [29]. Under most circumstances, it is 
preferable to improve the cardiac status of such patients with 
preliminaiy percutaneous translurninal coronary angioplasty or 
aortocoronary surgery. In some instances, however, because of 
diffuse disease, limited ventricular function, or severe aortoil
iac occlusive disease, coronaiy revascularization may not be 
feasible for patients in need of a major surgical procedure. Pre
limina1y results from counterpulsation for noncardiac opera
tions are encouraging, but experience is still too lin1ited to 
recommend its widespread use in iliis setting [30,3 1 ] .  

Contraindications 
Aortic valvular insufficiency, aortic dissection, and severe 
aortoiliac occlusive disease are absolute contraindications to 
counterpulsation. In the presence of ao1tic regurgitation, an 
IABP would cause transmission of tl1e augmented diastolic 
pressure directly to the left ventricle, which could result in ven
tricular rupture in a patient witl1 a recent myocardial infarction. 
The presence of prostl1etic vascular grafts in the thoracic or 
abdominal aorta, thoracic or abdominal ao1tic aneurysms, and 
aortofemoral grafts are considered relative contraindications. 
The sheatl1less insertion technique should not be used in mark
edly obese patients or in the presence of severe scarring in the 
inguinal area. Because of the need for anticoagulation during 
counterpulsation, gastrointestinal bleeding, tl1rombocytopenia, 
and other bleeding diatheses are relative contraindic tions to 
counterpulsation. 

Insertion Technique 
The technique of lAB insertion described here, while gener
ally applicable to all guidewire-directed IABs, is not · tended 
to be a substitute for thorough familiarity with the manufac
turer's instructions. New IAB devices are frequently intro
duced, each of which has its own variations in technique and 
list of precautions. 



The following equipment is needed: 

1. Manufacturer-supplied sterile insertion kit, including IAB, 
percutaneous insertion needle, guiclewires, vessel dilators, 
introducer shearh, connector rubing, one-way valve, 
syringe, and rhree-way stopcock 

2. Portable fluoroscope or transesophageal echocarcliography 
(TEE) 

3. Povidone-iocline prep solution, srerile drapes, gowns, gloves, 
and rowel clips 

4. 1 % liclocaine wirh syringe and 22-gauge, 1 . 5-in. needle 
5. Sterile gauze pads 
6. No. 1 1  scalpel blade and handle 
7. Dilute heparin solution (10,000 U in 500 mL of normal saline) 
8. Two 0 silk surures on cmvecl curring needles 
9. Needle holder 

10. 5,000 U heparin and a 10-mL syringe 

Before insertion, rhe reasons for recommending counterpulsa
rion therapy and porenrial complications should be fully 
explained to rhe patient and family and informed consenr 
obtained. Because the IAB should be inserted on rhe side wirh 
rhe best circulation, any histo1y suggesting vascular insuffi
ciency, such as intermittent claudicarion or rest pain, should 
be ascertained. Femoral, poplireal, and pedal pulses in borh 
lower extremities should be palpated. If pedal pulses are 
absent, the ankle arm index should be measured with a porta
ble Doppler ultrasonic flow clerecror to determine the limb 
wirh rhe besr circulation. 

IABs are manufactured in several sizes to approximate the 
dimensions of rhe descending thoracic aorta. The appropri
arely sized balloon should be selected based on the patient's 
height or body surface area (Table 9-1). An indwelling can
nula in the radial arte1y is ve1y helpful to moniror arterial 
pressure and to time counterpulsation; ir may be placed 
before insertion of the IAB (see Chapter 3). In an emergency, 
the IAB may be placed first and the central lumen of the 
balloon used ro measure arterial pressure. 

The procedure should be performed wirh the patient supine. 
Cannularion of the femoral arte1y is very difficult if the patient 
cannor lie perfectly flat. In the severely orthopneic patient, con
trolled respiration witl1 a mechanical ventilator may be 
required. Insertion of the IAB should be carried out on a radi
olucent bed, operating table, or cardiac cathererization rable ro 
permit the use of fluoroscopy. An assistant should be available 
to prepare a sterile field on which supplies can be arranged. 
Alternatively, TEE may be used instead of fluoroscopy ro guide 
placement of the balloon. TEE is particularly useful when rhe 
IAB is inserted in conjunction witl1 cardiac surgery. 

Botl1 inguinal areas are shaved and cleansed wirh poviclone 
soap and water, followed by poviclone-iocline solution. Sterile 
towels and sheers are used as drapes, leaving exposed a wide 
area over both femoral a1teries. The contents of tl1e insertion kir 
should be opened and arranged in order of use. The balloon 
should be handled ve1y carefully ro avoid damage ro the deli
cate membrane and kinking of the catheter. The instructions for 
preparing tl1e IAB should be followed closely, because rhe tech
nique varies with the manufacturer. The most common method 
involves aspiration of a srerile one-way valve on rhe IAB Luer 
fitting witl1 a 60-mL syringe. The syringe is removed from tl1e 
valve when tl1e IAB is fully collapsed. The balloon should be lefr 
in irs prorecrive sleeve until rhe femoral arte1y is cannulated. The 
cenrral lumen of the balloon and tl1e percutaneous angiographic 
needle should be flushed witl1 dilute heparin saline. 

Nexr, 10 mL of 1% lidocaine is infiltrated subdermally and 
subcutaneously over tl1e femoral artery pulse. The puncture sire 
should be 1 cm below tl1e inguinal crease directly over rhe fem
oral pulsation. The femoral arte1y can be inunobilizecl between 
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Fig. 9-1. The angiographic needle is inserted at a 45-degree angle 
into the common femoral arreiy. Inset: Pulsatile jet of blood indicates 
that the needle is properly located in d1e center of the anerial lumen. 

the third and fourth fingers while the introducer needle is 
inse1tecl at a 45-degree angle witl1 tl1e bevel pointing cephalacl. 
The needle is passed tl1rough the anterior wall of the common 
femoral arte1y. Intraluminal placement is confirmed by a srrong 
pulsatile jet of blood (Fig. 9-1). A weak jet of blood indicates that 
the needle is not properly located in the center of tl1e arterial 
lumen; it should be witl1Clrawn and replaced. When tl1e needle 
is properly placed in the arte1y, a J guidewire, 145 cm long and 
0.020 or 0.025 in. in diameter, is passed though the needle and 
advanced under fluoroscopic control until the tip is in the tl10-
racic aorta (Fig. 9-2). The guidewire should easily pass t11rough 
the cannula. Even minimal resistance may indicate that tl1e 
guidewire is coiling. Under these circumstances, the guidewire 
should be removed, the needle repositioned for a brisk jet of 
blood, and another attempt made witl1 a new wire. When the tip 
of the guidewire is satisfactorily positioned in tl1e thoracic aorta, 
the patient should be intravenously anticoagulated wi.tl1 5,000 U 
of heparin. The introducer needle is witl1clrawn, leaving tl1e 
guiclewire in place. To faci.lirate passage of rhe dilators and 
sheatl1s, a 4-nun incision is made at the puncrure site using a no. 
1 1  scalpel blade. A 6/8-Fr tapered dilator is passed over tl1e 
guiclewire and, wirh a rotating motion, passed tlu·ough the skin 
and subcutaneous tissue into the femoral a1tery (Fig. 9-3). This 
dilator is removed and exchanged for a 8-Fr dilator with an over
lying Teflon sheath. Pressure is maintained over the puncrure 
site to control bleeding during tl1e exchange. Approxin1ately 2.5 
cm of the sheath is lefr exposed caudal to the puncrure site. 

The IAB is removed from the protective sleeve with care not 
to touch the balloon surface with metal instruments, which can 
damage the polyurethane membrane. The dilator is removed, 
leaving rhe introducer sheath and guiclewire in the artery. The 
sheath contains a valve ro prevenr back-bleeding during this 
maneuver. The free encl of the guiclewire is passed tl1rough tl1e 
central lumen of the IAB. The IAB is advanced over the 
guiclewire and through the shearh inro the descending thoracic 
aorta, under fluoroscopic or TEE guidance (Fig. 9-4). As the 
IAB is advanced, a slight "give" or decrease in resistance is 
clerecred as rhe IAB exits from rhe clisral encl of the shearh. The 
tip of the balloon is racliopaque and readily visible by fluoros-
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Fig. 9-2. When the angiographic needle is properly placed in the 
artery, the guidewire is advanced under fluoroscopic control until the 
tip is in the thoracic aorta (see inset). 

copy or TEE. It should be positioned 2 cm distal to the origin 
of the left subclavian a11e1y or at the caudal wall of the trans
verse aonic arch (31 ,32]. The IAB must be inserted to the level 
of the manufacturer's mark (usually a double line) on the IAB 
catheter to ensure that the entire membrane has emerged from 
the sheath to permit complete balloon opening. Failure of the 
balloon to completely exit the sheath will reduce diastolic aug
mentation, cause high balloon filling pressures, and lead to 
balloon fatigue and eventual rupture with gas embolization. 
When the IAB is properly positioned, the sheath seal is pushed 
over the hub of the sheath to control bleeding (Fig. 9-5). 
Return of blood though the central lumen of the IAB provides 
reassurance that the device has not caused a dissection. When 
in doubt, a small quantity of angiographic dye may be injected 
to confirm the final position of the IAB; thereafter, the cenu·al 
lumen should be carefully aspirated, flushed with heparinized 
saline, and used to monitor intraaortic pressure and to time 
counterpulsation. The one-way valve is removed and the 
female Luer fitting connected to the gas delivery line from 
the IAB console. The IAB and sheath should be secured to the 
inner thigh with heavy silk sutures. Antibiotic ointment should 
be applied to the puncture site, followed by a sterile occlusive 
dressing. 

Alternatively, the IAB may be inserted without the use of 
the sheath, which reduces the intraluminal arterial obstruction 
and may decrease the risk of ischemic complications to the 
lower limb. Sheathless insertion of the IAB results in a 30% 
reduction in the cross-sectional area occupied by the catheter 
[33l. The sheathless technique is identical to that just 
described, except that insertion of the introducer, dilator, and 
sheath is omitted. The stepped dilator is advanced over the 

Fig. 9-3. A 8.0-French dilator with overlying Teflon introducer sheath 
is passed over the guidewi.re. A rotaiy motion and firm pressure are 
necessary to enter d1e lumen of the femoral anery. 

wire to dilate the subcutaneous tunnel and arterial wall punc
ture. The dilator is then removed from the guidewire. Passage 
of the IAB without a sheath requires a more spacim1_ subcuta
neous tunnel, which can be produced by gently spreading a 
mosquito hemostat along the tract of the guidewire. The IAB 
should be moistened with sterile saline before insertion. The 
inner styler is removed by rotating the Luer lock fining one
half turn counterclockwise. The free end of the guidewire is 
inserted into the tip of the IAB until it exits from the female 
Luer fitting of the hub. The IAB is advanced over the 
guidewire through the skin and subcutaneous tissue, holding 
the IAB close to the insen.ion point to prevent kinking. As the 
IAB enters the a1te1y, blood under arterial pressure runs back 
along the folds of the balloon but should stop once e IAB is 
completely inserted. The balloon is advanced to the proper 
position in the descending thoracic aorta. Sterility of the 
exposed catheter is maintained until its position has been con
firmed by fluoroscopy or chest radiograph because it cannot 
be repositioned once it has been contaminated. The .,,uiclewire 
is removed, and the central lumen is aspirated and then 
flushed with dilute heparin. When the final position of the IAB 
has been verified, the hub is secured to the inner d1igh with 
heavy silk sutures and covered with a sterile occlusive dress
ing. Counterpulsation is initiated as described earlier. 

Insertion of d1e IAB is most safely performed wit fluoros
copy. In emergency conditions, the IAB may be inserted with
out fluoroscopy. Under these circumstances, the length of the 
IAB to be inserted should be approximated by laying the 
device on the patient's chest so that the tip lies at the level of 
the third intercostal space and then marking the site on the 
catheter where it will e. ·r the introducer with a sil tie . After 



Fig. 9-4. The intraaortic balloon is advanced over the guidewire 
into the descending thoracic aorta under fluoroscopic guidance. 

insertion, the final position of the IAB must be verified with a 
portable chest radiograph and adjusted as necessa1y. TEE is 
frequently used to evaluate left ventricular function during 
cardiac operations [34,35]. Because of its ability to image the 
thoracic aorta in real time, it facilitates the insertion and posi
tioning of the guidewire and balloon catheter. TEE can also 
confirm the presence of significant aortic valvular regurgita
tion, severe atherosclerotic aortic disease, acute aortic dissec
tion, or misplacement of the IAB. It is a relatively noninvasive 
means to evaluate d1e position of the IAB in the thoracic aorta 
intraoperatively, and it can be used to monitor corona1y blood 
flow velocity during counterpulsation [31 ,32]. 

The patient should be anticoagulated with a heparin infu
sion to maintain the partial thromboplastin time at twice the 
control value to reduce the risk of embolism from the surface 
of the balloon and to prevent thrombosis of d1e femoral artery 
at the puncture site. When anticoagulation is contraindicated 
because of thrombocytopenia, gastrointestinal bleeding, or 
recent surge1y, an infusion of low-molecular-weight dextran 
at 20 mL per hour may be used. A prophylactic antibiotic 
effective against Stapbylococcus aureus, such as cephalothin, 
is recommended to prevent bacterial seeding of the IAB. 

As soon as d1e IAB is in position, the circulato1y status of the 
limb should be checked. Due to partial obstruction of blood 
flow in the iliac and femoral arteries, it is not unusual for the 
IAB to cause previously palpable pedal pulses to decrease or 
even disappear. Usually, there is sufficient collateral flow to 
prevent severe ischemia. Adequacy of circulation is indicted by 
d1e preservation of sensation, motion, and normal color and by 
the absence of pain. Sedation or the residual effects of general 
anesthesia may make neurovascular assessment unreliable. 
Under these circumstances, measurement of the Doppler ankle 
a.rm index provides an objective evaluation of the circulation. 
The postinsertion ankle arm index should be compared with 
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Double Line --

Shearn Hub 

Fig. 9-5. The tip of the intraao1tic balloon is positioned 2 cm distal to 
the origin of the left subclavian a11e1y. The intraaortic balloon must be 
inserted to the level of the double line to be sure the entire membrane 
has emerged from the sheath. Inset: The sheath seal is pushed over the 
sheath hub to conu-ol bleeding. The sheath and cad1eter hubs are 
sutured in place. 

the preinsertion value. A Doppler ankle pressure less than 40 
mm Hg or an ankle arm index less man 0.25 indicates severe 
circulatory impairment. As long as the IAB is in position, it is 
imperative d1at d1e circulato1y status be monitored eve1y 1 to 2 
hours. It is a common error to concentrate on the patient's car
diac problems and to overlook progressive limb ischemia. 

Acute limb ischemia may occur at any time after initiation of 
counterpulsation but is most likely to occur immediately after 
IAB placement; after a decrease in cardiac output, especially if 
accompanied by an increase in inotropic support; or in11Tiedi
ately after cardiac surge1y. Some degree of ischemia occurs in 
many patients and is usually well tolerated and reversible 
when the IAB is removed. Consequently, initial management, 
particularly if the ischemia is mild, is conservative. Improve
ment in cardiac index, increase in systemic blood pressure 
and core temperature, and weaning from a-adrenergic agents 
often improve peripheral perfusion. Drawing the insertion 
sheath back until the distal encl just emerges from the femoral 
artery may allow enough increased blood flow past the cathe
ter to relieve limb ischemia. 

Severe ischemia, indicated by the absence of an arterial Dop
pler signal over d1e clorsalis peclis or posterior tibial arteries at 
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the ankle, requires prompt treatment. If the patient is not bal
loon dependent, the easiest solution is to wean rapidly and 
remove the IAB . If the patient is balloon dependent and the 
indication for counterpulsation is unstable or postinfarction 
angina, urgent cardiac catheterization and emergency coronary 
revascularization, followed by prompt removal of the IAB , 

should be considered. If coronary angiography and revascular
ization are not feasible, or if the ischemia is sufficiently severe 
tlwt tl1e circulation must be improved inunediately to prevent 
tissue necrosis, transfer of the lAB to the opposite limb is the 
most expeditious treatment. Percutaneous or surgical removal 
of the lAB with thrombectomy should be considered for 
patients with acute leg ischemia. If the ischernia recurs on tl1e 
contralateral side, the procedure may have allowed enough 
time to establish adequate pharmacologic support of the myo
cardium to proceed with cardiac catl1eterization and corona1y 
revascularization. Return of a Doppler arterial signal in tl1e distal 
vessels is an irnpo1tant indication tl1at the acute leg ischemia has 
improved. Alternatively, a vascular bypass from the opposite 
common femoral artery to the superficial femoral arte1y distal to 
tl1e lAB inse1tion site can restore nearly normal circulation. 
Although it may require transporting the patient to me operat
ing room, the procedure is relatively minor and can be per
formed under local anesthesia. The procedure is highly 
successful in relieving limb ischemia, and the graft may be left 
in place when the lAB is removed. After establishing adequate 
arterial inflow, the limb must be closely observed for develop
ment of a compartment syndrome indicated by pain and tense 
swelling of the calf muscles. Surgical decompression of tl1e 
swelling is necessa1y to prevent rhabdomyolysis, myoglobin
uria, renal failure, and limb loss. The final option for the 
IAB-dependent patient is to accept tl1e possibility of future 
amputation and to leave the device in place. Usually tl1is choice 
is made only for the patient whose chances for survival are 
considered extremely poor. 

Triggering and Timing of the 
Intraaortic Balloon Pump 
The most important prerequisites for effective counterpulsa
tion are a means to trigger deflation and proper timing of the 
inflation-deflation cycle. The R wave of me patient's electro
cardiogram (ECG) is the most common means for timing bal
loon inflation. The IAB console is designed to detect the R 
wave of the ECG and is initially set so that inflation occurs at 
the peak of the T wave, which corresponds approximately 
with closure of the aortic valve. Deflation is then timed to 
occur just before the next QRS, which correlates with ventric
ular systole. It is important to select the ECG lead with the 
most pronounced R wave. Most triggering problems are clue 
to an ECG with an R wave of low amplitude, dislodged elec
trodes, or electrical interference. If the patient has an 
implanted or external pacemaker, the pacing artifact may 
cause false triggering. In this setting, the lead in which the 
artifact has the minimum amplitude or is of a negative sign is 
selected. Most IAB consoles have circuitly designed to reject 
the pacing artifact. In addition, intermittent right bundle
branch block, in which the R wave is of va1ying amplitude, or 
atrial fibrillation, in which the R-R interval is variable, may 
interfere with effective ECG triggering. The arterial waveform 
may also be used to trigger the IAB. In this mode, the 
upstroke of the arterial wave is sensed by the console. A 
fairly sharp upstroke with a pulse pressure of at least 40 nun 
Hg is necessary for reliable arterial triggering. This mode is 
useful when ECG triggering is not feasible because of the 

lack of a consistently good R wave or when there is electrical 
interference, such as intraoperative use of electrocautery. 

The IAB may be triggered by an external pacemaker. In this 
mode the pacing a1tifact, ratl1er than tl1e patient's R wave, is 
used to trigger inflation. This method is very useful hen me 
ECG is of poor electrical quality or when pacing is necessary for 
braclycarclia, complete heart block, or overdriving ventricular 
ectopy; however, it must be emphasized mat tl1is is a potentially 
lemal means of triggering. If pacing capture is lost, tl1e timing of 
inflation and deflation will follow tl1e pacemaker rather tl1an the 
cardiac ejection pattern. Consequently, it is possible for tl1e lAB 
to inflate during systole. Because of tl1e potential hazards of 
pacemaker-triggering of me IAB , we reconu11encl use of this 
mode only in an emergency, when u·iggering cannot be 
effected by ECG or arterial waveform, and tl1en onlv with an 
lAB technician in constant attendance. Finally, counterpulsation 
can be triggered by an internally generated signal from the lAB 
console at a fixed rate. This triggering mode is used only to gen
erate a pulse during cardiopulmonary bypass or cardiac an-est. 

When initiating counterpulsation, tl1e console should be set to 
a 1 to 2 assist ratio so tl1at tl1e effects of augmentation on eve1y 
otl1er beat can be analyzed. The lAB should be inflated to full 
volume right from the start so as to completely unfurl me IAB . 

Slide switches on tl1e console permit adjustment of tl1e timing of 
botl1 inflation and deflation during me cardiac cycle (Fig. 9-6). If 
tl1e lAB is inflated too early, when the ao1tic valve is still open, 
left ventricular workload is increased rather than reduced. If 
inflation occurs too late, diastolic aortic root pressure fails to rise 
significantly, and there is no improvement in coronary perfu
sion. Deflation should occur just before systole; consequently, it 
should be timed so tl1at the intraaortic pressure is at a minimum 
when me ao1tic valve opens. If deflation occurs too early, me 
benefit of improved coronary filling in late diastole is lost. When 
deflation is too late, tl1e left venu·icle must contract against me 
residual pressure caused by a pa1tially inflated IAB. 

When tl1e lAB technician and physician are satisfied witl1 bom 
triggering and timing, the lAB may be set to a 1 to 1 ratio to 
assist each cardiac cycle. The lAB inflation results in a diastolic 
pressure tl1at exceeds the systolic pressure. Conversely, deflation 
of the balloon reduces end-diastolic pressure by 15 to 20 nm1 Hg 
and systolic pressure by 5 to 10 nu11 Hg. Timing should be 
rechecked eve1y 1 to 2 hours and whenever tl1ere i, a greater 
tl1an 20% change in heart rate, change in cardiac output, devel
opment of arrhytlunia, or change in triggering mode. When 
retiming, it is helpful to rerurn tl1e console to a 1 to 2 assist ratio. 

Finally, tl1e console should be switched from manual to 
automatic operation, which will activate internal monitoring 
circuits that will stop the lAB and sound an alarm when cer
tain malfunctions are detected. The monitored functions 
include volume and pressure in the IAB, me presence of leaks 
causing loss of driving gas, loss of ECG or arterial igger sig
nal, detection of arrhythmias and changes in heart rate, and 
improper deflation of the IAB. Because many patients are 
adversely affected by even a brief loss of counterpulsation, it 
is important that physicians and intensive care nurses be com
pletely familiar with the detection and prompt correction of 
conunon problems associated with the use of cou.nterpulsa
tion. An experienced lAB technician must be available on a 
24-hour basis to manage the more complicated, but fortu
nately infrequent, equipment malfunctions. 

Weaning from Counterpulsation 
Cessation of counterpulsation involves two steps: weaning 
and IAB removal. The lAB console can provide counterpulsa-
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tion ratios of 1 to 1 ,  1 to 2, 1 to 3, and 1 to 8. In addition, some 
consoles permit weaning by a gradual reduction in balloon 
volume. The patient may be progressively weaned by reduc
ing the assist ratio or IAB volume and checking the cardiac 
index and filling pressures at each level. When the patient has 
been weaned to a 1 to 3 counterpulsation ratio and has been 
stable for a few hours, the IAB may be removed. 

The heparin infusion should be stopped at least 2 hours 
before removing the percutaneous IAB. The prothrombin and 
panial thromboplastin tin1es should be near normal and the 
platelet count greater than 60,000 per mm3 before removal of a 
percutaneous IAB . The IAB console should be turned to 
"standby" or "off. " The dressing and securing sutures should be 
removed. The IAB catheter should be disconnected from the 
back of the console, and an assistant should use a 50-ml 
syringe to apply continuous negative pressure. The gasket is 
then removed from the sheath connector and the IAB is with
drawn until the balloon membrane abuts the sheath. The oper
ator should not attempt to wid1draw the balloon into d1e 
shead1. The IAB and shead1 are then removed as a unit. Apply 
digital pressure distal to d1e arterial puncture site to allow free 
antegrade bleeding for 1 to 2 seconds to flush any residual 
thrombus. Firm pressure is then applied directly over the punc
ture site for 45 minutes to obliterate the femoral pulse before 
d1e operator checks for bleeding. If d1ere is any evidence of 
bleeding, pressure should be reapplied for an additional 1 5  
minutes. The use o f  sandbags o r  e:Kternal compression clamps 
is not recommended because they do not apply sufficient 
localized pressure over the puncture site and can conceal a 
developing hematoma. Occasionally, particularly in obese or 
hypertensive patients, local pressure, even for 1 hour or more, 
will not control bleeding from the puncture site, and as a result 
a hematoma forms. This is best managed wid1 early surgical 
exploration, evacuation of d1e hematoma, and direct surgical 
repair of the puncture site. As soon as d1e IAB is removed and 
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Fig. 9-6. Slide switches on the 
imraaortic balloon (!AB) console per
mit proper tinling of inflation and 
deflation during the cardiac cycle. 

adequate hemostasis obtained, tl1e circulato1y status of tl1e limb 
should be carefully checked. 

Complications of Countelpulsation 
Complications of counterpulsation may be grouped into three 
categories: (a) d10se that occur during the insenion procedure, 
(b) those that develop while the IAB is in place, and (c) d1ose 
d1at are the consequence of IAB removal. The overall compli
cation rate for percutaneous IAB placement is approximately 
1 2%. The incidence of serious complications, such as amputa
tion or death, related to the IAB has steadily decreased and is 
now less than 1 % [36-38] .  The most significant risk factors for 
limb ischemia are female gender and small body surface area, 
reflecting small-caliber vessels. Other risk factors are insulin
dependent diabetes, elevated end-diastolic pressure, history of 
smoking, postoperative insenion, and significant peripheral 
vascular occlusive disease as indicated by a preinsertion ankle 
arm index less than 0.6 [391. Altl1ough the physician cannot 
select patients who are free of risk factors, earlier catheteriza
tion and revascularization can be considered for patients who 
are at increased risk of developing limb ischemia. 

COMPLICATIONS DURING INSERTION. The most com
mon complication related to insertion is failure of the IAB to 
pass the iliofemoral system because of atherosclerotic occlu
sive disease or marked torruosity of tl1e iliac ane1y. With the 
currently available 8.0-Fr percutaneous IAB, the reported fail
ure rate is approximately 6% and may be slightly higher with 
the sheatl1less technique. If severe peripheral vascular disease 
precludes IAB placement, the balloon may be inserted from 
the ascending aorta at the time of cardiac surgery. The trans-
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thoracic route permits expeditious placement under direct 
vision and avoids potential ischemic complications to the 
lower extremities. The disadvantages of this approach are the 
risk of cerebral embolism during insertion, increased rate of 
balloon rupture, risk of mediastinal bleeding and infectious 
complications, and the need for a second operative procedure 
for its removal [40,41] .  Although the complication rate of trans
thoracic placement is similar to that for the femoral route, the 
magnitude of the complications is potentially greater. Clearly, 
transthoracic placement of IAB is not available to nonsurgical 
patients [42]. 

There have been case reports of successful IAB insertion 
through the right subclavian and axillary arte1y. The useful
ness of these approaches is limited by the fragility and rela
tively small caliber of the arteries [43]. Under emergency 
circumstances, an IAB may be inserted though the femoral 
limb of an aortobifemoral graft, with a reported infection rate 
of 1 2% [44]. Because of the potential for infection in a pros
thetic graft, with its associated high morbidity and mortality, 
the duration of counterpulsation should be minimized when 
this method of access is used. 

Other complications of IAB insertion include aortic or iliac 
dissection, arterial perforation, and bleeding. Perforation usu
ally occurs in the common iliac arte1y because of difficulty in 
negotiating a tortuous vessel or angulation at the aortic bifur
cation. Arterial perforation is an acute emergency requiring 
urgent surgical intervention. Retrograde dissection of the iliac 
artery can occur when the catheter elevates a large atheroscle
rotic plaque and is advanced in a subintimal plane [45]. Inser
tion of the IAB without fluoroscopic or TEE guidance has led 
to misplacement of the balloon in the left ventricle and sub
clavian, left common carotid, renal ,  and contralateral femoral 
arteries [46]. These types of arterial injuries and misplacements 
can be minimized by the use of wire-guided IAB and continu
ous fluoroscopy during the insertion procedure. 

Complications while the 
Intraaortic Balloon Is in Place 
Limb ischemia is the most common complication of counter
pulsation and is sufficiently severe to require removal of the 
IAB in approximately 1 0% of patients. Early IABPs used a 1 2-Fr 
catheter placed though a surgical cutdown over the common 
femoral artery. Smaller catheters and the sheathless insertion 
technique have reduced the severity, but not the frequency, of 
complications [47] . It appears that the advantage of smaller
caliber balloons is offset by their use in higher-risk patients 
[48] . 

Because the IAB is a foreign body in continuous contact 
with the circulation, there is justifiable concern about infection. 
Surprisingly, septic complications are relatively unusual, even 
with prolonged periods of counterpulsation [49] . In one study 
of more than 700 patients, only 1 .4% developed septicemia. 
However, when sepsis does occur in the presence of IAB, the 
mortality rate is high. Positive blood cultures in a patient on 
counterpulsation require prompt removal and culture of the 
IAB and treatment with appropriate intravenous antibiotics. 

Some degrees of thrombocytopenia and hemolytic anemia 
are observed in most patients with an IAB, clue to mechani
cal trauma from contact with the surface of the balloon. 
Platelet counts should be performed daily. Because heparin 
may also cause thrombocytopenia, low-molecular-weight 
clextran should be substituted for heparin if the platelet 
count falls below 1 00,000 per mm3. There is usually no need 
to transfuse platelets unless the patient develops overt 

bleeding. The platelet count usually returns to normal soon 
after the IAB is removed. 

There have been case reports of embolization of platelet 
aggregates from the surface of the balloon or disloclgment of 
atherosclerotic debris from the aortic· wall to the mesenteric, 
renal, spinal, cerebral, and peripheral arteries. Such complica
tions are unpredictable and are not preventable with the use 
of anticoagulation or antiplatelet drugs. Rupture of the IAB 
occurs in 2% to 4% of patients and may cause embolization of 
the helium driving gas, resulting in a cerebrovascular accident 
or death. Balloon rupture is probably not clue to fatigue of the 
polyurethane membrane; one IAB was used for nearly a year 
(30 million cycles) in a single patient without leaking [50,51] .  
Balloon perforation seems to be most frequent in patients 
with a small-caliber aorta where there is intimate contact 
between the IAB and the wall of the aorta with each inflation. 
In this situation, a sharp plaque can abrade the balloon mem
brane, causing gas to escape into the circulation. An IAB rup
ture, therefore, may be heralded by console alarms detecting 
"gas loss . "  Blood in the connecting tubing is the hallmark of 
rupture and requires immediate cessation of counterpulsation, 
placement of the patient in the Trenclelenburg position to pre
vent cerebral gas embolization, and IAB removal. Antibiotic 
coverage should be broadened, because the gas chamber of 
the IAB is not sterile. If the patient is dependent on counter
pulsation, the IAB may be replaced over a guidewire. 

A related, serious complication is IAB enu·apment. A small 
perforation in the balloon membrane permits a slo leak of 
blood into the balloon lumen. The d1y helium desiccates the 
collected blood, forming a rock-hard pellet that impinges 
against the orifice of the common iliac artery during attempted 
removal. The desiccated pellet can be rehydrated with a ster
ile saline solution instilled by syringe though the gas port of 
the IAB catheter [52]. Once the pellet is liquefied, the IAB may 
be withdrawn percutaneously. If resistance to removal is still 
present, the IAB should be removed by an open suraical pro
cedure. Because entrapment can occur only if there is a bal
loon perforation, even a trace of blood in the tu ing is an 
indication to remove or exchange the IAB. 

COMPUCATIONS DUR.ING OR AFTER REMOVAL As noted 
earlier, the IAB may be removed percutaneously by withdrawing 
the balloon and sheath together, after which the puncture site 
is compressed for 45 to 60 minutes. A randomized prospective 
study showed that the incidence of vascular complications for 
IABs removed percutaneously was 4%, the same as with an 
open surgical procedure [53]. Although the majority of percuta
neously placed IABs may be safely removed withouc an oper
ation, surgical removal is still recommended for pauents who 
are anticoagulated, who have a coagulopathy, or in whom the 
IAB was placed with an operative procedure. A11erial perfu
sion of the limb should be checked soon after removal of the 
IAB by palpation of pulses and measurement of the ankle arm 
index. The puncture site should be examined for hematoma, 
false aneu1ysm formation, and arteriovenous fistula. A charac
teristic continuous bruit heard over the puncture site indicates 
an arteriovenous fistula. Duplex ultrasound is a useful method 
to confirm the diagnosis. 

Conclusions 
The IAB is the most widely used exrernal LVAD currently avail
able. Its major value lies in its ability to buy time so tl1at cardiac 
catheterization can be performed to look for remediable coro
nary anery disease or a surgically correctable mechanical defect. 



In addition, it can often permit weaning from cardiopulmona1y 
bypass of the cardiac surgical patient with depressed left ven
tricular function. Even in the most capable hands, there is prob
ably an irreducible incidence of complications clue to associated 
severe peripheral vascular disease and diminished cardiac out
put. The incidence of vascular complications from lAB place
ment has remained unchanged during the past 20 years despite 
advances in teclmology. However, the severity of the complica
tions has significantly di.!11.inished. The incidence of complica
tions can be minilruzecl by limiting lAB use to well-accepted 
indications, maintai.!1ing meticulous insenion techniques, and 
carefully monitoring lin1b circulation after implantation. 
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1 0. Extracorporeal and Intracorporeal 
Support Technologies for Severe Cardiac 
and Respiratory Failure 

A limited number of pharmacologic therapies are available for 
tl1e treatment of respirato1y and cardiac insufficiency in the 
intensive care unit. When cardiac or respiratory failure is suffi
ciently severe (end-organ failure) to require full support, tl1e 
therapies available to tl1e intensivist are actually mechanical. This 
chapter covers advanced extracorporeal, paracorporeal, and 
intracorporeal mechanical tl1erapies for heait and lung failure. 
Altl10ugh some of these techniques are considered "standard of 
care," we also cover otl1er therapies that can be considered 
novel and extraordinary, and not simply experimental. 

Cardiac Support 
Cardiovascular disease continues to be tl1e leading cause of 
deatl1 in the United States, witl1 approxin1ately two-thirds of 
these fatalities attributed to left ventricular failure. Cardiogenic 
shock occurs in 15% of patients who reach tl1e hospital after an 
acute myocardial infarction. Despite maxinrnm medical support 
and use of an intraaortic balloon pump (IABP), only 1 5% of 
these patients survive [1] .  Likewise, of approximately 350,000 
cardiac surgical procedures performed each year in tl1e United 
States, 1 % to 7% require placement of an IABP, witl1 65% surviv
ing [2,3]. It is further estimated that 0.2% to 1 . 2% of patients 
undergoing cardiac surgery fail attempts at weaning from car
diopulmonary bypass (CPB), even with IABP support [4]. 

The patients identified above, as well as tl10se with progres
sive cardiac failure awaiting transplantation, constitute a pop
ulation in whom placement of a ventricular assist device 
(VAD) is potentially life-saving. These devices provide an 
improved means of suppo1t for a failing left ventricle and are 
often the only means of support to prevent progression to 
complete cardiac decompensation and death. This section 
focuses on the variety of mechanical assist devices used clini-
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cally for acute left ventricular failure (excluding IABPs, which 
are discussed in Chapter 9).  

PATHOPHYSIOLOGY OF LEFT VENTRICULAR FAILURE. 
Cardiac function in botl1 the normal and failing states is best 
described by Starling's law, which identifies cardiac perfor
mance as directly proportional to ventricular preload in a pres
sure-volume relationship. As ventricular volume is increased 
(producing a concomitant rise in end-diastolic filling pressure), 
the resultant stroke volume also increases within a normal 
physiologic range. The ability of the ventricle to respond with 
an increase in stroke volume (and thus an increase in cardiac 
output) depends on the ability of the myocardial fibril to 
respond to stretching with an increased force of contraction. 

When the myocardial fibril stretches beyond twice its nor
mal length, tl1ere is progressive loss of active tension and an 
increase in resting tension (a point marked by a s_ ift to the 
descending limb of Starling's curve) . Progressive c rdiac fail
ure and a decline in cardiac output ensue, as fu1ther volume 
loading simply produces a greater rise in left ventricular end
diastolic pressure and a decline in stroke volume: With pro
found myocai·dial ischemia or frank myocardial infarction, 
Starling's curve shifts do ·nward and to the right, representing 
a progressive decline in myocardial contractility. 

This model of progressive loss of ventricular power may 
begin with an imbalance between myocardial oxygen supply 
and demand. A reduction in high-energy phosphate stores in 
tl1e myocardium results in a decline in velocity and extent of 
myocardial fibril shortening (depressed contractility), as well 
as an increase in ventricular wall tension. With rising wall ten
sion, oxygen demand is increased while supply is decreased 
to the subendocardium. Progressive deterioration f left ven
tricular performance ultimately results in inadequate global 
tissue perfusion, accompanying acidosis, and eventual end
organ dysfunction. Left ventricular failure specific lly results 
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in pulmona1y congestion and hypoxemia, compounding the 
insult to tissue perfusion. 

Treatment is thus aimed at reducing myocardial oxygen 
demand, augmenting myocardial oxygen supply, and improv
ing ventricular performance. Inotropic agents can increase 
cardiac contractile function, although at the expense of an 
increase in myocardial oxygen demand, potentially hastening 
the progression of ischemia. More effective treatment is pro
vided by the IABP, which increases myocardial perfusion and 
reduces left ventricular wall tension and afterload [5]. For 
patients with postcardiotomy cardiogenic shock, a similar pat
tern may ensue. Aggressive pharmacologic support with ino
tropic agents and prompt use of an IABP can lead to 
successful weaning from CPB in the majority of these patients. 
For the remainder, either a VAD or extracorporeal membrane 
oxygenation (ECMO) may be indicated [6,7]. 

In experimental studies, left heart bypass has been shown 
to reduce infarct size [8-1 2] and decrease myocardial oxygen 
consumption and ventricular workload [ 1 1 , 1 2) .  Left ventricular 
assist devices (LVADs) have also been found to be more effec
tive than IABPs in reducing myocardial oxygen consumption 
[13) and more effective than a combination of IABP and phar
macologic inotropic support in preserving myocardial struc
ture and function in an experimental model [14) .  

LVADs pump blood from the left au·ium or left ventricle into 
the aorta. By reducing the workload of the heart (i.e . ,  the wall 
tension), the LVAD allows a period of metabolic recovery for 
ischemic myocytes. High-energy phosphate stores are replen
ished, and ischemic myocardium on the border of an infarct 
zone may recover. Sinrnltaneously, tissue perfusion is sustained. 

HISTORICAL PERSPECTIVE. The use of CPB is based on 
the pioneering work of Gibbon, who developed extracorpo
real circulation and was the first to apply it clinically in 1 953. 
Liotta was the first to use an LVAD clinically [15 ] .  Although 
roller pumps were used initially [16,  17),  they were supplanted 
for use in adults in most centers by centrifugal pumps, which 
provided longer periods of support without the embolic and 
hemolytic consequences of roller pumps. Before 1985, most 
assist devices were used for postcardiotomy cardiogenic 
shock. Since then, they have also been used to support 
patients with acute myocardial infarctions complicated by car
diogenic shock and as bridges to cardiac transplantation [18) .  

Recent years have been characterized by u·emendous 
growth in the research and technologic development of car
diac assist devices. Both nonpulsatile pumps (used in the 
operating room as components of CPB circuits) and pulsatile 
devices (containing prosthetic valves) are currently in use. As 
long-term support is becoming more widespread, fully 
implantable systems have gained popularity, both as bridges 
to transplantation and, in an experimental trial, as permanent 
replacements for the left ventricle. Their clinical and eco
nomic benefits are well documented [19) .  

FEATURES OF VENTRICULAR ASSIST DEVICES. VADs may 
vary in location in relation to the patient, the pumping mech
anism used, and the expected time course of support. They 
may be specifically used for short-term support (e .g . ,  to pro
vide perfusion during a time of venu·icular recovery in the set
ting of an acute myocardial infarction or after failure to wean 
from CPB) or Jong-term support (e.g. ,  as bridges to transplan
tation). Most recently, much research-as well as one clinical 
human trial-has focused on permanent implantation of total 
artificial hearts. 

The pumps may be located extracorporeally (set apart from 
the body) or paracorporeally (in contact with the patient), or 
they may be implanted (usually in the abdominal wall), with 

cannulae connecting them to the heart and great vessels. Pul
satile flow systems vary in their mode of function, with asyn
chronous systems pumping at a fixed, independent rate, and 
synchronous systems pumping in coordination with native 
ventricular contraction. Although synchronous pumping theo
retically results in better decompression of the native ventri
cle, the intrinsic heart rate may be too fast and irregular for 
optimal filling [20). Retrospective analyses comparing nonpul
satile and pulsatile modes have shown no significant statistical 
difference in terms of ability to wean from VADs and subse
quent survival rates [21) ,  likely due in part to the common use 
of an IABP with nonpulsatile VADs to provide a degree of pul
satile flow to the system. 

lYPES OF VENTRICULARASSIST PUMPS. Roller pumps were 
initially used and have shown acceptable patient swvival rates 
when used for up to 48 hours [10). Disadvantages include hemol
ysis and embolization during prolonged use and the ability to 
provide only a limited amount of flow (no greater than 3 L per 
minute) [22). 

The Hemopump (Johnson & Johnson, Warren, NJ), devel
oped in the late 1 980s, was designed for short-term use. Using 
a rota1y pump contained in a narrow 7-mm chamber on the 
end of a catheter, it provides for axial flow rates of up to 3 .5  to 
4.0 L per minute [23-25). Inse1ted through a graft sewn onto 
the common femoral artery, the device tip is positioned in the 
left ventricle, from which blood is drawn and ejected into the 
aorta. This provides nonpulsatile flow over a short period and 
is perhaps most useful in a setting of acute hemodynamic dete
rioration from cardiogenic shock. Technical difficulties with 
this device include problems with insertion (Jack of adequate 
vascular access) and kinking of the catheter at the insertion site 
[24). 

Centrifugal pumps were commonly used as extracorporeal 
devices and result in less trauma to blood components than 
do roller pumps [26). Although there was initial concern that 
centrifugal pumps would cause pump-induced trauma to 
blood components, studies on long-term use have not found 
this to be the case [27). They provide nonpulsatile flow to one 
or both ventricles and are available in two types: vortex 
pumps (BioMedicus, Eden Prairie, MN) [28-32) and impeller 
pumps (Sarns/3M, Ann Arbor, MI) [33,34). They are often used 
with standard CPB carurnlation systems, and, although origi
nally used for short-term support to recove1y, their use in 
bridging to transplantation has been reported [28). Use of cen
trifugal pumps with ECMO is becoming increasingly popular 
when support is required postcardiotomy, with survival rates 
as high as 72% in patients converted to an implantable system 
for bridging to transplantation [3) . 

The Abiomed B.V.S .  System 5000 (Abiomed Cardiovascular, 
Danvers, MA) is an extracorporeal assist device that also sup
ports one or both ventricles. Using a polyurethane pneumati
cally driven pump and bioprosthetic valves, the atrial 
chambers are gravity-filled from the patient's atrium, and blood 
is pumped back into either the pulmonary artery or aorta 
through a Dacron graft. Excellent clinical results have been 
obtained with this device in support-to-recove1y after open 
heart surge1y [35,36) and in bridging to transplantation [37). 

The Thoratec VAD (Thoratec Laboratories, Berkeley, CA) 
[38,39) is a paracorporeal, pneumatically driven, pulsatile poly
urethane pump that uses mechanical valves to provide single
or biventricular support. Cannulae penetrate the chest wall 
and connect to an atrium (or both atria) or the left ventricle 
and to the great vessels; connection to the great vessels is via 
a Dacron graft. In part due to the paracorporeal location of the 
pumps, which are secured to the skin on the abdominal wall, 
ambulation may be possible. 
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Fully implantable devices for left ventricular support only 
are used almost exclusively for bridging to transplantation, 
with the exceptions being rare patients who have been 
weaned unexpectedly from the devices, or those in whom 
they are placed permanently as part of an ongoing clinical 
trial (Randomized Evaluation of Mechanical Assistance for the 
Treatment of Congestive Heart Failure). The TCI Heartmate 
(Thermo Cardiosystems, Woburn, MA) is an implantable pul
satile pump placed within the abdomen or abdominal wall 
and connected to an external power source through a percu
taneous lead [44,45] . It uses porcine valves and is connected 
to the left ventricular apex via a Dacron graft sewing ring. 
Minimal antithrombotic therapy is needed, as contact surfaces 
are impregnated with microspheres to promote formation of a 
biologic lining. Excellent clinical results have been reported 
[46,47], and investigations into its use over prolonged periods 
and as a permanent implant are ongoing [48]. The Novacor 
LYAS (Baxter Healthcare, Oakland, CA), an electrically driven 
pulsatile device for left ventricular support only, uses biopros
thetic valves, is placed in the abdominal cavity, and connects 
to the aorta and left ventricle with Dacron grafts [40]. Use of 
the device has also shown promising clinical results, with suc
cessful transplantation and discharge rates ranging from 56% 
to 83% [41-43]. 

INDICATIONS FOR USE. In an acute setting, VADs are often 
used in patients who do not wean from CPB after cardiac sur
gery or for those who develop left ventricular failure with car
cliogenic shock seconda1y to myocardial ischemia or infarction 
[49-5 1 ] .  Norman et al. defined cardiogenic shock by hemody
namic parameters that have since been modified and adapted 
for identifying patients requiring VAD support. When these 
conditions exist for more than a few hours, there is less than a 
1 5% chance of survival [52]. 

Criteria have evolved for patient selection (Table 10-1) 
[18,30,53]. In addition to failing hemodynamics, surgically cor
rectable lesions and metabolic abnormalities must first be cor
rected. Attention to adequate preload, maximal inotropic 
support, and use of an IABP should precede VAD placement. 

Early institution of ventricular support has been identified as 
an important prognostic factor for success in eventual weaning 
from mechanical assistance [54]. Ideally, ventricular assistance 
should be instituted within 1 hour of the conclusion of the car
diac surgical procedure [l ] .  McGovern, in fact, noted no survi
vors if the device was placed after four or more attempts at 
weaning from CPB after unsuccessful cardiac surge1y [55]. 

When a VAD is intended for short-term support, it is 
assumed that the heart will recover to a degree that will allow 
subsequent removal of the device. In the setting of cardiac 
failure after open heart surge1y, it is often difficult to deter
mine whether frank infarction or myocardial snmning is the 
cause of failure to wean from CPB. Although VADs will not 
resurrect infarcted myocardium, they may limit the amount of 
potentially infarcted tissue while also providing optimal con
ditions in which stunned myocardium may recover. A periop
erative infarct is thus a poor prognostic factor for survival, as 
most patients with extensive myocardial necrosis do not sur
vive even with VAD suppon [18] .  

Stunning is  a state of reversible myocardial dysfunction sec
oncla1y to ischemia [56]. During initial perfusion of ischemic 
myocardium, cellular and metabolic abnormalities may exist 
that produce impaired left ventricular function [57,58]. Such 
stunned myocardium often requires several clays or weeks 
before baseline function is regained. Ellis and colleagues have 
shown that 1 5  minutes of acute corona1y occlusion can pro
duce detectable functional and metabolic derangements last
ing up to a week [58]. However, no definitive method of 

Table 10-1. Criteria for Left Ventricular Assist Device Insertion 

Hemodynamic parameters 
Cardiac index < 1 .8 Vmin/m2 
Mean arterial pressure <60 nun Hg 
Left atrial pressure >20 mm Hg 
Urine output <20 mVh 
Systemic vascular resistance >2,100 dyne • sec • cm-5 

No correctable surgical lesions 
Metabolic abnormalities absent 
Maximal inotropic support 
Optimal preload 
Use of intraaortic balloon pump 

determining the presence and degree of myocardial infarction 
in the immediate postcardiotomy setting has been developed. 
Transesophageal echocardiography (TEE) may assist in identi
fying wall motion abno1malities, but these may also occur 
transiently as a result of ischemia. Myocardial biopsy is obvi
ously more definitive but at present is neither feasible nor 
practical in the acute setting. 

Patients with acute fulminant myocarditis may also be suc
cessfully supported to either recovery or transplant, often 
avoiding the latter with single- or biventricular assistance or 
ECMO. Survival in this setting may reach as high as 70% [59l. 

CONTRAINDICATIONS TO USE. Relative contraindications 
to VAD placement are well documented [18,53] (Table 10-2). 
Although massive myocardial infarction is obviously a contrain
dication, this condition may not be obvious in the inunediate 
postoperative period. Sepsis may be an appropriate reason to 
avoid VAD placement, yet infections responding to antibiotic 
therapy should not absolutely preclude mechanical ve1micular 
support. Because of the need to anticoagulate patients with 
VADs, those with bleeding disorders or active bleeding (such as 
from the gastrointestinal tract or the central nervous system) 
should be excluded as candidates for suppon. 

Chronic debilitating diseases may also be contraindications 
to VAD placement. Metastatic cancer, severe pulmonary hyper
tension seconda1y to underlying pulmonary disease, severe 
peripheral vascular disease, and neurologic impairment are all 
relative contraindication . as are chronic renal or hepatic fail
ure. Single-organ dysfunction, however, should not alone pre
clude placement of a VAD ,  because if organ dysfunction, 
rather than irreversible failure, is present, VAD supp rt may in 
fact help to improve organ function [60]. 

Advanced age is a relative contraindication to VAD place
ment. Although a specific age above which VAD placement is 
absolutely contraindicated has not been defined (as a patient's 
general condition before left ventricular failure m st also be 
considered), a retrospective analysis of prognostic factors 
revealed poor survival ( 1 3%) in patients older than 70 years 
[61] . Others have identified age older than 65 as a poor prog-

Table 10-2. Contraindications to Left Ventricular Assist Device Use 

Massive myocardial infarction 
Sepsis 
Metastatic malignancy 
Bleeding disorder 
Active bleeding (gastrointestinal, central nervous system) 
Severe pulmona1y hypertens.ion 
Severe hepatic failure 
Chronic renal failure 
Severe peripheral vascular disease 
Central neurologic impairment 



10: Extracmporeal and Intracoiporeal Support Tech nologies for Severe Cardiac and Respiratmy Failure 1 1 5  

B 

A c 

D 

E 

Fig. 10-1. Equipment for ventricular assist devices. A: Ce1mifugal 
pumps. B: Cannula for main pulmona1y a1te1y (right ventricular assist 
device inflow). C: Cannula for aorta (left ventricular assist device inflow). 
D: Cannula for left atrium (left ventricular assist device outflow). E: Can
nula for right atrium (right ventricular assist device outflow). 

nostic factor [53,54]. At the other end of the age spectrum, sur
vival rates in children supported with VADs after cardiac 
surgery have exceeded those in adults [62]. 

TECHNIQUES OF PLACEMENT. Placement of a VAD is per
formed in the operating room, often after unsuccessful 
attempts to wean from CPB or in the setting of chronic end
stage heart failure (Figs. 10-1 and 10-2). A patent foramen 
ovate should be sought and closed, because unloading the left 
atrium with the VAD may result in significant right-to-left 
shunting. Centrifugal pumping systems generally use standard 
CPB cannulae for both inflow and outflow; purse-string 
sutures armed with Teflon pleclgets passed through rubber 
tourniquets help secure cannulae in the left atrium and aorta 
[29] . Left atrial drainage is performed with a cannula placed 
through the right superior pulmona1y vein, roof of the atrium, 
or left atrial appendage. Restriction of venous return at the 
time of cannulation helps raise the left atrial pressure (LAP) 
and evacuates air from the system. Meticulous care must be 
taken to protect against and identify bleeding from around the 
cannulae, as these sites are common sources of troublesome 
bleeding in the postoperative period. 

Controversy exists as to the feasibility and efficacy of left 
ventricular unloading using left atrial cannulation versus left 
ventricular cannulation. The advantages of left atrial cannula
tion include relative technical simplicity and a notable reduc-

Fig. 10-2. Left ventricular assist device with console, centrifugal 
pumps, and tubing. 

tion of inflow obstruction [ll ,  as well as its association with 
improved survival rates when compared to left ventricular 
cannulation

_ 
[ 18] . Left ventricular function is preserved by 

avo1dmg InJUIY to the apex, whereas potential loss of future 
function may accompany left ventricular cannulation [1 ] .  

Left ventricular cannulation, however, provides greater flow 
rates than does left atrial cannulation (5 .5  to 6.5 L per minute 
as opposed to 4.0 to 4.5 L per minute) [38], and animal studies 
have demonstrated better left ventricular decompression and 
greater reduction in myocardial infarct size with left ventricular 
cannulation [ 12 , 18,63]. Pulsatile pumps seem to fill better 
tlu·ough the left ventricle than tlu·ough the left atrium, proba
bly clue to the difference between active filling from left ven
tricular contraction and passive filling from the left atrium [18]. 
To avoid thrombosis, an LVAD with left ventricular cannulation 
is the preferred method of support in acute failure after mitral 
valve replacement and in cardiogenic shock after an acute 
myocardial infarction [7] . Although left atrial cannulation may 
be mcl1catecl m a support-to-recove1y setting, left ventricular 
cannulation appears to be a more logical choice in the setting 
of bridging to transplantation, because the left ventricle will be 
sacrificed when a replacement heart becomes available. 

POSTOPERATIVE MANAGEMENT. Cannulae must also be 
positioned with care in relation to the chest wall and bypass 
grafts, if present, to avoid compression of either the cannulae 
or grafts . To minimize infection, they should be placed through 
the chest wall rather than through the sternotomy wound, and 
every attempt should be made to approximate the skin edges 
over the mediastinum and to close the sternum itself. 

Close monitoring of hemoclynamic parameters, fluid and 
blood product intake, urine output, and blood loss is mancla
to1y. Hemodynamic parameters are listed in Table 10-3 [18]. If 
biventricular assistance is required, left ventricular flow should 
exceed right ventricular flow by 500 to 1 ,000 mL to account for 
the return of bronchial flow to the left ventricle [18] .  

Pharmacologic inotropic suppo1t should b e  minimized as 
much as possible. In a setting of left ventricular assistance, its 
major purpose would be to support function of the right ventri
cle. Often only dopamine (1 to 3 pg per kg per minute) is nec
essary, to improve renal blood flow. Peripheral vasomotor tone 
may need support using vasodilators (e .g. ,  sodium nitroprus
side) or vasopressors (e.g . ,  phenylephrine, norepinephrine). 
Drugs that vasodilate the pulmona1y vasculature (isoproterenol, 
prostaglanclin E, or inhaled nitric oxide) may be required either 
prophylactically or if signs of right ventricular failure develop. 

Arrhythmias are commonly encountered due to electrolyte 
abnormalities, ischemia, infarction, and the use of inotropic 
agents. These are usually well tolerated when biventricular 
support is present; when only an LVAD is in use, their effects 
are often deleterious and require aggressive treatment 
because of the resulting loss of right ventricular output. 

Because device contact surfaces are tlu·ombogenic, anticoag
ulation is necessaiy in varying degrees, depending on the 
device and flow rates used. For centrifugal pumps, heparin or 
clextran may be used, with frequent monitoring of the activated 
clotting time (ACT) to achieve a goal of 180 to 200 seconds. 
The degree of anticoagulation must be strictly controlled, as 

Table 1 0-3. Left Ventricular Assist Device Maimenance Parameters 

Mean arterial pressure 
Left and right arterial pressure 
Cardiac index 
Mixed venous oxygen saturation 

65-80 mm Hg 
5-15 mm Hg 
2.2-3.0 L/min/m2 
65-70% 
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bleeding remains one of the most common complications and 
worse prognostic factors for survival in VAD use. In the setting 
of long-term use (e.g., implantable left ventricular assist sys
tems), aspirin or warfarin is indicated. 

All cannulae and their connections must remain secured 
tightly to each other and to the patient without kinking. Dress
ings at the cannulation sites must be routinely changed under 
sterile conditions. Nutritional needs are addressed early in the 
postoperative course. Special attention must be paid to skin 
care, especially for patients who are limited in movement and 
have extracorporeal devices. Decubitus ulcers may develop 
rapidly; therefore, the use of specialized support beds is 
essential. In addition, the psychological needs of the patient 
and family involving anxiety about the device and fear of 
death must be addressed. Adequate care of a patient with a 
VAD requires a team of physicians, nurses, and perfusionists 
familiar with the device and the possible complications. 

WEANING. The ultimate goal of ventricular assistance is 
removal of the device after ventricular recovery or replace
ment of it with a donor organ. Hemoclynamic parameters, as 
well as TEE, are essential in the decision-making process. 

Timing of VAD removal is critical.  In the postcarcliotomy 
setting, the device is placed to allow time for replenishment of 
high-energy phosphates and for resolution of myocardial 
edema that accompanies CPB [l ] .  Attempts to wean from 
mechanical ventricular support in less than 24 hours are usu
ally unsuccessful [55] , and retrospective analyses of large 
groups of patients requiring ventricular assistance postcarcliot
omy show that an average of 4 clays of support is necessa1y 
[21] .  In 90% of swvivors, ventricular support is discontinued 
within 1 week [21 ] .  In the setting of planned support-to-recov
e1y, if no significant improvement in left ventricular function 
is identified by TEE within 72 hours, the chances of weaning 
are severely reduced [64]. Should failure to wean persist 
beyond 10 clays, transplantation should be considered [18] .  

Initial assessment o f  suitability for VAD removal usually 
begins in the first 24 to 48 hours after insertion. Flow is 
decreased to no less than 1 L per minute until the LAP rises to 
20 to 25 mm Hg while the arterial pressure waveform is con
tinually monitored for evidence of left ventricular ejection. If 
none is present, full support is reinstituted. If there is evidence 
of recove1y, TEE is performed to evaluate left ventricular func
tion more precisely. Along with monitoring LAP as the flow is 
decreased, changes in right atrial pressure, pulmona1y arterial 
pressures, mean arterial blood pressure, and cardiac index are 
obse1ved. Removal of the device is frequently successful 
when, at low flow, right and left arterial pressures are less 
than 20 mm Hg, mean arterial blood pressure is maintained at 
greater than 70 mm Hg, and the cardiac index is greater than 
2 .2  L per minute per m2. With reduction of flow during wean
ing efforts, the degree of anticoagulation should be increased. 
At 1 L per minute, the ACT should be greater than 180 sec
onds; this flow rate should not be maintained for more than 2 
minutes [29]. 

An ejection fraction greater than 30% by TEE has been iden
tified as a reliable indicator of successful weaning [18].  The 
use of TEE has also been extended to identification of intra
pericarclial clots compromising left ventricular function, intra
cavitary thrombi, and patent foramen ovate in hypoxic 
patients; it may also be used to evaluate the effects of epi
nephrine or clobutamine on severely hypokinetic segments to 
assess myocardial viability [64]. TEE also helps identify can
nula position in the left atrium to maximize unloading of the 
left ventricle [65] . Radionuclide angiography has also been 
used to determine ejection fraction as an adjunct to hemocly
namic parameters to assess ability to wean [18,66]. 

Table 1 0-4. Complication of Ventricular Assist Devices 

Patient-related 

Bleeding 
Infection 
Ventricular arrhytlunias 
Stroke 
Respiratory failure 
Renal failure 

Device-related 

Thromboembolism 
Hemolysis 
Device failure 
Device infection 
Right ventricular failure 

The most significant predictors of successful weaning are 
adequate mean arterial pressure and cardiac index, acceptable 
mixed venous m.)'gen saruration, improved ejection fraction, 
and normal LAP. Early signs of successful weaning include full 
recove1y in less than 75 hours of ventricular supp rt, some 
degree of left ventricular recove1y within 24 hour , mild or 
absent right ventricular failure, and no evidence of p ostopera
tive myocardial infarction by electrocardiography a d cardiac 
isoenzymes (47]. Patients who are weaned at the appropriate 
time and who attain adequate hemoclynamic parameters have 
a 70% chance of survival (67]. 

COMPLICATIONS. Despite appropriate placement of VADs 
and meticulous management, numerous complica ·ons may 
occur. They are classified as patient-related or device-related 
(Table 10-4). Bleeding is the most common patient-related 
complication, occurring in up to 83% of patients requiring 
ventricular assistance [29,39], and is especially conunon after 
reoperative cardiac procedures [31 ] .  Causes include thromb
ocytopenia, which occurs primarily in the first several clays, 
platelet dysfunction, and hypofibrinogenemia. During VAD 
use, there is an increase in fibrin degradation products for the 
first 3 days [18] .  Anticoagulation, both at the time f surgery 
and during ventricular assistance, contributes to excessive 
bleeding. Early institution of ventricular support has been 
found to carry fewer subsequent bleeding problems [18] .  

Heparin administered during CPB should be reversed with 
protamine and clotting allowed to normalize before institution 
of a heparin infusion in d1e intensive care unit. An adequate 
hemoglobin level must be maintained to optimize oxygen 
delivery, and transfusion of platelets is indicated if the platelet 
count is less than 100,000 [68] . If surgical bleeding is sus
pected, early exploration is mandato1y. The application of 
fibrin glue at d1e site of cannulation at the time of · sertion or 
during subsequent exploration may prove useful. Failure to 
control bleeding within the first 24 hours or d1e presence of 
bleeding at d1e ti.me of weaning portends a poor chance of 
swvival [53l. In addition to d1e hemodynamic compromise and 
potential deleterious effects on oxygen clelive1y that accom
pany massive bleeding, multiple transfusions in these patients 
are associated with acute respiratory distress syndrome (ARDS) 
and multiple organ dysfunction syndrome [18,69]. 

Infection is also a frequent complication and portends poor 
sutvival. The incidence is often related to the duration of sup
port, occurring infrequendy if support lasts less than 1 week 
[18] but occurring in as many as 70% of patients requiring sup
port for up to 3 weeks [69]. Contributing causes include multi
ple blood transfusions, the presence of numerous invasive 
catheters (including pulmonary arte1y catheters and IABP), tis
sue edema, and reexploration for bleeding. De,·ice-related 
infection must be aggr ssively treated but does not require 
immediate removal of the device. With appropriate antibiotic 
therapy, patients with infected devices have been successfully 
weaned or bridged to transplantation. 

Prevention of infection entails control of bleeding and 
removal of invasive catheters as expeditiously as possible. 
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Frequent dressing changes at cannulation sites as well as rou
tine surveillance cultures, including fungal titers, are helpful. 
Prophylactic antibiotics are administered, most commonly a 
cephalosporin for the first 3 days the device is in place, along 
with an aminoglycoside if the patient has been in the hospital 
more than 5 days before insertion [69]. 

Cerebrovascular accidents, from both inadequate cerebral 
blood flow and thrornboemboli, are unfortunate conse
quences of VADs. Pulmona1y insufficiency may occur in up to 
60% of patients [70] and is usually related to volume overload, 
pulmonary edema secondary to multiple blood transfusions, 
prolonged periods of CPB, ARDS, or pneumonia. Renal fail
ure, an important prognostic factor usually associated with a 
poor outcome, may occur in up to 60% of patients [69,70]. 
Contributing causes include low flow before and after inser
tion of the device, extended time on CPB, and multiple blood 
transfusions [ 18] .  It may be progressive and unresponsive to 
therapy [ 18] ,  although continuous arterial-venous hemofiltra
tion, with or without dialysis, has been shown to be effective 
in treating hypervolemia and acute renal failure in this patient 
population [69,71] .  

Ventricular arrhythmias may complicate therapy in the VAD 
patient. Ventricular arrhythmias are often transient, and there is 
no significant difference in their occurrence before or during 
support with a VAD between survivors and nonsurvivors [72]. 
If severe and potentially lethal arrhythmias are present and 
persistent, bilateral ventricular assistance may be required [38]. 

Device-related complications are also numerous. Throm
boembolism is inherent in the use of mechanical ventricular 
assistance, as the foreign surfaces all possess some degree of 
thrombogenicity [30,61 ,73-75] . Its incidence is related to the 
length of support and usually does not occur before clay 4 
[76]. Anticoagulation should be instituted when coagulation 
parameters have returned to normal after CPB and bleeding 
has been brought under control (less than 100 ml per 
minute) [68]. Textured surfaces have been developed (e.g . ,  
lining surfaces with microspheres) to enhance the formation 
of a neointimal lining [77l. The use of heparin-coated tubing 
has been studied, but results have been mixed [78,79]. 
Hemolysis occurs to a certain degree with most VADS but is 
rarely a major problem. Device failure is quite rare. Failure 
may be clue to fractured valves, split tubing, or drive unit 
failures. Cannula obstruction may occur and present as low 
cardiac output. 

Right ventricular failure may occur in up to 50% of those 
who receive an LVAD [ 18] .  It is a common cause of mortality 
in LVAD patients, although its etiology is unclear [80,81] .  Pos
sible mechanisms include ventricular septa! ischemia [82,83] 
and progressive elevation of pulmona1y vascular resistance 
due to complement-mediated polymorphonuclear leukocyte 
activation and stasis in pulmona1y capillaries [69,84,85]. How
ever, not all investigators have found evidence for LVAD
inducecl right ventricular failure [86]. Although some surgeons 
routinely use biventricular assistance to avoid right heart fail
ure, this practice is not universally adopted. 

PROGNOSTIC FACTORS. Improved survival is associated 
with operator experience, use of biventricular assist devices, 
early institution of ventricular assistance, absence of periop
erative myocardial infarction or right ventricular failure, and 
evidence of left ventricular recovery within 24 hours [29,73] . 
Conversely, factors associated with a poor outcome include 
arrival in the operating room in full cardiac arrest or carclio
genic shock, CPB of greater than 7 hours duration, biven
tricular failure, excessive bleeding during CPB, age older 
than 65 years, and an unsuccessful or incomplete operation 
[53,54]. 

OVERALL RESULTS. The American Society for Artificial and 
Internal Organs and the International Society for Heart Trans
plantation developed a database on the clinical application of 
VADs in 1 985.  The most recent report from this voluntary reg
istry presents data from contributing centers up to Janua1y 
1994 [87]. 

Data were collected on 1 ,279 patients who were supported 
with a VAD for postcarcliotomy cardiogenic shock. In 70% of 
these cases, centrifugal pumps were used, with the remainder 
being supported by pneumatic pumps. Nearly 50% were sup
ported with a left-sided device alone, and approximately 40% 
received biventricular assistance. The average length of sup
port was 4 clays. Those receiving centrifugal devices under
went significantly shorter periods of support compared to 
patients with pneumatic devices (3.0 clays vs. 6.5 clays, respec
tively). Patients who were weaned from ventricular assistance 
but died during hospitalization had a longer duration of circu
lato1y support compared to those who were weaned and dis
charged from the hospital [87]. 

Differences were also noted between the complications 
seen with centrifugal and pneumatic devices. Bleeding or dis
seminated intravascular coagulation was associated most often 
with centrifugal devices, whereas renal failure, infection, 
hemolysis, and technical problems occurred significantly 
more frequently with pneumatic devices. Of those placed on 
mechanical support, 46% were ultimately weaned, and 25% 
were eventually discharged from the hospital. There was no 
significant difference in ultimate discharge rate between the 
modes of circulato1y assistance (i .e . ,  left, right, or biventricu
lar). Both renal failure and advanced age correlated with 
lower early survival rates after institution of support and were 
also implicated as being the most predictive factors of failure 
to be discharged from the hospital alive [87] . 

Patients who survive to discharge can expect an acceptable 
lifestyle afte1warcls. A previous registJy of patients who under
went mechanical support either postcardiotomy or as a bridge 
to transplantation demonstrated that, of those who were even
tually discharged from the hospital, 86% were New York Heart 
Association functional class I or II [2 1 ] .  Another study supports 
these findings: Two-thirds of survivors of VAD support felt 
they had returned to a normal lifestyle after discharge [88]. 

FUTURE DIRECTIONS. Clinical trials are presently under 
way to evaluate the utility of left ventricular assist systems as 
alternatives to cardiac transplantation in patients who are not 
candidates for the latter procedure [89]. These devices have 
already shown improved posttransplant survival when used 
for longer than 30 clays, compared to a shorter time period, 
clue to improved organ perfusion and function [90]. Interest 
has also been sparked by apparent ventricular recovery in 
patients who received LVADs for bridging to transplantation. 
There are as of yet, however, no reliable parameters that can 
predict success after weaning or the likelihood of explantation 
without transplantation in these patients [91 ,92] . The use of 
VADs is likely to continue and expand, given the successful 
clinical results that have been seen. In addition to being simi
lar · in cost to medical therapy for pretransplant patients, they 
offer an alternative to more conservative therapy with better 
clinical results [93l. 

Respiratory Support 
ECMO, now more commonly referred to as extracoiporeal 
life support (ECLS), is a modification of CPB for prolonged 
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use at the bedside in the intensive care unit. ECLS became 
standard therapy for neonatal respiratory failure in 1 986. 
Until recently, its successful use in pediatric and adult 
patients was anecdotal. In this section, the technique of ECLS 
is described, particularly as it applies to respirato1y support 
of failing lungs. The indications, contraindications, and man
agement of patients on ECLS are covered. Finally, future 
directions for extracorporeal and intracorporeal respiratory 
support are discussed. 

BACKGROUND. As discussed earlier, it was Gibbon in 1 937 
[94] who described a system for cardiopulmona1y support 
during operation on the heart. His machine, not unlike the 
ECLS circuit of today, consisted of a roller pump for perfusion 
of the blood through the system and a vertically mounted cyl
inder over which blood flowed, allowing exchange of carbon 
dioxide and oxygen between the thin film of blood and ambi
ent air. Collected blood was then returned to the aona. The 
technology of CPB quickly advanced, with a focus on refine
ment of the oxygenator. Various configurations have since 
evolved, including development of the bubble oxygenator, 
the disk oxygenator, the membrane oxygenator, and, more 
recently, the hollow-fiber oxygenator. 

In 1 972, Hill et al. [95] reported the first adult patient suc
cessfully treated with prolonged ECLS. Several other anec
dotal reports of successes with ECMO followed. In 1 979, 
Zapol et al. [96] reported the results of the National Institutes 
of Health (NIH)-sponsored multicenter comparison of 
ECMO to conventional mechanical ventilation in adult 
patients with respiratory failure due to ARDS. Patients from 
1 1  medical centers were entered into the study based on 
having severe respiratory failure as predicted by strict entry 
criteria (mortality greater than 80%) and randomized to 
either continuing mechanical ventilation or ECMO. Although 
it was anticipated that 300 patients would be entered into the 
study, the study was terminated after 92 patients because of 
a meager 10% survival rate in each group. Based on these 
results, the use of ECMO for adult respirato1y failure was 
essentially abandoned. 

In 1 976, Bartlett et al. [97] described the first newborn 
with neonatal respiratory distress syndrome successfully 
treated with ECMO. Several other centers reported the use 
of ECMO for treatment of persistent fetal circulation. Not 
until neonatal series from three centers were reported was 
ECMO considered standard therapy [98] . In one controver
sial randomized study of ECMO versus conventional man
agement for treatment of neonatal respiratory failure, 
statistical significance was achieved with 1 3  patients treated 
with ECMO (who survived) and one patient in the control 
group (who died) [99 , 100] . 

When ECMO was recognized as standard therapy for neo
natal respirato1y failure, several encouraging reports describ
ing its use for pediatric and adult respirato1y failure began to 
appear [101-120]. In 1985, Gattinoni et al. [101]  reported 
nearly 50% survival in 43 adult patients with respirato1y failure 
treated by extracorporeal carbon dioxide removal (ECCO,R). 
They used enay criteria similar to those used in the 1977 NIH
sponsored adult ECMO a·ial (i .e. , enay threshold with pre
dicted mortality of 80%). Their methodology incorporated 
percutaneous vascular access and a low-flow exa·acorporeal 
system that was particularly efficient at carbon dioxide 
removal. Several other European and U.S .  centers reported 
similar successes with varying techniques of extracorporeal 
circulation. Because the technology of perfusion and the 
understanding of the pathophysiology and treatment of car
diac and pulmona1y failure have improved in recent years 
(compared to the NIH-sponsored trial of the 1 970s), the term 
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Fig. 10-3. Venoanerial ex"tracorporeal life suppon perfusion. 
Blood is typically drained by a right internal jugular catheter with the 
tip in or near d1e right atrium and returned to the aona by a catheter 
in the axilla1y, carotid, or femoral a11ery. or by direct cann lation of 
the ao1ta d1rough the chest. (From RH Bartlett: Extracorporeal life 
support for cardiopulmonary failure. Cuff Prob! Surg 1 0: 27, 1990, 
wid1 permission.) 

ECMO has been replaced by ECLS to acknowledge this mod
ern approach to cardiopulmonary failure. 

1ECHNIQUE OF EXTRACORPOREAL LIFE SUPPORT 
PERFUSION. Because EC has its origin in open- eart sur
ge1y, the circuit is similar to the bypass perfusion equipment 
found in the operating room. The two modes of perfusion, 
venoarterial bypass and venovenous bypass, are depicted in 
Figures 10-3 and 10-4. Venoarterial perfusion is similar to CPB 
in that blood is drained from the right atrium, usually via a 
catheter placed via the right internal jugular vein, and pumped 
using a roller pump to the oxygenator, a device designed for 
gas exchange. Blood is returned to the aona, usually via the 
conunon carotid arte1y or femoral a1te1y, after warming by 
passage through a water-jacketed beat exchanger. This mode 
of perfusion is suitable for providing both cardiac and respira
to1y support. With venovenous bypass, blood is instead 
returned via a major vein (often the femoral vein), raising the 
m .. 'Ygen content of venou blood before it enters the hean. 
Venovenous perfusion provides only respirato1y support; car
diac function must be intact, because no cardiac support is 
provided. A comparison of venoanerial and venovenous per
fusion can be found in Table 10-5. 

Cannulation. Cannulation may be performed by surgical 
exposure and direct cannulation of vessels or by the percutane
ous method described by Pesenti et al. [ 1 14 , 1151 .  With either 
cannulation technique for arterial access, repair of the arte1y is 
usually necessary at the time of decannulation. 

Once a mode of perfusion has been selected, the atient is 
anticoagulated using 100 Lmits of heparin per kilogram of body 
weight. Catheters are usually chosen on the basis of vessel size 
and the expected or required blood flow tlu·ough the catheter. 
Montoya et al. [121]  reported an indexing system describing the 
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Fig. 10-4. Venovenous extracorporeal life support perfusion. 
Blood is typically drained by a right internal jugular catheter with the 
tip in or near the right atrium and returned to the vena cava by a cath
eter in the femoral vein. IVC, inferior vena cava; SVC, superior vena 
cava. (From RH Bartlett: Extracorporeal life support for cardiopulmo
nary failure. Curr Prob! Surg 1 0:627, 1990, with permission.) 

resistance to flow in various catheters based on a single num
ber (the M number). Sinard et al. [ 1 22] tested and categorized 
various cannulae used today for ext.rathoracic cannulation. 
Thin-walled, wire-reinforced catheters manufactured by Bio
Medicus (Minneapolis, MN) typically provide low-resistance, 
high-flow access and are ideally suited for percutaneous access. 

The limiting factor for bypass pump flow is the rate at 
which venous blood can be drained from the patient. There
fore, the largest possible catheter is selected for venous drain
age. The internal jugular vein is typically used because it is the 
largest accessible ext.rathoracic vein leading to the right 
atrium. Additional catheters may be placed in the femoral vein 
or the right atrium by thoracotomy if additional venous drain
age is necessary. Oxygenated warmed blood is typically 
returned to the femoral vein with venovenous perfusion. We 
recently incorporated a modification of the usual cannulation 
configuration, draining venous blood by cannulation of the 

femoral veins and returning oxygenated blood to tl1e right 
atrium by percutaneous cannulation of the right internal jugu
lar vein. Recirculation of oxygenated blood delivered by tl1e 
ECLS circuit appears to be reduced with this cannulation and 
perfusion method. 

For venoarterial perfusion, oxygenated blood is returned to 
the carotid, femoral, or axillary arteries. Access is gained on 
the right side so that the internal jugular vein and common 
carotid artery each can be ligated distally and cannulae 
placed in each vessel proximally after a venotomy and arteri
otomy, respectively, are created (Fig. 10-5). If the chest is 
open, direct cannulation of the aortic arch is performed, and 
this cannula is connected to the ECLS circuit. A separate 
operation is necessa1y for decannulation, at which time the 
sternum and chest wall are closed. The femoral and axillary 
arteries are considered end arteries, with minimal collateral 
supply to the distal limb. Therefore, distal perfusion of the 
limb must be provided when using these vessels for return of 
oxygenated blood. Usually, a small perfusion catheter can be 
taken off as a pigtail and placed adjacent to the perfusion 
cannula in the vessel (through the same arteriotomy) to per
fuse the limb distally. 

Unilateral ligation and cannulation of the common carotid 
artery is the usual method of cannulation in the neonate and 
is typically used for cannulation of pediatric and adult 
patients. Neurologic sequelae of occlusion of the common 
carotid artery are infrequent because of the generous collat
eral circulation from the external carorid arte1y and the circle 
of Willis to the ipsilateral hemisphere of the brain. Unilateral 
ligation of the common carotid arte1y is usually performed 
after removal of a carotid catheter; attempts at repair of the 
arteriotomy can be complicated by distal thromboemboliza
tion, carotid stenosis at the site of repair, and pseudoaneu-
1ysm formation. Several centers have attempted repair of the 
carotid artery in pediatric and neonatal patients with satisfac
tory results [ 1 23, 1 24].  

Pumping Systems. There are two types of pumps used for 
perfusion: the servo-controlled roller pump and the centrifu
gal pump. The roller pump has many years of laboratory and 
clinical use in the operating room. It is inexpensive and has 
no moving parts that contact the blood, but pump rotation 
speed must be regulated in response to changes in venous 
blood drainage from the patient. The centrifugal pump (of 
which type the Bio-Medicus Bio-Pump is the most commonly 
used) is a more expensive device that uses a spinning impel
ler that contacts and propels blood through the system. 
Although the centrifugal pump has no absolute requirement 
for servoregulation of the pump head rotational speed (based 
on venous drainage), periods of occlusion at the inlet can 

Tab/,e 1 0-5. Comparison of Venoanerial and Venovenous Extracorporeal Life Support 

Type of support provided 
Vascular access 
Decannulation 
Typical pump flow rates 
Systemic oxygen delivery 
Inotrope requirements 
Weaning of ventilator on initiation of bypass 
Arterial waveform 
Central venous pressure 
Pulmona1y artery pressure 
Arterial oxygen saturation 
Mixed venous oxygen saturation 

Venoarterial 

Cardiac and/or respirato1y failure 
Vein to artery 
May require anerial ligation or repair 
80-100 mL/kg/min 
Cardiac output + pump flow 
None 
Rapid 
Flattened pulse contour 
Inconsistent--clependent on pump flow 
Low--dependent on pump flow 
95-lOOo/<>-proportional to pump flow rates 
Accurate 

Venovenous 

Respiracory failure only 
Vein to vein 
Typically catheter removal and pressure 
100-120 ml./kg/min 
Native cardiac output only 
Often required 
Gradual 
Normal pulse contour 
Accurate indicator of volume status 
Accurate 
80-95% common at maximum flow 
Artificially high clue to recirculation 
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Fig. 10-5. Schematic drawing depicting cannulation of the right neck 
for venoarterial extracorporeal life support. After systemic anticoagula
tion, the distal common carotid ane1y and internal jugular vein are 
ligated, and then using proximal control, cannulae are inserted with tips 
in the ao1tic arch and right atrium, respectively (drawing orientation 
with the feet at the top of figure, head at the bottom). The vagus nerve 
is visualized berween the neck vessels in the cannulation site. [From \VP 
Dembitsky, DC Willms, BE Jaski: Peripheral vascular access for organ 
suppon, in JB Zwischenberger, RH Bartlett (eels): ECMO: Extracorporeal 
Cardiopulmonary Suppon in Critical Care. Ann Arbor, Ml, Extracorpo
real Life Suppo1t Organization, 1995, p 213, with permission.] 

result in large variances in negative pressure (-200 to -700 
nun Hg), resulting in cavitation of blood (gas bubble forma
tion) in the pumping chamber. This results in hemolysis of 
blood and potential for air embolism [ 125 , 126]. The centrifugal 
pump head must also be replaced eve1y few days because of 
wear of the impeller bearing, necessitating cessation of ECLS 
for a short period during the change. A pumping system 
incorporating the advantages of both systems is currently in 
use in Europe [1 27] and has been under development for use 
in ECLS in the United States [ 128].  

Gas Exchange Devices (Ox:ygenators). The oxygenator is 
the key component of the ECLS system and the component of 
the circuit tl1at continues to undergo continual modification 
and refinement. In contrast to the drum-type oxygenator used 
by Gibbon [94] and the disk or older plate-type oxygenators, 
modern oxygenators are of the spiral sandwich membrane 
(Kolobow membrane lung) or hollow-fiber type. Both Oll.)'
genator types are used in the operating room for cardiac per
fusion. The spiral-wrapped membrane oxygenator consists of 
a single long envelope constructed of silicone, with gas ports 
at either encl. This envelope is wound into a cylindrical shape, 
which is housed in a molded plastic container. Deoxygenatecl 
blood flows from one encl of the device to the other and, thus, 
has intimate contact (blood phase) with the inner wound 
membrane gas envelope (gas phase). Oxygen gas is supplied 
to the inlet port of the oxygenator and passes through tl1e 
envelope in countercurrent fashion, allowing O».)'gen and car
bon dioxide gas exchange with blood. Gas exchange capabil
ity of oxygenators is rated in terms of square meters of surface 
area available for gas exchange. This design has had decades 
of satisfactory clinical use. For extended periods of use, how
ever, tl1e membrane lung is limited by the higher resistance to 
flow in the blood path and areas of stagnant flow, which lead 
to clot formation. 

The hollow-fiber oxygenator is best typified by the 
Medtronic Maxima (Medtronic, Minneapolis, MN) oxygenator. 
This device has hollow microporous fibers tl1rough which the 
oxygen sweep gas flows and around which blood passes, an 
arrangement that again allows gas exchange between blood 
and gas phases. This design offers relatively small size and 
low resistance to blood flow, but the priming volume is much 
higher than with the membrane-type oxygenator. This oxy
genator is available with a heparin-bonded coating that is 
U .S .  Food and Drug Administration-approved for short-term 
perfusion in the operating room. It has been used extensively 
in Europe and in some .S. centers for prolonged ECC02R or 
ECLS [ 107, 1 1 5 , 1 29] . In theory, the level of anticoagulation can 
be reduced with heparin-bonded components, but in prac
tice, wetting of the microporous membrane in these hollow
fi ber oxygenators leads to leakage of plasma to the gas 
phase. This typically presents as a sudden, profuse outpour
ing of serum-containing foam approximately 1 to 7 days after 
initiating ECLS. The oxygenator must be quickly replaced 
when plasma leak degrades oxygenating efficiency. The 
mechanism of this plasma leakage appears to be related to 
elevated levels of plasm.a phospholipids, which alter the 
blood phase surface ten ion in contacting the microporous 
hollow-fiber material [ 130] .  

Heat Exchanger. TI1e heat exchanger i n  the blood p a  warms 
the returned blood by u ing water supplied by a constant
temperature water bath. The heat exchanger is plac cl at the 
encl (reinfusion side) of the circuit, warming the blood back 
to physiologic temperature before its return to the patient. 
Several available devices incorporate long, cylindrical cham
bers in which the blood enters the top and exits the bottom. 
Water warmed to just above physiologic temperature (38°C) 
is ported to the bottom of the same device, exiting the top 
and warming tl1e blood in countercurrent fashion. There is a 
small visible reservoir of blood at the top of the heat 
exchanger, which doubles as a trap for bubbles that may 
make their way beyond the oxygenator, preventin passage 
to the patient. 

PATIENT SELECTION. One of the more difficult aspects of 
using this technology is deciding which patients with early 
reversible cardiac or respirato1y failure might benefit from 
ECLS support. The key terms here are early and reiersible. It 
appears that early intervention, particularly after the initiation 
of mechanical ventilation in patients with respiratory failure, is 
important for a successful ECLS outcome [108, 1 1 0] .  For patients 
with primary cardiac dysfunction, ECLS intervention must 
begin early enough to avoid the inevitable deteri ration of 
other organ systems (e.g .. kidney, brain) when systemic per
fusion is low. 

Ent1y criteria for the ne nate witl1 persistent fetal circulation 
from prima1y pulmonary hypertension are well escribed. 
Entry is based on the patient attaining 50% to 80% or greater 
mortality with continued conventional management. Each 
neonatal ECLS center defines its mortality rate for any given 
patient with given physiologic parameters. For example, the 
alveolar-arterial oxygen gradient [P(A-a)02] can be used, 
although the more common method uses the ox. genation 
index (OJ), defined as 

0! = [F102] X [MAP (cm Hp)V[Pao2 (mm Hg)] X 100 

where Flo2 is the inspired O».)'gen fraction, MAP is the mean air
way pressure, and Pao2 is tl1e a1terial partial pressure of oxy
gen [131] .  According to the University of Michigan's parameters, 
three successive calculations at 2-hour intervals resuking in OI 
values of 25 or greater predict at least 50% mortality, and 01 
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Table 1 0-6. Indications and Contraindications for the Institution of 
Exrracorporeal Life Support for Pediatric and Adult Patients 

Indications 
Total static lung compliance <0.5  mL/cm H20/kg 
Transpulmona1y shunt >30% on inspired oxygen fraction of <:0.6 
Reversible respiratory failure 
Time on mechanical ventilation :::;1 0  cl (14 d relative maximum) 

Contraindications 
Potential for severe bleeding 
Time on mechanical ventilation <:15 d 
Necrotizing pneumonia 
Poor quality of life (those patients wid1 metastatic malignancy, 

major central ne1vous system inju1y, or quadriplegia) 
Age >60 yr 

values greater than 40 predict 80% mortality. A neonate consis
tently at the 50% mortality threshold for several hours, or one 
who reaches the 80% mortality threshold, may be placed on 
ECLS if no contraindication to anticoagulation exists. 

Selection of the pediatric or adult patient for ECLS is less 
straightforward because the many disease processes that 
result in cardiac or respiratory failure in these older age 
groups do not result in a common pathophysiology of carclio
respiratory failure (such as the persistent fetal circulation of 
the newborn) . During the NIH-sponsored ECMO trial of the 
1970s, criteria were developed to predict mortality at the 80% 
level or greater. Most ECLS centers still use these physiologic 
criteria for the selection of pediatric and adult patients. We 
currently use a Pao2 to F102 ratio consistently less than 100, 
both in spite of and after optimal therapy. A more complete 
summa1y of indications and contraindications for pediatric 
and adult patients can be found in Table 10-6. 

ECLS is designed to allow lung rest, and, when instituted for 
severe respirato1y failure, ECLS has the primary purpose of 
providing sufficient oxygen transfer and carbon dioxide 
removal so that ventilator settings (inspired oxygen concentra
tion, peak inflating pressures) may be decreased to less injuri
ous levels. This is predicated on the expectation of lung 
recove1y, which sometimes is based on an educated guess. 
ECLS is more likely to reverse sudden onset and deterioration 
in a patient with previously healthy lungs than in a patient 
with an acute process superimposed on some other chronic 
pulmona1y condition (e.g. ,  pulmonary fibrosis, pulmona1y 
hypertension) if these two patients present with identical 
degrees of respirato1y dysfunction. Pure capilla1y leak syn
dromes, bronchoreactive disease (e.g . ,  asthma), sepsis (e.g . ,  
postpartum, meningococcemia), and nonnecrotizing pneumo
nia (e.g. , some viral pneumonias, Legionella infection) can be 
treated with ECLS, and these diseases would be expected to 
reverse within 1 to 2 weeks of ECLS support. 

For prima1y cardiac failure, ECLS has been used extensively 
by some centers, particularly in pediatric cardiac patients 
[102-106,109].  Venoarterial perfusion is the mainstay of car
diac support for patients with right or left ventricular failure, 
or both. Similar to patients with respirato1y failure, reversibil
ity of the cardiac insult is a prerequisite to instituting ECLS for 
cardiac failure, and near full recove1y is expected after a few 
clays of ECLS support. 

Typical cardiac conditions treated by ECLS are myocarclitis 
and carcliomyopathy when these disease processes result in a 
cardiac index less than 2 L per minute per m2 and a mixed 
venous oxygen saturation of 50% or less for 2 hours or more, 
despite optimal pharmacologic and mechanical support. The 
ability to provide ECLS cardiac support has been a useful 
addition to medical centers with active pediatric carcliotho
racic and cardiac transplantation programs [ 105 , 132 , 133). In 

such cases, ECLS provides short-term support before cardiac 
operation for congenital disease or transplantation (i .e . ,  bridge 
to transplant). After cardiac operation, ECLS provides support 
until myocardial stunning resolves. Hill et al .  [ 134) reported on 
the use of extracorporeal cardiopulmonary support (often 
abbreviated ECPS or ECPR) in 187 patients from 17 medical 
centers . In this report, 90% of which was composed of surgi
cal and nonsurgical patients in cardiac arrest or carcliogenic 
shock, the long-term survival (greater than 30 clays) was 
21 .4%. For any postoperative patient requiring extracorporeal 
support of heart or lung function, the potential for severe 
bleeding may be a contraindication. Special consideration and 
techniques are used in these circumstances. 

MANAGEMENT OF PATIENTS UNDERGOING EXTRA
CORPOREAL LIFE SUPPORT. Once the patient has under
gone cannulation and initiation of bypass, several considerations 
are necessa1y to minimize the likelihood of complications and to 
optimize the physiologic support provided by ECLS. This tech
nology is expensive in terms of both hospital resources and the 
combined effon of medical perso1mel in hour-to-hour manage
ment. Attention to certain details with regard to management 
improves the likelil10od and rapidity of a successful outcome. 

Anticoagulation. After the initial loading close of heparin at 
the time of cannulation, the patient is started on a continuous 
systemic heparin infusion. The ACT is checked hourly and the 
rate of heparin administration modified, if necessary, to main
tain the ACT within desired limits. The ACT is a measure of 
heparin activity on whole blood (involving the combined 
effect of coagulation factors, platelets, etc.) and is preferred 
over assays of partial thromboplastin time or thrombin clotting 
time, which are isolated measurements of heparin activity in 
plasma. Usually, the target ACT is 160 to 180 seconds (normal 
ACT is 90 to 1 20 seconds) .  The desired ACT range is selected 
as a balance between too much anticoagulation (a higher ACT) 
and inadequate anticoagulation, which results in circuit com
ponent clotting, particularly in the oxygenator. For patients at 
risk for bleeding, a lower ACT range of 150 to 170 seconds is 
usually sought. 

For patients actively bleeding while on ECLS, one may con
sider stopping the administration of heparin for several 
hours-or, sometimes, for 1 to 2 clays-and using higher 
pump flow rates, with the expectation that a membrane oxy
genator will eventually need to be changed because of throm
bosis in the blood path and deterioration of gas transfer. In 
such cases, an additional circuit should be primed and kept 
ready nearby to swap if complete circuit failure by thrombosis 
occurs. Whittlesey et al. [ 135) described ECLS conducted with
out systemic heparin for several clays. Heparinized circuits 
may also be used. 

To ensure sufficient anticoagulation and prothrombosis 
when using systemic heparinization, antithrombin III activity 
and fibrinogen levels are monitored with some regularity and 
increased by transfusion with fresh-frozen plasma or c1yopre
cipitate. The antifibrinolytic agents aprotonin and tranexamic 
acid show some promise for use during ECLS because several 
investigators found a reduction in bleeding with their use dur
ing CPB [1 36, 1371. 

Blood Product Management. The most common complica
tion of ECLS is bleeding, which can occur in up to 20% of 
cases. Pediatric and adult patients are most prone to bleeding, 
given the propensity for other severe and unrelated illnesses 
(e.g. , gastric ulcer) or even conditions specific to the disease 
being treated (e.g. ,  fractures, chest tubes, recent operation, 
and bleeding from a surgical site). Blood loss during the NIH
sponsored ECMO trial in the 1 970s routinely exceeded 2 L per 
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day. Blood products (red blood cells, platelets, clotting fac
tors) must be administered as part of the ECLS routine 
because of bulk loss (due to bleeding and laboratory sam
pling), consumption (due to platelet activation and aggrega
tion in the membrane oxygenator), and sequestration (usually 
noted as an increase in liver and spleen size in patients 
undergoing ECLS). 

Packed reel blood cells are transfused to maintain a hemat
ocrit of 40% to 45% to maximize the amount of oxygen deliv
ered to the patient per liter of perfused blood. The small but 
possible risk of transfusion-associated disease must be under
stood by all parties involved, because by necessity blood 
products are required during some phase of the patient's ECLS 
course, beginning with the priming of the circuit. Concen
trated platelets are administered to keep platelet counts 
greater than 100,000 per mm3, and if ongoing bleeding is 
present, a higher target platelet level of 1 50,000 per mm3 or 
greater is used. Although the absolute numbers may appear 
adequate during ECLS, platelet function is usually impaired 
because of platelet activation with the foreign surface of the 
ECLS circuit and the ongoing addition of older, more senes
cent platelets found in banked platelet transfusions. 

Fluid Management. Most critically ill patients, particularly 
those requiring resuscitation to maintain adequate blood pres
sure in the presence of higher ai1way pressures or additional 
preloacl to compensate for diminished cardiac contractility, 
are usually several kilograms above cl1y weight. One goal 
early in ECLS is to augment net fluid loss with the intention of 
achieving near dry weight at the time of clecannulation. Fluid 
balance is carefully monitored during ECLS, and fluids are 
usually administered in an amount approximately 80% of 
maintenance. In addition, diuretics (bumetanicle, furosemicle, 
ethac1ynic acid, and mannitol) are added to the daily medica
tion regimen to force diuresis. If rapid fluid removal is neces
sa1y, a clialyzer/hemofilter membrane can be placed in the 
ECLS circuit and filtration driven by the higher pressure of the 
preoxygenator side of the circuit. Slow continuous ultrafiltra
tion or conventional continuous arteriovenous hemofiltration 
without or with dialysis, in the case of renal failure, can be 
performed [ 1 18 ,1381 . Parenteral nutrition may be adminis
tered, but full enteral feeding using a nasocluodenal tube is 
preferred with a functioning gastrointestinal tract. 

Ventilator Management. The primary goal of ECLS for respi
ratory failure is to allow lung rest by taking over most oxygen
ation and ventilation, so mechanical ventilator settings can be 
decreased to moderate levels. For cardiac and respiratory fail-

ure patients, a modification of the approach used by Gattinoni 
et al. [101]  has been adopted: limited pressure (plateau ai1way 
pressures no higher than 30 cm H20), low FI02 (no more than 
0.5), low respiratory rate (6 to 10 breaths per minute) ventila
tion, and modest levels of positive end-expirato1y pressure (5 
to 15 cm H20). Inspiratory time is prolonged by reversal of 
the inspiratory to expiratory ratio (a 2-to-1 to 4-to-1 relation
ship between inspiration and expiration) to augment alveolar 
recruitment and expansion. For longer ECLS runs, percutane
ous tracheostomy using the method of Ciaglia and Graniero is 
usually performed [ 1391. tandard and routine trac eal suc
tioning is continued, and prone positioning is used, as are 
other standard respiratory care and nursing maneuvers [1 18]. 

Weaning from Extracorporeal Life Support. During ECLS, 
improvement in pulmonary or cardiac function is usually 
obvious, because blood gases improve and pump flow can 
be decreased over time. When extracorporeal support is 
weaned to approximate! 10% to 20% of metabolic require
ment or cardiac output, a "trial off" ECLS is performed, with 
the anticipation of eventual decannulation. For patients on 
venoarterial bypass, moderate ventilato1y settings are chosen 
(e.g., F102 of 0.5) and any inotropes adjusted to modest rates 
of infusion. The catheters connecting the patient to the ECLS 
circuit are clamped and the bridge opened to allow idling of 
the blood to prevent thrombosis in the circuit. A modest trial 
off bypass of 2 to 4 hours without deterioration usually indi
cates that the patient is ready to be decannulated. If the 
patient shows signs of deterioration (decreasing blood pres
sure, cardiac output, arterial or mixed venous saturation), the 
patient is simply placed back on ECLS support. Failure during 
a trial off means the patient is not yet "ready," and another 
trial off is planned for 1 to 2 days later. The trial off during 
venovenous bypass is much simpler, because only the oxy
gen supply needs to be removed from the oxygenator, while 
the bypass circuit is allowed to circulate mixed venous blood 
away from and back to the patient. The ECLS circuit, with 
blood oxygen saturation monitoring capability in the drain
age limb of the circuit, acts to give the same information a 
fiberoptic oxygen saturation catheter would give if left in the 
central venous position. Such monitoring is invalua le when 
following the progress of a trial off. 

RESULTS. To date, more than 24,000 patients have been 
treated with ECLS at more than 95 centers worldwide [140] .  
A current summa1y of the use of ECLS, compiled by the 
Extracorporeal Life Support Organization (ELSO) Registry, is 
listed in Table 10-7. EL 0, an organization of health care 

Tab/,e 10- 7. Neonatal, Pediatric, and Adult Extracorporeal Life Suppolt (ECLS) Dara Compiled by die Extracorporeal Life Support Organization 
Registry (Ann Arbor, Michigan) as of January 2002 

Group Patiencs reported Su1vived ECLS (%) Su1vived to DIC or trans� r (%) 

Neonatal 
Respirato1y 1 6,941 1 4,507 86 13, 1 98 78 
Cardiac 1 ,605 897 56 618 39 
ECPR 71 43 61 30 42 

Pediatric 
Respirato1y 2,216 1 ,386 63 1 ,210  55 
Cardiac 2,281 1 ,237 54 929 41 
ECPR 1 18 51 43 43 36 

Adult 
Respirato1y 721 409 57 370 51 
Cardiac 343 145 42 1 1 1  32 
ECPR 69 32 46 22 32 

Totals 24,365 18,707 77 16,531 68 

DIC, discharge from hospital; ECPR, extracorporeal cardiopulmonary resuscitation. 
From ECMO Registry of the Extracorporeal Life Support Organization. Ann Arbor, MI. ECMO Quarterly Report, January 1002, with permission. 
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professionals involved with ECLS from centers around the 
world, was founded in 1 989. The registry is maintained for 
and is useful to member centers by offering data analysis of 
the accumulated ECLS patient database, and under the 
direction of ELSO, several multicenter trials have been con
ducted. The Registry allows investigators to study ECLS 
problems and hypotheses rather than just relying on anec
dotal experience. 

Experience with ECLS is greatest in neonates with respira
tory failure, and this group of patients also has the highest sur
vival rate. The survival rate for meconium aspiration 
syndrome is the highest (94%); that for congenital diaphrag
matic hernias is much lower (54%) because of the complex 
surgical nature of this disease ( 140] . Survival is higher in the 
more experienced centers, and survival rares typically 
improve slightly over time at any new center beginning an 
ECLS program, lending support to the concept of a learning 
curve with this technology. A recent prospective, randomized 
trial of ECMO for neonatal respirato1y failure conducted in the 
United Kingdom demonstrated greater survival in the group 
treated with ECMO compared to the group treated with con
ventional therapy (141] .  Currently, the annual number of neo
nates with respiratory failure treated with ECLS is decreasing, 
due to the use of inhaled nitric oxide and the oscillator for 
mechanical ventilation. 

For pediatric patients, experience with cardiac and respi
ratory failure has grown as the number of centers has grown, 
and there is a natural tendency for neonatal centers to move 
up to ECLS support of larger pediatric cardiorespirato1y fail
ure patients in the pediatric critical care unit. This growth 
has been most notable for the treatment of pediatric patients 
after cardiac operation for congenital anomaly and trans
plantation. 

After the report by Gattinoni et al. (101]  of improved sur
vival with ECC02R for adults with respiratory failure, several 
centers returnee! to this technology as a technique for respira
tory support for failing lungs. For patients witl1 prima1y lung 
failure and a predicted survival of only 10% to 20% (by ent1y 
criteria), the approximate 50% survival offered by ECLS, 
although not at the 80% to 90% survival level of newborns, is 
nonetheless an improvement. Several large series of adult 
patients with respiratory failure treated witl1 ECLS have been 
reported (1 10 ,1 1 2 , 1 20] . A prospective, randomized trial com
paring conventional ventilation and ECMO-Conventional 
Ventilation or ECMO for Severe Adult Respiratory Failure-is 
currently under way in the United Kingdom (G. Peek, per
sonal communication, March 2002). 

Morris et al. ( 1 1 6] reported a unique approach to the venti
larory treatment of ARDS using a computer-driven algorithm 
ro attempt to standardize ventilaro1y manipulations and 
changes during the testing of any new technology or tech
nique. They also used this methodology in a comparison of 
mechanical ventilation with ECC02R for treatment of respira
t01y failure due to ARDS. Although the extracorporeal tech
nique in this study is now considered inadequate, these 
investigators achieved a 40% survival in the mechanical ven
tilation arm of the study [ 1 17] .  This study, nonetheless, has 
made a significant contribution. A definitive test of any 
advantage of ECLS over conventional therapy still needs to be 
performed in centers experienced with prolonged perfusion 
and aggressive surgical management of bleeding. We have 
yet to fully answer the question: Is ECLS better than conven
tional therapy? 

TECHNOLOGIC ADVANCES IN EXTRACORPOREAL LIFE 
SUPPORT. The development and resting of several new 
technologies related to ECLS deserve special mention 

because these innovations will simplify ECLS and automate 
the process ro the point where minute-by-minute attendance 
by an ECLS specialist should not be necessary. ECLS could 
be maintained and monitored by the critical care nurse 
already at the bedside. 

First and foremost on the horizon is the development of a 
suitable thromboresistant surface coating for perfusion com
ponents. Although success has been achieved with heparin 
coating of short-term cardioperfusion components used in 
the operating room, two processes currently have been 
incorporated in surface coatings for the blood path of oxy
genarors for long-term use: Carmeda Bio-Active Surface 
(Medtronic/Carmeda, Stockholm, Sweden) and DuraFlo II  
(Baxter-Bentley Laboratories, Irvine, CA) ( 107, 1 42, 143] .  Leak
age of plasma from the blood phase ro the gas phase (as 
previously described) is unpredictable in the riming of its 
appearance during ECLS, bur this peculiar event has been 
reported in several centers where hollow-fiber oxygenarors 
with the Carmeda coating are routinely used [130, 144]. Fur
ther work toward refinement of the physical interaction of 
blood with the heparin-coated membrane may yield sarisfac
to1y results. 

The roller pump and centrifugal pump have remained the 
two prima1y options for perfusion in tl1e United Stares. A third 
system, previously marketed in Europe by Rhone-Poulenc 
(Collin-Cardio, Paris, France), has been used successfully by 
several European ECLS centers, particularly by Durandy er al. 
in Paris [ 127) . A similar device now available in the United 
States for cardiac surge1y also incorporates several advantages 
of the roller pump and the centrifugal pump. This pump 
(Affinity Pump System, Avecor Cardiovascular, Inc. ,  Minneap
olis, MN) can be purchased at low cost and has the durability 
of the roller pump system. Also inherent in the design are 
safety features to prevent cavitation during periods of 
decreased venous return and overpressuring (resulting in tub
ing rupture during accidental occlusion of higher pressure 
outlet lines). Ovoid, disrensible tubing is used as a "raceway" 
that collapses flat during inlet occlusion, preventing further 
blood flow and thus cavitation, and becomes round during 
outlet occlusion, overcoming the occlusion of the rollers and 
thus preventing high pressures [ 1 28] . 

Advances in catheter technology have been driven prima
rily by the needs of cardiorhoracic perfusion. The thin-walled, 
low-resistance catheters for percutaneous insertion allow rela
tively high flow. A double-lumen catheter has been designed 
for single-sire cannulation and venovenous perfusion in the 
newborn [145).  This design allows both drainage and return of 
blood through a single catheter barrel. A larger design for per
cutaneous placement in pediatric and adult patients is under 
development. 

The existing ECLS perfusion system requires both a spe
cialist at the bedside full-rime for routine monitoring of the 
circuit, assessment of the level of anticoagulation, and mod
ification of the rare of heparin administration and someone 
knowledgeable about the circuit to intervene effectively 
and quickly in circuit emergencies (e.g . ,  raceway tubing 
rupture, oxygenator failure) or patient emergencies (e .g . ,  
bleeding, tension pneumorhorax, hyporension). A ream of 
ECLS specialists is comprised of nurses, respiratory care 
personnel, perfusionisrs, and physicians who are specially 
trained to assemble, prime, monitor, and troubleshoot the 
ECLS circuit. The ECLS specialist remains at the bedside 
along with the critical care nurse. One objective has been to 
add sufficient automation and servoregularion to the system 
such that, once cannulation and initial operation of the cir
cuit have been completed and confirmed, the critical care 
nurse can both continue critical care duties and monitor the 
ECLS circuit. 
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This servoregulated ECLS circuit would automatically wean 
the system based on data input of mixed venous oxygen satu
ration, arterial oxygen saturation (by pulse oximeuy), pulmo
na1y mechanics (from the ventilator), and assay of blood 
gases. Pump flow and oxygenator sweep gas composition and 
flow would be modulated based on feedback from these 
physiologic parameters. Safety mechanisms would be built in 
to detect the presence of air bubbles in the arterial return side 
or high pressures within the system [ 146] . 

The IVOX (CardioPulmonics, Inc . ,  Salt Lake City, UT) was 
introduced in 1 987 as an implantable device [ 147] but, 
because of its application, it is more correctly referred to as an 
intracO'lporeal respirato1y support device. It is inserted trans
venously by way of the right femoral or jugular vein after sur
gical exposure of the vessel and resides in the vena cava. 
Before insertion, the IVOX is wound tightly (similar to an 
IABP catheter) to decrease the diameter of the device. Once 
the IVOX is placed and its position is confirmed fluoroscopi
cally, it is unwound or "unfurled," the hollow fibers expand
ing to occupy the lumen of the vena cava . Gas exchange 
between blood in the vena cava and the oxygen within the 
fibers occurs through diffusion across the fiber wall. 

Although several groups had reported safety and efficacy of 
the IVOX device [148-150], during clinical investigation it was 
cumbersome to insert and remove. Furthermore, the maximal 
C02 removal capability was approximately one-third that of 
metabolically produced CO,, and the device was even less 
efficient at oxygen transfer to venous blood. Recently, Hattier 
and colleagues [ 1 5 1] have expanded on tl1e design of the 
IVOX to produce a respiratoty assist catheter that uses a cen
trally placed balloon around which hollow fibers with a more 
biocompatible gas exchange surface are placed. This device 
surpassed the IVOX in gas exchange transfer rates during both 
bench and animal testing. Clinical trials of the respirato1y 
assist catheter in Europe will begin soon. 

Finally, Conrad [ 152] and Zwischenberger [1 53] have 
described and tested a pumpless extracorporeal system that 
incorporates a low-resistance oxygenator to augment C02 
removal in patients with respiratoty failure. Access catheters 
are placed percutaneously in the femoral artery and vein, with 
perfusion of the mcygenator accomplished using arterial blood 
pressure as the driving force. Hence tl1e acronym AVC02R 
(aretriovenous C02 removal), by which tl1e system is known. 
A clinical study evaluating the utility and safety of this system 
in critically ill patients is currently under way. 

ECLS has undergone significant technologic advances in 
recent years. It remains in the armamentarium of the intensiv
ist for neonatal respirato1y failure and is used in pediatric and 
adult cardiorespirato1y failure. Critical to success with ECLS is 
early intervention in the disease process before irreversible 
lung and other organ damage takes place. Proper application 
of this technology requires an organized and experienced 
team of surgeons, intensivists, ECLS specialists, respirato1y 
care practitioners, and nurses. Recent improved success with 
ECLS can be attributed to improved perfusion technology and 
better patient selection. 

Conclusions 
As perfusion technology and our understanding of the physi
ology of heart and lung failure continue to advance, support 
systems for these organ systems will improve with added reli
ability and safety. The aforementioned technologies are exam
ples of research that began in the laboratoty and moved to 
clinical use, saving tens or perhaps hundreds of thousands of 

lives in recent years. Nonetheless, tl1ese technologies are only 
temporizing for patients in the intensive care unit, because 
either organ function recovers or the patient must be consid
ered for heart transplantation. As tl1e science of the treatment 
of organ failure contiJ1ues to develop (e.g. ,  xenotransplanta
tion, gene therapy, tissue culture and engineeriJ1g), these 
mechanical technologies will continue to play a role in the 
support of patients with severe cardiac and respiratory failure 
in the intensive care unit. 
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1 1 .  Chest Tube Insertion and Care 

Chest tube insertion (tube thoracostomy) involves placement 
of a sterile tube imo the pleural space to evacuate air or fluid 
into a closed collection system to restore negative intratho
racic pressure, promote lung expansion, and prevent poten
tially lethal levels of pressure from developing in the thorax. 
Although it is not as complex as many surgical procedures, 
serious and potentially life-threatening complications may 
result if chest tube insertion is performed without proper 
preparation or instruction. Insertion and care of chest tubes 
are common issues not only in the intensive care unit but 
throughout the hospital and have become a required compo
nent of the training for Advanced Trauma Life Support [l ] .  

Pleural Anatomy and Physiology 
Because the primary goal of chest tube placement is drainage of 
the pleural space, a basic knowledge of its anatomy and physiol-
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ogy is useful. The lung fills all but 10 cc of the pleural space in 
the normal physiologic state. This space is a closed, serous sac 
surrounded by two separate layers of mesothelial cells (the pari
etal and visceral pleurae), which are contiguous at the pulrno
na1y hilum and the inferior pulmonary ligament. Normally, there 
is a negative intrapleural pressure of -2 to -5 cm water. 

The parietal pleura is subdivided into four anatomic sec
tions: the costal pleura (lining the ribs, costal cartilages, and 
intercostal spaces), the cervical pleura (on the most superior 
aspect of the pleural space), the mediastinal pleura (covering 
the medial aspect of the pleural space), and the diaphragmatic 
pleura. The visceral pleura completely covers and is adherent 
to the pulmonaiy parenchyma, extending into the interlobar 
fissures to va1ying degrees. The pleural layers are in close 
apposition and under normal physiologic conditions allow 
free expansion of the lung in a lubricated environment. In 
some areas, potential spaces exist where parietal pleural sur
faces are in contact during expiration, most notably in the cos
todiaphragmatic and costomediastinal sinuses [2]. 
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Drainage of the pleural space is necessary when the normal 
physiologic processes are disrupted. Violation of the visceral 
pleura allows accumulation of air (pneumothorax) and possi
bly blood (hemothorax) in the pleural space. Disruption of 
the parietal pleura may also result in a hemothorax if an 
underlying vascular structure is disrupted or a pneumothorax 
if the defect communicates to the environment. 

Derangements of normal fluid dynamics in the pleural 
space may result in the accumulation of clinically significant 
effusions. Fluid is secreted into and reabsorbed from the pleu
ral space by the parietal pleura, the latter process through sto
mas that drain into the lymphatic system and ultimately 
through the mediastinal, intercostal, phrenic, and substernal 
lymph nodes. Although up to 500 ml per clay may enter the 
pleural space, normally less than 3 ml fluid is present at any 
given time [3]. This normal equilibrium may be disrupted by 
increased fluid enuy into the space clue to alterations in 
hydrostatic pressures (e.g. ,  congestive heart failure) or oncotic 
pressures or by changes in the parietal pleura itself (e.g., 
inflammatory diseases). A derangement in lymphatic drainage, 
as with lymphatic obstruction by malignancy, may also result 
in excess fluid accumulation. 

Chest Tube Placement 
INDICATIONS. The indications for closed intercostal drain
age encompass a variety of disease processes in the hospital 
setting (Table 1 1-1) .  The procedure may be performed to pal
liate a chronic disease process (e.g., drainage of malignant 
pleural effusions) or to relieve an acute, life-threatening pro
cess (e.g.,  decompression of a tension pneumothorax). Chest 
tubes also may provide a vehicle for pharmacologic interven
tions, as when used with antibiotic therapy for treatment of an 
empyema or to instill sclerosing agents to prevent recurrence 
of malignant effusions. 

Pneumothorax. Accumulation of air in the pleural space is 
the most common indication for chest rube placement. Symp
toms include tachypnea, clyspnea, and pleuritic pain, although 
some patients (in particular, those with a small spontaneous 
pneumothorax) may be asymptomatic. Physical findings 
include diminished breath sounds and hyperresonance to per
cussion on the affected side. 

Diagnosis is often confirmed by chest radiography, dem
onstrating a thin opaque line beyond which exists a hyperlu
cent area without lung markings. Although the size of a 
pneumothorax may be estimated, this is at best a rough 
approximation of a three-dimensional space based on a two
dimensional view. Inspiratory and expiratory films may be 
helpful in equivocal situations, as may a lateral clecubitus 
film with the suspected side up. Detection of an anterior 
pneumothorax in blunt trauma may be especially difficult 
and yet may be easily detected by chest computed tomo
graphic (CT) scanning [4]. 

The decision to insert a chest tube for a pneumothorax is 
based on the patient's overall clinical status and may be aided 
by serial chest racliographs. Tube decompression is indicated 
in those who are symptomatic, who have a large or expand
ing pneumothorax, or who are being mechanically ventilated 
(the latter of whom may present acutely with deteriorating 
oxygenation and an increase in airway pressures, necessitat
ing immediate decompression). 

A spontaneous pneumothorax occurs most commonly in 
tall, slender, young males secondary to rupture of apical alve
oli and subsequern formation of subpleural blebs, which then 

Table 11 -1. rndications for Chest Tube Insertion 

Pneumothorax 
Spontaneous 
Traumatic 
Necrotizing pneumonia 
Interstitial fibro is 
Malignancy 

Prima1y 
Metastatic 

Bullous emphysema 
Pulmona1y infarction 
Iatrogenic 

Central line placement 
Positive-pressure ventilation 
Thoracentesis 

Hemothorax 
Traumatic 

Blunt 
Penetrating 

Iatrogenic 
Malignancy 

Primaiy 
Metastatic 

Infectious 
Pulmona1y arteriovenous malformation 
Spontaneous pneumothorax 
Blood dyscrasias 
Ruptured thoracic aon.ic aneu1ysm 

Empyema 
Parapneumonic 
Posttraumatic 
Postoperative 
Septic emboli 
Intraabdominal infection 

Chylothorax 
Traumatic 

Blunt 
Penetrating 
Surgical 

Congenital 
Malignancy 
Miscellaneous 

Filariasis 
Tuberculosis 
Subclavian vein obstruction 

Pleural effusion 
Transudate 
fa.'l1date 

Malignancy 
Postoperative 
Iatrogenic 
Immunologic 
Inflammatory 

rupture into the pleural space. An associated hemothorax 
from torn adhesions may occur in up to 5% of case [5]. The 
risk of a recurrent ipsilateral spontaneous pneumothorax is as 
high as 50%. and the risk of a third episode is 60% to 80% [6]. 

A small, stable, asymptomatic pneumothorax can be fol
lowed with serial chest radiographs. Reexpansion occurs at 
the rate of approximately 1 .25% of lung volume pe day [7]. 
Definitive operative intervention beyond tube thor costomy 
may include resection of apical blebs, pleurodesi5, and/or 
pleurectomy via open d10racotomy or thoracoscopy. These 
procedures are often reserved for those with a persistent air 
leak or with recurrent spontaneous pneumothoraces. 

Pneumothorax in trauma patients is often accompanied by 
bleeding (hemopneumod1orax) and almost invariably requires 
tube decompression, especially if mechanical ventilation is 
planned, to avoid a life-threatening tension pneumothorax. 



Persistent leaking of air into the pleural space with no route of 
escape will ultimately collapse the affected lung, flanen the 
diaphragm, and eventually produce contralateral shift of the 
mecliastinum. Compression of the contralateral lung and com
promise of venous return result in progressive hypoxemia and 
hypotension. Emergency decompression with a 1 4- or 1 6-
gauge catheter in the midclavicular line of the second inter
costal space may be lifesaving while preparations for chest 
tube insertion are being made. In a hypotensive trauma 
patient, such pleural space decompression may be required 
before radiographic diagnosis of tension pneumothorax is 
confirmed. 

Additional potential sources of pneumothorax are bullous dis
ease, malignancies (pa1ticularly soft tissue sarcoma metastases), 
and necrotizing pneumonia. Iatrogenic causes include thoracen
tesis and central venous catheter insenion. The incidence of 
pneumothorax associated with attempts at subclavian vein 
access has been reponecl to be as high as 6%, and although the 
incidence is lower with an internal jugular approach, pneu
mothorax still may result (as the lung apices rise above the clav
icles) [8]. Patients on mechanical ventilation, especially with 
elevated levels of positive end-expiratory pressure, are also at 
risk. In this sening, a tension pneumothorax may rapidly 
develop and require emergency measures as described above. 
Although prophylactic inse1tion of bilateral pleural tubes has 
been reponecl for patients on extremely high levels of positive 
end-expiratory pressure (greater than 40 cm H20), no controlled 
study has yet documented its benefit [9]. 

Hemothorax. Accumulation of blood in the pleural space can 
be classified as spontaneous, iatrogenic, or traumatic. Attempted 
thoracentesis or tube placement may result in injwy to the 
intercostal or internal mamma1y aneries or to the pulmona1y 
parenchyma. Up to a third of patients with traumatic rib frac
tures may have an accompanying pneumothorax or hemotho
rax (10] .  Pulmonary parenchymal bleeding from chest trauma is 
often self-limited due to the low pressure of the pulmonary vas
cular system. However, systemic sources (intercostal, internal 
mamma1y or subclavian aiteries, aorta, or heart) may persist 
and become life threatening. 

Indications for open thoracotomy in the setting of traumatic 
hemothorax include initial blood loss greater than 1 , 500 ml or 
continued blood loss exceeding 500 mL over the first hour, 200 
mL per hour after 2 to 4 hours, or 1 00 mL per hour after 6 to 8 
hours, or in an unstable patient who does not respond to vol
ume resuscitation ( 1 1-13]. Placement of large-bore (36 to 40 
French (Fr)] drainage tubes encourages evacuation of blood 
and helps determine the need for in1111ediate thoracotomy. 
Although some have advocated clamping the tube in the face 
of significant intrathoracic hemorrhage, this practice should be 
discouraged, as it fails to prevent hypotension and instead hin
ders ventilation (14].  

Incomplete drainage of a traumatic hemothorax due to 
poor tube positioning or tube "thrombosis" may result in a 
chronic fibrothorax. Subsequent significant reduction of pul
mona1y reserve may occur as a result of restricted lung expan
sion. Early, aggressive evacuation of a retained hemothorax 
(via thoracoscopy or open thoracotomy) encourages full reex
pansion and prevents empyema formation [ 1 5 , 1 6] in those 
who are able to tolerate the procedure. If the patient's condi
tion mandates nonoperative management, a waiting period of 
several weeks allows an organized "peel" to form, facilitating 
its removal (decortication). 

Spontaneous pneumothoraces may result from necrotizing 
pulmona1y infections, pulmona1y arteriovenous malforma
tions, pulmona1y infarctions, primary and metastatic malig
nancies of the lung and pleura, and tearing of adhesions 
between the visceral and parietal pleurae. 

1 1: Chest Tube Insertion and Care 1 29 

Empyema. Empyemas are pyogenic infections of the pleural 
space that may result from numerous clinical conditions, 
including necrotizing pneumonia, septic pulmona1y emboli, 
spread of intraabdominal infections, or inadequate drainage 
of a traumatic hemothorax. Pyothorax as a complication of 
pneumonia is less common now than in the preantibiotic era, 
with the common organisms now being Staphylococcus 
aureus and anaerobic and Gram-negative microbes. 

Definitive management includes evacuation of the collec
tion and antibiotic therapy. Chest tube drainage is indicated 
for pleural collections with any of the following characteris
tics: pH less than 7.0,  glucose less than 40 mg per dL, lactate 
clehyclrogenase greater than 1 ,000 IU per L, frank purulence, 
or culture-positive specimens ( 17] .  Large-bore drainage tubes 
(36 to 40 Fr) are used, and success is evidenced by resolving 
fever and leukocytosis, improving clinical status, and eventual 
resolution of drainage. The tube can then be removed slowly 
over several clays, allowing a fibrous tract to form. If no 
improvement is seen, rib resection and open drainage may be 
indicated. Chronic empyema may require decortication or, in 
more debilitated patients, open flap drainage (Eloesser proce
dure). Fibrinolytic enzymes (urokinase or streptokinase) can 
also be instilled through the tube to facilitate drainage of per
sistent purulent collections or for hemothorax or malignant 
effusions (18--20]. 

Chylothorax. A collection of lymphatic fluid in the pleural 
space is termed chylothorax. Due to the in1111unologic proper
ties of lymph, the collection is almost always sterile. As much 
as 1 ,500 mL per clay may accumulate and may result in hemo
dynamic compromise or adverse metabolic sequelae as a result 
of loss of protein, fat, and fat-soluble vitamins. The diagnosis is 
confirmed by a fluid triglyceride level greater than 1 10 mg per 
dL or a cholesterol-triglyceride ratio of less than 1 (21 ,22] . 

Primary causes of chylothorax include trauma, surgery, 
malignancy, and congenital abnormalities. Surgical proce
dures most often implicated are those involving mobilization 
of the distal aortic arch and isthmus (e.g. ,  repair of aortic 
coarctation, ligation of a patent ductus arteriosus, or repair of 
vascular rings) and esophageal resections (23]. Its appearance 
in the pleural space may be delayed for 7 to 1 0  days if there 
are postoperative dieta1y restrictions; the fluid may also col
lect in the posterior mecliastinum before rupturing into the 
pleural space (often on the right side) (22]. Traumatic causes 
include crush or blast injuries, those that cause sudden hyper
extension of the spine or neck, or even a bout of violent vom
iting or coughing. 

In the absence of trauma, malignancy must always be sus
pected. Leak occurs secondary to direct invasion of the tho
racic duct or from obstruction by external compression or 
tumor emboli. Lymphosarcoma,  lymphoma, and primary lung 
carcinomas are those most frequently implicated (22]. 

Treatment involves tube drainage along with aggressive 
maintenance of volume and nutrition. With hyperalimentation 
and intestinal rest (to limit flow through the thoracic duct), 
approximately 50% will resolve without surge1y (24]. Although 
no consensus exists as to the optimal time to intervene surgi
cally, a minimum of 2 weeks of observation is usually appro
priate unless the patient is already malnourished (25,26] . 
Open thoracotomy may be necessa1y to ligate the duct and 
close the fistula. 

Pleural Effusion. Management of a pleural effusion often 
begins with thoracentesis to identify the collection as either a 
transuclative or exuclative process. Treatment of transudative 
pleural effusions is aimed at controlling the underlying cause 
(e.g. ,  congestive heart failure, neplu-otic syndrome, cirrhosis). 
Tube thoracostomy is rarely indicated. Exudative effusions, 
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however, often require tube drainage. Decubitus chest films 
before drainage are useful in determining whether the fluid is 
free flowing or loculatecl. If loculatecl, localization of the col
lection for proper tube placement may require use of ultra
sound or CT scanning. 

Malignancies (most commonly of the lung, breast, or lymph 
system) are a common cause of exuclative effusions. Recurrence 
of effusion following thoracentesis may be as high as 97% in a 
month, with most recurring within 1 to 3 clays (27]. Chest tube 
insenion serves not only to relieve symptoms and allow lung 
expansion but also to allow instillation of sclerosing agents to 
facilitate adherence of visceral to parietal surfaces to obliterate 
potential spaces and prevent future fluid accumulation. Tube 
drainage alone without sclerosis may result in a recurrence rate 
as high as 100% within a month (27]. Chemical pleuroclesis 
should be undenaken once apposition of pleural surfaces is 
complete and can be performed using any of a number of 
agents, including bleomycin, doxycycline, and talc (28-30]. 

CONTRAINDICATIONS. The most obvious contraindication 
to chest tube insenion seems obvious-lack of a pneumothorax 
or of a fluid collection in the pleural space-yet this distinction 
is not always clear. What may appear at first to be a pneumotho
rax may instead be a rib edge or a skinfold, the medial border of 
the scapula, or even the u·act of a recently removed chest tube. 
A large bulla may also be mistaken for a pneumotl10rax, a cir
cumstance in which attempted pleural tube placement may 
result in significant morbidity. An expiratory chest film, which 
highlights t11e pulmonary parenchyma by increasing its density, 
or a decubitus view witl1 t11e suspected side up may help con
firm tl1e diagnosis, as may CT scanning. Likewise, an apparent 
pleural effusion may be a lung abscess or consolidated pulmo
nary parenchyma (e.g., pneumonia, atelectasis, etc.). Again, CT 
scanning or ultrasonography may prove helpful in delineating 
t11e pathology before tube placement. 

History of a process that would promote pleural symphysis 
(such as a sclerosing procedure, pleurodesis, pleurectomy, or 
previous t11oracotomy on the affected side) should raise cau
tion and prompt evaluation with CT scanning to help identify 
the exact area of pathology and to direct tube placement 
away from areas where the lung is adherent to the chest wall. 
In a postpneumonectomy patient, the pleural tube should be 
placed above the original incision, as the diaphragm fre
quently rises to this height. 

The possibility of herniation of abdominal contents t11rough 
the diaphragm in patients with severe blunt abdominal trauma 
or stab wounds in the vicinity of the diaphragm requires more 
extensive evaluation before tube placement. In addition, 
coagulopathies should be corrected before tube insertion in a 
nonemergency setting. 

TECHNIQUE. Chest tube insenion requires knowledge not 
only of the anatomy of the chest wall and intrathoracic and 
intraabdominal structures but also of general aseptic tech
nique. The procedure should be performed or supervised only 
by experienced personnel, because the complications of an 
improperly placed tube may have immediate life-threatening 
results. Before tube placement, the patient must be evaluated 
thoroughly by physical examination and chest films to avoid 
insertion of the tube into a bulla or lung abscess, into the 
abdomen, or even into the wrong side. Particular care must be 
taken before and during the procedure to avoid intubation of 
the pulmonary parenchyma. 

The necessary equipment is listed in Table 1 1 -2 .  Sterile 
technique is mandatory whether t11e procedure is performed 
in the operating room, intensive care unit, emergency room or 

Table 11-2. Chest Tube Insenion Equipment 

Povidone-iodine solution 
Sterile towels and drapes 
Sterile sponges 
1% lidocaine without epinephrine (40 mL) 
10-ml syringe 
18-, 21-, and 25-gauge needles 
2 Kelly clamps 
Mayo scissors 
Standard tissue forceps 
Towel forceps 
Needle holder 
0-Silk suture with cutting needle 
Scalpel handle and No. 10 blade 
Chest tubes (24, 28, 32, and 36 French) 
Chest tube drainage system (filled appropriately) 
Petrolatum gauze 
2-in. adhesive tape 
Sterile gowns and gloves, masks, caps 

on the ward. Detailed informed consent is obtained and con
tributes to reducing patient anxiety during the pr cedure. 
Careful titration of parenteral narcotics or benzodiazepines as 
well as careful and generous administration of local a esthetic 
agents provide for a relatively painless procedure. 

Standard, large-bore drainage tubes are made from either 
Silastic or rubber. Right-angled mbber tubes elicit more pleural 
inflammation, have fewer drainage holes, and are not easily 
identified on chest radiogra ph. Silastic tubes are either right 
angled or su·aight, have multiple drainage holes, and contain a 
radiopaque stripe with a gap to mark t11e most proximal drain
age hole. They are available in sizes ranging from 6 to 40 Fr, 
wit11 size selection dependent on t11e patient population (6 to 
24 Fr for infants and children) and the collection being drained 
(24 to 28 Fr for air, 32 to 36 Fr for pleural effusions, and 36 to 
40 Fr for blood or pus). 

Before performing the procedure, it is important to review 
the steps to be taken and to ensure that all necessary equip
ment is available. Patient comfon and safety are paramount. 

1. With the patient supine and the head of the bed adjusted 
for comfort, the involved ide is elevated slightly with the ipsi
lateral arm brought up over the head (Fig. 1 1-1) .  Supplemen
tal oxygen is administered as needed. 

2. The tube is usually insened through t11e founh or fifth 
intercostal space in t11e anterior axillary line. An alternative 
entry site (for decompression of a pneumothorax) is the sec
ond intercostal space in the midclavicular line, but for cos
metic reasons and to avoid the thick pectoral muscles, the 
former site is preferable in adults. 

3. Under sterile conditions, the area is prepared with 10% pov
idone-iodine solution and draped to include the nipple, which 
serves as a landmark. A 2- to 3-cm area is infiltrated with 1% 
lidocaine to raise a wheal rwo finger breadtl1s below the inter
costal space to be penetrated. (This allows for a subcutaneous 
tunnel to develop, t111·ough which the tube will travel, and dis
courages air entry into t11e chest following removal of the tube.) 

4. A 2-cm transverse incision is made at the wheal, and addi
tional lidocaine is administered to infiltrate the tissues through 
which the tube will pass, including a generous area in the 
intercostal space (especially tl1e periosteum of the ri s above 
and below the targeted interspace). Care should be taken to 
anesthetize tl1e parietal pleura fully, as it (unlike the visceral 
pleura) contains pain fibers. Each injection of lidocai e should 
be preceded by aspiration of the syringe to prevent injection 
into the intercostal vessels. Up to 30 to 40 mL lidocaine may 
be needed to achieve adequate local anesthesia (Fig. 1 1-1) .  
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Fig. 11-1. Proper patient positioning for chest tube insertion. Note that the involved side is slightly elevated, and the 
arm is flexed over the head. Lidocaine infiltrates progressively through the tissue. 

5. To confirm the location of air or fluid, a thoracentesis is 
then performed at the proposed site of tube insertion. If air or 
fluid is not aspirated, the anatomy should be reassessed and 
chest radiographs and CT scans reexamined before proceeding. 

6. A short tunnel is created to the chosen intercostal space, 
using Kelly clamps. After the intercostal muscles are bluntly 
divided, the closed clamp is carefully inserted through the 
parietal pleura, hugging the superior portion of the lower rib 
to prevent injury to the intercostal bundle of the rib above. 
The clamp is placed to a depth of less than 1 cm to prevent 
inju1y to the intrathoracic structures and is spread open 
approximately 2 cm (Fig. 1 1-2). 

7. A finger is inserted into the pleural space to explore the anat
omy and confirm proper location and lack of pleural symphysis. 
Only easily disrupted adhesions should be broken. Bluntly dis
secting su-ong adhesions may tear the lung and initiate poten
tially u-oublesome bleeding from the systemic circulation. 

8. The chest tube is inserted into the pleural space and posi
tioned apically for a pneumothorax and dependently for fluid 
removal .  All holes must be confirmed to be within the pleural 
space. The use of undue pressure or force to insert the tube 
should be avoided (Fig. 1 1-3). 

9. The location of the tube should be confirmed by observing 
flow of air (seen as condensation within the tube) or fluid 
from the tube. It is then sutured to the skin securely to pre
vent slippage (Fig. 1 1-4). A horizontal mattress suture can be 
used to allow the hole to be tied closed when the tube is 
removed. An occlusive petrolatum gauze dressing is applied, 
and the tube is connected to a drainage apparatus and 
securely taped to the dressing and to the patient. All connec
tions between the patient and the drainage apparatus must be 
tight and securely taped also. 

COMPLICATIONS. Chest tube inse1tion may be accompanied 
by significant complications. In one series, inseJtion and manage
ment of pleura.I tubes in patients with blunt chest u-auma ca.ITied 

a 9% incidence of complications (31] .  Inse1tion alone is usually 
accompanied by a 1 % to 2% incidence of complications even 
when perfom1ed by experienced personnel [31 ,32] (Table 1 1 -3). 

Unintentional placement of the tube through intercosral ves
sels or into the lung, heaJt, liver, or spleen can result in consid
erable morbidity and possible mortality (32,33]. Malposition of 
tubes within the pleural space may potentially limit effective
ness. Baldt et al. (33] found that nearly one of four chest tubes 
placed in a trauma setting were not positioned correctly, with 
75% of tl1ese not functioning properly. Adequate knowledge of 
the anatomy in general and of the pathologic process in partic
ular should prevent such occurrences. Reexpansion pulmona1y 
edema on the affected side in the setting of a large, chronic, 
pleural effusion may be avoided by incremental removal of the 
fluid, limiting initial removal to no more tl1an 1 L over the first 
30 minutes. Factors tl1at contribute to tl1is process include an 
inelastic lung and negative-pressure drainage [34,35]. 

A residual pneumothorax may follow removal of the tube 
as a result of a persistent air leak, ent1y of air through the tube 
site during or after removal ,  or restricted expansion of tl1e 
lung. These conditions may be differentiated based on serial 
chest films, as a persistent leak results in an increasing pneu
mothorax and requires replacement of the tube. A small stable 
pneumothorax can be treated by sealing the wound securely 
and continued obse1vation. If the pneumothorax is large or 
symptomatic, tube decompression is indicated. 

Rarely, seconda1y infection of tl1e pleural space may occur 
after chest tube insenion, resulting in an empyema. This is 
most conunon following treatment for a traumatic hemotho
rax. Numerous studies have examined the utility of prophylac
tic antibiotics for tube thoracostomy. Although it is generally 
accepted that antibiotics are of no benefit for decompression 
of a spontaneous pneumotl10rax (36], several investigations, 
including a metaanalysis of six randomized studies, suggested 
benefit of prophylactic antibiotic regimens directed against 
Staphylococcus aureus in patients undergoing tube thoracos
tomy in a u-auma setting (37-39]. 
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Because of their size and rigidity, chest tubes may limit 
ambulation and deep breathing. Pain associated with their 
presence as well as with their removal has come under scru
tiny with efforts to encourage early ambulation and discharge 
[40,41] ,  particularly following cardiac surge1y [42]. They have 
also been found to impair pulmona1y function, especially 
when placed through an intercostal space [43]. 

Chest Tube Management and Care 
While a chest tube is in place, the tube and drainage system must 
be d1eckecl daily for adequate functioning. Most institutions use 
a three-chambered system that contains a calibrated collection 
trap for fluid, an underwater seal unit to allow escape of air 
while maintaining negative pleural pressure, and a suction regu
lator. Suction is routinely established at 15 to 20 cm water, con
trolled by the height of the column in the suction regulator unit, 
and maintained as long as an air leak is present. The drainage 
system is examined daily to ensure that appropriate levels are 
maintained in the underwater seal and suction regulator cham
bers. If suction is desired, bubbling should be noted in d1e suc
tion regulator unit. Connections between d1e chest tube and the 
drainage system should be tighdy fined and securely taped. For 
continuous drainage, the chest tube and d1e tubing to d1e drain
age system should remain free of kinks, should not be left in a 

Fig. 11-2. A: The clamp penetrates the lntercostal 
muscle. B: The index finger is gently inserted to explore 
the immediate area around tl1e incision. No instruments 
are insened inro tl1e pleural space at this tin1e. 

dependent position, and should never be clamped. The tube can 
be milked and gendy stripped, ald10ugh with caution, as this 
may generate negative pressures of up to 1 ,500 mm Hg and can 
injure adjacent tissues [44]. Irrigation of the tube is discouraged. 
Dressing changes should be performed every 2 or 3 clays and as 
needed. Adequate pain control is mandato1y to encourage 
coughing and ambulation, to facilitate lung reexpansion. 

Serial chest films are obtained routinely to evaluate the 
progress of drainage and to ensure that the most proximal 
drainage hole has not migrated from the pleural space (a situ
ation that may result in pneumothorax or subcutaneous 
emphysema). If this occurs and the pathologic process is not 
corrected, replacement of the tube is usually indicated, espe
cially if subcutaneous emphysema is developing. A tube 
should never be reaclvancecl into the pleural space, and if a 
tube is to be replaced it houlcl always be at a different site 
rather than through the same hole. If a pneumothorax persists, 
increasing the suction level may be beneficial, but an addi
tional tube may be requir cl if no improvement results. Proper 
positioning may also be confirmed by chest CT scanning [45]. 

Chest Tube Removal 
Indications for removal of d1est tube include resoluti n of d1e 
pneumod10rax or fluid accumulation in d1e pleural space, or 
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Fig. 11-3. A: The encl of the chest rube is grasped with a Kelly clamp and guided with a finger through the chest 
incision. B: The clamp is rotated 180 degrees to direct the tube toward the apex. 

both. For a pneumothorax, the drainage system is left on suction 
until the air leak stops. If an air leak persists, brief clamping of 
the chest tube can be performed to confirm that the leak is from 
d1e patient and nor the system. If, after several clays, an air leak 
persists, placement of an additional tube may be indicated. 
When d1e leak has ceased for more d1an 24 to 48 hours (or if no 
fluctuation is seen in d1e uncle1water seal chamber), the drainage 
system is placed on water seal by disconnecting the wall suction, 
followed by a chest film several hours later. If no pneumod10rax 
is present and no air leak appears in the system wid1 coughing, 
deep breathing, and reestablishment of suction, d1e tube can be 
removed. For fluid collections, the tube can be removed when 
drainage is minimal, unless sclerotherapy is planned. 

Tube removal is often preceded by oral or parenteral analgesia 
at an appropriate time inte1val [46]. The suture holding d1e tube 
to d1e skin is cut. As d1e patient takes deep breaths, the tube is 
removed and the hole si.n1L1!taneously covered wid1 an occlusive 
petrolatum gauze dressing at peak inspiration (at which point 
only positive pressure can be generated in the pleural space, 
minimizing the possibiliry of drawing air in). A chest racliograph 
is performed in1rnecliately to check for a pneumothora,...c and is 
repeated 24 hours later to rule out reaccumulation of air or fluid. 

Related Systems 
Percutaneous aspiration of the pleural space to relieve a 
pneumothorax with no active air leak has been reported. 

Fig. 1 1-4. The tube is securely sutured to the skin with a 1-0 or 
2-0 silk suture. This suture is left long, wrapped around the tube, and 
secured with tape. To seal the tunnel, the suture is tied when the rube 
is pulled out. 
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Table 11-3. Complications of Chest Tube Insertion 

Unintentional tube placement into vital structures (lung, liver, spleen, 
etc.) 

Bleeding 
Reexpansion pulmonary edema 
Residual pneumothorax 
Residual hemothorax 
Empyema 

Although successful in up to 75% of cases of needle-induced 
or traumatic pneumothoraces, the success rate is less for those 
with a spontaneous pneumothorax [47,48). Small-bore cathe
ters placed via Selclinger technique or using a trocar have 
been successful for treatment of spontaneous and iatrogenic 
pneumothoraces [49-51) .  

Heimlich valves (one-way flutter valves that allow egress of 
air from pleural tubes or catheters) have also gained more use 
by facilitating ambulation and outpatient care for those with 
persistent air leaks [52,53). Small-caliber, soft, fluted drains 
have been used successfully to drain pleural and pericardia! 
spaces after open heart surgery [54). 
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12. Bronchoscopy 

Bronchoscopy is the endoscopic examination of the tracheo
bronchial tree. Whether performed with a flexible or rigid instru
ment, it is a procedure of the trained specialist who is familiar 
with all of its potential indications, complications, and contrain
dications. Unless otherwise stated, this chapter focuses on the 
flexible instrument. 

Since its commercial introduction for clinical use in 1968, flexi
ble bronchoscopy has had a dramatic impact on the approach 
and management of patients with a wide variety of respiratory 
problems [l]. The procedure revolutionized the practice of clinical 
chest medicine. It offers a va1iety of features and capabilities that 
have fostered its widespread use: (a) It is easily performed; (b) it 
is associated wid1 few complications [2]; (c) it is much more com
fortable [3] and safer [4] for the patient than rigid bronchoscopy; 
(d) it exposes a far greater proportion of the tracheobronchial tree 
(especially d1e upper lobes) to direct visualization d1an does rigid 
bronchoscopy [5]; (e) it does not require general anesd1esia or the 
use of an operating room [3]; and (0 it can be performed at d1e 
bedside [3]. For all of d1ese reasons, flexible bronchoscopy has 
largely replaced rigid bronchoscopy as d1e procedure of choice 
for most endoscopic evaluations of d1e ailway. On the od1er 
hand, rigid bronchoscopy may be d1e procedure of choice [1 ,6] 
for (a) brisk hemoptysis (200 mL per 24 hours); (b) extraction of 
foreign bodies; (c) endobronchial resection of granulation tissue 
d1at might occur after traumatic or prolonged intubation, or 
bod1; (d) biopsy of vascular tumors (e.g., bronchial carcinoid) in 
which brisk and excessive bleeding can be controlled by pack
ing; (e) endoscopic laser surgery; and (f) dilation of tracheo
bronchial strictures and placement of airway stents. 

Diagnostic Indications 

GENERAL CONSIDERATIONS. Because flexible bronchos
copy can be performed easily even in mtubated patients, the 
same general indications apply to critically ill patients on ven
tilators and to noncritically ill patients. However, only the indi
cations most commonly encountered in critically ill patients 
are discussed here. 

COMMON INDICATIONS 

Hemoptysis. Hemoptysis is one of d1e conunonest clinical 
problems for which bronchoscopy is indicated [7,8] (see Chapter 
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53 for a detailed discussion). Whether the patient complains of 
blood streaking or massive hemoptysis (expectoration of more 
d1an 600 mL in 48 hours) [9], bronchoscopy should be consid
ered to localize the site of bleeding and to diagnose d1e cause. 
Localization of the site of bleeding is crucial if definitive therapy 
such as surgery becomes necessary. Bronchoscopy performed 
within 48 hours of d1e time that bleeding stops is more likely to 
localize the site of bleeding (34% to 91 %) compared wid1 
delayed bronchoscopy (1 1% to 52%) [10]. Bronchoscopy is more 
likely to identify a bleeding source in patients wid1 moderate or 
severe hemoptysis [1 1] .  Clinical judgment must dictate whether 
and when bronchoscopy is indicated. For instance, it is not indi
cated in patients wid1 obvious pulmonary embolism with infarc
tion. Whenever patients have an endotracheal or tracheostomy 
tube in place, hemoptysis should always be evaluated, because 
it may indicate potentially li..fe-tlu·eatening tracheal damage. 
Unless the bleeding is massive, a flexible bronchoscope, rather 
than a rigid bronchoscope, is d1e instrument of choice for evalu
ating hemoptysis. 

Atelectasis. Although atelectasis may be due to mucous plug
ging, bronchoscopy should be performed in patents who do 
not improve after chest physiotherapy to rule out endobron
chial obstruction by carcinoma, foreign body, mucoid impac
tion, or clot. When atelectasis occurs in critically ill patients 
who had a normal chest film on admission, mucous plugging 
is the most likely cause [ 12] .  In intubated patients, tl1e position 
of the endotracheal tube, which may have slipped down the 
right mainstem bronchus and obstructed the right upper lobe, 
should be determined on a chest radiograph [13l .  

Diffuse Parenchymal Disease. In patients with diffuse pul
mona1y disease, the clinical setting influences the choice of 
procedure. When diffuse pulmona1y infiltrates suggest sarcoi
dosis, carcinomatosis, or eosinophilic pneumonia, transbron
choscopic lung forceps biopsy should be considered initially 
because it has an extremely high yield in these situations (see 
Chapter 69). Transbronchial lung biopsy has a low yield for 
the definitive diagnosis of inorganic pneumoconiosis and 
pulmona1y vasculitides [14];  when these disorders are sus
pected, surgical lung biopsy is the procedure of choice. In 
the case of pulmona1y fibrosis and acute interstitial pneu
monitis, transbronchial biopsy does not provide adequate tis
sue for a specific histologic diagnosis, although by excluding 
infection the procedure may provide sufficient information to 
guide therapy. 



136 Procedures and Techniques in Intensive Care Medicine 

When an infectious process is suspected, the diagnostic yield 
depends on the organism and the inunune status of the patient. 
In immunocompetent patients, bronchoalveolar lavage (BAL) 
has a sensitivity of 87% for detecting respirato1y pathogens [ 151, 
and a negative BAL quantitative culture has a specificity of 96% 
in predicting sterile lung parenchyma. For these reasons, bron
choscopic or surgical biopsy is not usually indicated to diag
nose infections in this setting unless there is a suspicion for 
viral or fungal pathogens, where isolation of the organism 
within the airways does not always indicate clinically significant 
infection. In bone marrow transplant recipients with pulmona1y 
complications, BAL is diagnostic in 31% to 66% of patients [16]. 
The addition of transbronchial biopsy has not been shown to 
increase the diagnostic yield significantly in this population [17]. 
In patients with acquired inununodeficiency syndrome, the 
sensitivity of lavage or transbronchial lung biopsy for identify
ing all oppottunistic organisms can be as high as 87% [18,19].  
Transbronchial biopsy adds significantly to the diagnostic yield 
in patients with acquired inununodeficiency syndrome and 
may be the sole means of making a diagnosis in up to 24% of 
patients, including diagnoses of Pneumocysl is carinii, Crypto
coccus neqfonnans, Jl!Iycobacterium tuberculosis, and nonspe
cific interstitial pneumonitis [20]. Lavage alone may have a 
sensitivity of up to 97% for the diagnosis of P carinii pneumo
nia [21] .  However, because induced sputum samples can also 
be positive for P carinii in up to 79% of cases [21],  induced 
sputum, when available, should be evaluated first for this 
organism before resotting to bronchoscopy. 

Acute Inhalation Injury. In patients who are exposed to 
smoke inhalation, flexible nasopharyngoscopy, la1yngoscopy, 
and bronchoscopy are indicated to identify the anatomic level 
and severity of inju1y [22,23]. Prophylactic intubation should 
be considered if considerable upper airway mucosa! inju1y is 
noted early; acute respirato1y failure is more likely in patients 
with mucosa! changes seen at segmental or lower levels [24]. 
Upper airway obstruction is a life-threatening problem that 
usually develops during the initial 24 hours after inhalation 
inju1y. It correlates significantly with increased size of cutane
ous burns, burns of the face and neck, and rapid intravenous 
fluid administration [25]. 

Blunt Chest Trauma. Flexible bronchoscopy has a high yield 
in the evaluation of patients after major chest trauma. Patients 
may present with atelectasis, pulmona1y contusion, hemothorax, 
pneumothorax, pneumomediastinum, or hemoptysis. Prompt 
bronchoscopic evaluation of such patients has a diagnostic yield 
of 53%; findings may include tracheal or bronchial laceration or 
transection (14%), aspirated material (6%), supraglottic tear with 
glottic obstruction (2%), mucous plugging (15%), and distal hem
orrhage (13%) [26]. Many of these diagnoses may not be clinically 
evident, and require surgical intervention. 

Postresectional Surgery. Flexible bronchoscopy can identify 
a disrupted suture line that is causing bleeding and pneu
mothorax [27] following surge1y and an exposed endobron
chial suture that is causing cough [28]. 

Assessment of Intubation Damage. When a nasotracheal or 
orotracheal tube of the proper size is in place, the balloon can 
be routinely deflated and the tube withdrawn over the bron
choscope to look for subglottic damage. The tube is with
drawn up through the vocal cords and over the flexible 
bronchoscope, and glottic and supraglottic damage is sought. 
This technique may be useful after reintubation for stridor or 
when deflation of the endotracheal tube cuff does not pro
duce a significant air leak, suggesting the potential for life
threatening upper airway obstruction when extubation takes 
place. In patients on long-term ventilato1y assistance with 

cuffed tracheostomy tubes, flexible bronchoscopy can help 
differentiate aspiration from tracheoesophageal fistula. With 
the bronchoscope in the distal trachea, the patient is asked to 
swallow a dilute solution of methylene blue. The absence of 
methylene blue in the trachea and its presence leaking around 
and out of the u·acheosromy stoma provide accurate evidence 
of a swallowing abnormality and the absence of a tracheo
esophageal fistula . 

Diagnosing Ventilator-Associated Pneumonia. The clinical 
diagnosis of ventilator-associated pneumonia continues to be 
problematic. Direct visualization of the bronchial tree in immu
nocompetent patients may be useful. A multivariate analysis 
showed that the presenc of at least two of three actors [a 
decrease in partial atterial pressure of oxygen/inspired oxygen 
conce1mation (Pao/F102) greater than or equal to 5 mm Hg, 
distal purulent secretions, and persistence of distal ecretions 
surging from distal bronchi during exhalation in paralyzed 
patients) predicted pneumonia that was subseque tly diag
nosed by distal bacteriologic results, follow-up, and lung 
biopsy witl1 a sensitivity of 78% and specificity of 89(}' [29]. 

With respect to cultures, transnasal or u·ansoral flexible 
bronchoscopy aspirates from a nonintubated patient [30] are 
no more reliable than the inaccurate nasotracheal suction 
aspirates or expectorated sputum specimens for culture of 
routine aerobic and anaerobic organisms [31 ] .  Bronchoscopy 
aspirates, however, may be exu·emely useful in identifying M. 
tuberculosis [321, Nocardia species (33], pathogenic fungi [33], 
and Legionella species [34] when patients are unable to expec
torate adequate quantitie of sputum. Although quantitative 
cultures of BAL fluid or a protected specimen brush improves 
specificity, the accuracy of these tests for the diagnosis of 
ventilator-associated pneumonia has varied greatly in pub
lished series. For protected specin1en brush, the " ensitivity 
ranges from 33% to 100%, with a median of 67%, and tl1e 
specificity is between 50% and 1 00%, with a median of 95% 
[35]. The determination of the performance characteristics of 
these diagnostic studies has been hindered by lack of consen
sus on tl1e "gold standard" for the diagnosis of ventilator
associated pneumonia. In one investigation comparing ai1way 
cultures with lung biopsy histology and culture, suctioned 
specimens from the lower u·achea obtained via an endotra
cheal tube detected 87% of bacterial species that are simulta
neously present in the lung parenchyma, and a negative BAL 
quantitative culture had a 63% sensitivity and 96% specificity 
in predicting sterile lung parenchyma [36]. 

Therapeutic Indications 

EXCESSIVE SECRETIO TS AND ATELECTASIS. When chest 
physiotherapy, incentive spiromet1y, and sustained maximum 
inspiration with cough fail to clear tl1e airways of excessive 
secretions and reexpand 1 bar atelectasis [371, flexible broncho
scopy may be successful. Variable results have been reported, 
witl1 improvements in radiographs or oxygenation i 19% to 
44% of patients [381. Occasionally, the direct instillaticn of ace
tylcysteine (Mucomyst) tlu·ough tl1e bronchoscope may be nec
essa1y to liquefy the tl1ick, tenacious inspissated mucus [39]. 
Because acetylcysteine may induce bronchospasm in asthmat
ics, these patients must be pretreated with a bronchodilator. 

FOREIGN BODIES. Although the rigid bronchoscope is con
sidered by many to be the instrument of choice for removing 



foreign bodies, devices with which to grasp objects are avail
able for use with the flexible bronchoscope [40]. 

ENDOTRACHEAL INTUBATION. In patients with ankylos
ing spondylitis and other mechanical problems of the neck, 
the flexible bronchoscope can be used as an obturator for 
endotracheal intubation [27] . The bronchoscope with an 
endotracheal tube passed over it can be passed transnasally 
(after proper local anesthesia) through the vocal cords into 
the trachea. Then the tube can be passed over the scope. This 
same technique can be used in patients with tetanus compli
cated by trisrnus and in patients with acute supraglottitis [41] .  
In the latter two instances, the procedure should preferably be 
done in the operating room with an anesthesiologist and oto
la1yngologist present. 

HEMOPTYSIS. On the rare occasions on which brisk bleed
ing threatens asphyxiation, endobronchial tamponade may 
stabilize the patient's condition before definitive therapy is 
performed [42] (see Chapter 53). With the use of the flexible 
bronchoscope, usually passed through a rigid bronchoscope 
or endotracheal tube, a Fogarty catheter with balloon is 
passed into the bleeding lobar orifice. When the balloon is 
inflated and wedged tightly, the patient can be transferred to 
surge1y or angiography for bronchial arteriography and bron
chial arte1y embolization [43--45]. 

CENTRAL OBSTRUCTING AIRWAY LESIONS. Some patients 
with cancer and others with benign lesions that obstruct the 
larynx, trachea, and major bronchi can be treated by using 
bronchoscopy to deliver laser photoresection, c1yotherapy, or 
phototherapy [46] . Flexible bronchoscopy can also be used to 
place catheters that facilitate enclobronchial clelive1y of radiation 
(brachytherapy). Metal or silicone endobronchial stents can be 
placed bronchoscopicaliy to relieve stenosis of large ailways [47] . 

CLOSURE OF BRONCHOPLEURAL FISTULA. Broncho
pleural fistula (BPF) is an acquired pathway between the 
bronchial tree and pleural space. After placement of a chest 
tube, drainage of the pleural space, and stabilization of the 
patient (e.g . ,  infection, cardiovascular and respiratory sys
tems), bronchoscopy can be used to visualize a proximal 
BPF or localize a distal BPF; it can also be used in attempts 
to close the BPF [48,49]. Although the published experience 
on bronchoscopically sealing BPFs is limited, a number of 
case reports have suggested that a variety of materials, 
injected through the bronchoscope, may successfully seal 
BPFs [48-5 1 ] .  These materials have included cloxycycline and 
tetracycline followed by autologous blood instillation to form 
an obstructive blood clot, lead fishing weights or shot, tissue 
adhesive, fibrin glue, absorbable gelatin sponge, angio
graphic occlusion coils, silver nitrate, and balloon occlusion. 
For an in-depth discussion of BPF and its management, see 
Chapter 57. 

Complications 
When performed by a trained specialist, routine flexible bron
choscopy is extremely safe. Mortality should not exceed 0 . 1% 
[2], and overall complications should not exceed 8. 1 % [2] . The 
rare deaths have been clue to excessive premeclication or top
ical anesthesia, respirato1y arrest from hemorrhage, la1yn
gospasm or bronchospasm, and cardiac arrest from acute 
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myocardial infarction [52,53l. Nonfatal complications occur
ring within 24 hours of the procedure include fever ( 1 .2% to 
24.0%) [2,54,55], pneumonia (0.6% to 6.0%) [2,54], vasovagal 
reactions (2 .4%) [2], laryngospasm and bronchospasm (0. 1% 
to 0.4%) [2,52], cardiac arrhythmias (0.9 to 4.0%) [2,56], pneu
mothorax (4% after transbronchial biopsy) [56], anesthesia
related problems (0. 1%) [2,52],  and aphonia (0. 1%) [2]. Fever 
may occur in up to 24% of patients after bronchoscopy and 
appears to be cytokine mediated and uncommonly indicative 
of a true infection or bacteremia [55]. Transient bacteremias 
often occur (1 5.4% to 33.0%) after rigid bronchoscopy [57,58], 
probably clue to trauma to the teeth and ai1ways. Most inves
tigations have found that the incidence of bacteremia after 
transoral flexible bronchoscopy is much lower (0.7%) [59]. 
However, one larger prospective study that excluded patients 
with evidence of infection or receiving recent antibiotics 
found an incidence of 6.5% [59]. The most recent guidelines of 
the American Heart Association [60] recommend endocarclitis 
prophylaxis for rigid but not for flexible bronchoscopy, 
except in high-risk cardiac patients such as those with pros
thetic valves, in which case prophylaxis should be considered. 

Although routine bronchoscopy is extremely safe, critically ill 
patients appear to be at higher risk of complications. Asthmatics 
are pi·one to development of la1yngospasm and bronchospasm. 
Major bleeding is more likely to develop in bone marrow trans
plant recipients during bronchoscopy (0 to 6%) [17,61] ,  particu
larly if protected specimen brush or transbronchial lung biopsy 
is performed (7.7% vs. 1 .5% for BAL alone) [61] .  Patients with 
uremia are at increased risk of bleeding [62]. In critically ill, 
mechanically ventilated patents, bronchoscopy causes a tran
sient decrease in Pao2 of approximately 25% [63], and trans
bronchial lung biopsy is more likely to result in pneumothorax 
(7% to 23%) [64,65]. Patients with the acute respiJ·at01y distress 
syndrome have more pronounced declines in oxygenation, 
with a mean decrease of more than 50% in the Pao2 [63] . 

Contraindications 
Bronchoscopy should not be performed (a) when an experi
enced bronchoscopist is not available; (b) when tl1e patient will 
not or cannot cooperate; (c) when adequate oxygenation can
not be maiI1taiI1ed during the procedure; (d) when coagulation 
studies cannot be normalized in patients in whom biopsies, 
brush or forceps, are to be taken; (e) in unstable cardiac patients 
[66-68]; and (f) in untreated symptomatic asthmatics [69]. In 
patients with recent cardiac ischemia, the major complication 
rate is low (3% to 5%) and is similar to that of other critically ill 
populations [70,71]. Altl10ugh patients with stable carbon diox
ide retention can safely undergo bronchoscopy with a flexible 
instrument [72], premeclication, sedation during the procedure, 
and supplemental oxygen must be used with caution. 

Consideration of bronchoscopy il1 neurologic and neurosur
gical patients requires attention to the effects of bronchoscopy 
on intracranial pressure (ICP) and cerebral perfusion pressure 
(CPP). In patients with head u·auma, bronchoscopy causes the 
ICP to increase by at least 50% in 88% of patients, and by at 
least 1 00% in 69% of patients, despite the use of deep sedation 
and paralysis [73l. Because mean anerial pressure tends to rise 
i11 parallel witl1 ICP, there is often no change in CPP. No signifi
cant neurologic complications have been noted in patients with 
severe head u·auma [73,74] or with space-occupying inu·acranial 
lesions with computed tomographic evidence of elevated ICP 
[75]. Bronchoscopy in such patients should be accompanied by 
deep sedation, paralysis, and medications for cerebral protec
tion (tl1iopental, liclocaine). Cerebral hemodynamics should be 



138 Procedures and Techniques in Intensive Care Medicine 

continuously monitored to ensure that ICP and CPP are within 
acceptable levels. Caution is warranted in patients with mark
edly elevated baseline ICP or with borderline CPP. 

Procedure 

PREPROCEDURAL CONSIDERATIONS. The following is a 
checklist for use before performing the procedure: 

1 .  Has a procedure consent form been signed? 
2. Does the patient have asthma or cardiovascular disease? 
3. Coagulation status: If brushings or biopsy are anticipated, 

have platelet counts and coagulation times been checked; 
is the patient taking anticoagulants; is there a histo1y of 
bleeding disorders; is the patient uremic? 

4. Does the patient have drug allergies? 
5. Is proper monitoring in place: continuous pulse oximet1y, 

electrocardiogram, and blood pressure monitoring at least 
every 5 minutes? 

6. Is there stable intravenous access? Has the patient fasted 
for 3 to 4 hours before the procedure? 

7. If the patient is mechanically ventilated, is the size of the 
endotracheal tube adequate, has the Flo2 been increased 
to 1 00%, and has the ventilator been adjusted to assure 
adequate tidal volume? 

PROCEDURAL CONSIDERATIONS 

Airway and Intubation. In nonintubated patients, flexible 
bronchoscopy can be performed by the transnasal route or 
transoral route with a bite block [ l ] .  In intubated and mechan
ically ventilated patients, the flexible bronchoscope can be 
passed through a swivel adapter with a rubber diaphragm that 
prevents loss of the delivered respiratory gases [76] . To pre
vent dramatic increases in ai1way resistance and an unaccept
able loss of tidal volumes, the lumen of the endotracheal tube 
should be at least 2 mm larger than the outer diameter of the 
bronchoscope [77,78]. Thus, flexible bronchoscopy with an 
average adult-sized instrument (outside diameter of scope, 4.8 
to 5.9 mm) can be performed in a ventilated patient if there is 
an endotracheal tube in place that is 8 mm or larger in internal 
diameter. If the endotracheal tube is smaller, a pediatric bron
choscope (outside diameter, 3 .5  mm) or intubation endoscope 
(outside diameter, 3.8 mm) must be used. 

Premedication. Topical anesthesia can be achieved by hancl
nebulized lidocaine and lidocaine jelly as a lubricant [1] and by 
instilling approximately 3 mL 1% or 2% lidocaine at the main car
i.na and, if needed, into the lower airways. Liclocaine is absorbed 
through the mucous membranes, producing peak serum concen
l:rations that are nearly as high as when the equivalent close is 
administered intravenously, although toxicity is rare if the total 
dose does not exceed 6 to 7 mg per kg. In patients with hepatic 
or cardiac insufficiency, liclocaine clearance is reduced, and the 
dose should be decreased to a maximum of 4 to 5 mg per kg 
[79]. Conscious sedation with incremental closes of midazolam, 
titrated to produce light sleep, produces amnesia in greater than 
95% of patients, but adequate sedation may require a total of 
greater than 20 mg in some subjects [80]. Premeclication with 
intravenous atropine has not been found to reduce secretions, 
decrease coughing, or prevent braclycarclia [81,82]. 

Mechanical Ventilation. Maintaining adequate oxygenation 
and ventilation while preventing breath-stacking and positive 

end-expiratory pressure (PEEP) may be challenging w en inser
tion of the bronchoscope reduces the effective lumen of the 
enclotracheal tube by more than 50%. PEEP caused by standard 
scopes and tubes approaches 20 cm H20 with the potential for 
barotrauma [77] . PEEP, if already being delivered, must be dis
continued before the scope is inserted [77] . The inspire oxygen 
concentration must be temporarily increased to 1 00% [77]. With 
the help of a respirato1y care practitioner, expired volumes 
should be constantly measured to ensure that they are adequate 
(tidal volumes usually have to be increased 40% to 50%) [77] . 
Meeting these ventilatory goals may require increasing the high
pressure lin1it in volume-cycled ventilation to near its maximal 
value, allowing tl1e ventilator to generate the force needed to 
overcome the added resistance caused by the bronchoscope. 
Although this increases the measured peak airway pressure, the 
alveolar pressure is not likely to change significantly because 
tl1e lung is protected by me resistance of me bronchoscope [78]. 
Alternatively, decreasing the inspirato1y flow rate in an attempt 
to decrease measured peak pressures may para doxically 
increase alveolar pressures by decreasing expirato1y time and 
tlrns increasing auto-PEEP. Suctioning should be kept to a mini
mum and for short periods of time, because suctioning 
decreases tl1e tidal volumes being delivered [77]. 
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13 . Thoracentesis 

Thoracentesis, as first described in 1852 [1 ] ,  is an invasive pro
cedure that involves the introduction of a needle, cannula, or 
trocar into the pleural space to remove accumulated fluid or 
air. Although a few prospective studies have critically evalu
ated the clinical value and complications associated with it [2-
4] , most studies concerning thoracentesis have dealt with the 
interpretation of the pleural fluid analyses [5]. 

Indications 
Although h.isto1y (cough, dyspnea, or pleuritic chest pain) and 
physical findings (dullness to percussion, decreased breath 
sounds, and decreased vocal frem.itus) suggest that an effusion is 
present, chest radiography or ultrasonic examination is essential 
to confirm the clinical suspicion. TI10racentesis can be per
formed for diagnostic or therapeutic reasons and, when clone for 
diagnostic reasons, whenever possible, the procedure should be 
performed before any treatment has been given to avoid conh.1-
sion in interpretation. Analysis of pleural fluid has been shown to 
yield clinically useful information in more than 90% of cases [3]. 
The four commonest diagnoses for symptomatic and asymptom
atic pleural effusions are malignancy, congestive hean failure, 
parapneumon.ia, and postoperative sympathetic effusions [6]. A 
diagnostic algorithm for evaluation of a pleural effusion of 
unknown etiology is presented in Figure 13-1 [6]. In patients 
whose pleural effusion remains undiagnosed after thoracentesis 
and closed pleural biopsy, thoracoscopy should be considered 
for visualization of the pleura and directed biopsy. Thoracoscopy 
has provided a positive diagnosis in more than 80% of patients 
with recurrent pleural effusions that are not diagnosed by 
repeated thoracentesis, pleural biopsy, or bronchoscopy [7]. 

Therapeutic thoracentesis is indicated to remove fluid or air 
that is causing carcliopulmona1y embatTassment or for relief of 
severe symptoms. Definitive drainage of the pleural space wid1 a 
d10racostomy tube should be considered for a tension pneu
mothorax, a pneumothorax d1at is slowly enlarging, or the instil
lation of a sclerosing agent after drainage of a recurrent 
malignant pleural effusion [8]. 

Contraindications 
Absolute contraindications to performing a d10racentesis are an 
uncooperative patient, d1e inability to identify d1e top of d1e rib 
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clearly under d1e percutaneous puncture site, a lack of expenise 
in performing the procedure, and d1e presence of a coagulation 
abnormality that cannot be cotTected. Relative contraindications 
to a d10racentesis include enuy into an area where known 
bullous lung disease exists, a patient on positive end-expi.rato1y 
pressure, and a patient who has only one "functioning" lung (the 
other having been surgica y removed or d1at has severe disease 
lin1iting its gas exchange function). In d1ese seuings, it may be 
safer to perform d1e thoracentesis under ultraso11ic guidance. 

Complications 
A number of prospective studies have documented [hat com
plications associated with the procedure are not infrequent 
[2,3,9J. The overall complication rate has been reported to be 
as high as 50% to 78% and can be further categorized as major 
(15% to 19%) or minor (31% to 63%) [3,4]. Although death clue 
to the procedure is infrequently reported, complications may 
be life threatening [2]. 

Major complications include pneumothorax, h.emopneu
mothorax, hemorrhage, hypotension, and reexpansion pul
mona1y edema. The repo1ted incidence of pneumod10rax varies 
between 3% and 300/o [2-4,10-14], wid1 up to one-d1i.rd to one-half 
of those wid1 clemonsu·ated pneumothoraces requiring subse
quent intervention. Various investigators have rep01ted associa
tions between pneumod10rax and underlying lung disease 
(chronic obstructive pulmona1y disease, prior thoracic radiation, 
prior d10racic surgery, lung cancer) [9, 1 1 , 12 , 15, 16], n edle size 
and technique [4,16], number of passes required t obtain a 
sample [1 1 , 16], aspiration of air during d1e procedure [ 1 1 , 1 5], 
operator experience [2,4,9, 10 ,13 ,15], use of a vacuum boule [12], 
size of d1e effusion [3 , 16], male gender and symptoms during or 
after the d10racentesis [17], and mecha11ical ventilation versus 
spontaneously breathing patients [ 18] .  Some of the above
mentioned studies report di.reedy contradicto1y fine gs com
pared to od1er sinillar studies. This is most apparent in d1e 
reported association between pneumod10rax and d1erapeutic 
d1oracentesis [4,9, 15--17], wl1ich was not suppo1ted by subse
quent large prospective trials [12, 14]. The most likely explana
tion for th.is discrepancy in the literature concerning d1e 
presumed increased risk for pneumod1orax for therapeutic over 
diagnostic procedures is the generally lower level o operator 
experience in the first group. Small sample sizes also lin1i.t d1e 
generalization of reported findings to allow for the delineation 
of a clear risk profile for the development of a pneumothorax 
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after a thoracentesis. The presence of baseline lung disease, low 
level of operator experience with the procedure, and the use of 
positive-pressure mechanical ventilation appear for now to be 
the best-established risk factors in the literature. Further research 
involving more patients is needed. 

Although pneumothorax is most commonly clue to laceration 
of lung parenchyma, room air may enter the pleural space if the 
thoracentesis needle is open to room air when a spontaneously 
breathing patient takes a deep breath (intrapleural pressure is 
subatmospheric). The pneumothorax may be small and asymp
tomatic, resolving spontaneously, or large and associated with 
respiraro1y compromise, requiring chest tube drainage. Hemor
rhage can occur from laceration of an intercostal a1te1y or inad
vertent puncture of the liver or spleen, even if coagulation 
studies are normal. The risk of intercostal arte1y laceration is 
greatest in the elderly because of increased tortuosity of the 
vessels [19]. This last complication is potentially lethal, and 
open thoracotomy may be required to control the bleeding. 

Hypotension may occur during the procedure (as part of a 
vasovagal reaction) or hours after the procedure (most likely 
clue to reaccumulation of fluid into the pleural space or the pul
monary parenchyma from the i.ntravascular space). Hypoten
sion in the latter settings responds to volume expansion; it can 
usually be prevented by limiting pleural fluid drainage to 1 L or 
less. Other major complications are rare and include implanta
tion of tumor along the needle tract of a previously performed 

Fig. 13-1. Diagnostic algoritlun for evaluation of pleural 
effusion. CHF, congestive hean failure. (From Smyrnios NA, 
jederlinic PJ, I Iwin RS: Pleural effusion in an asymptomatic 
patient. Spectrum and frequency of causes and manage
ment considerations. Chest 97:192, 1990, with permission.) 

thoracentesis [20], venous and cerebral air embolism (so-called 
pleural shock) [21 ,22], and inadvertent placement of a sheared 
catheter into the pleural space [2]. 

Minor complications include dry tap or insufficient fluid, 
pain, subcutaneous hematoma or seroma, anxiety, clyspnea, 
and cough (3,23]. Heportecl rates for these minor complications 
range from 16% to 63% and depend on the method used to 
perform the procedure, with higher rates associated with the 
catheter-through-needle technique [3,4]. Dry tap and insufficient 
fluid are technical problems and expose the patient to increased 
risk of morbidity because of the need to perform a repeat thora
centesis. Under these circumstances, it is recommenclecl that the 
procedure be repeated under direct sonographic guidance. Pain 
may originate from parietal pleural nerve endings from inade
quate local anesthesia, inadvertent scraping of rib periosteum, 
or piercing an intercostal nerve during a misdirected needle 
thrust. Coughing may occur when a large effusion is evacuated, 
perhaps because of stimulation of airway cough receptors [23]. 

Procedures 
GENERAL CONSIDERATIONS. The most conunon techniques 
for performing thoracentesis are catheter-over-needle, needle 
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Fig. 13-2. Cad1eter-over-needle technique for thoracentesis of freely flowing pleural field. A: The patient is comfort
ably positioned, sitting up and leaning forward over a pillow-draped, height-adjusted, bedside table. The arms are 
crossed in front of d1e patient to elevate and spread the scapulae. The preferred ent1y site is along the posterior axilla1y 
line. B: The catheter apparatus is gently advanced through tl1e skin and across the upper surface of the rib. The needle 
is advanced several millimeters at a time while continuously aspirating through d1e syringe. C: As soon as the parietal 
pleura has been punctured, fluid will appear in the syringe. D: Before the catheter is advanced any farther, the appa
ratus is directed downward. E,F: In rapid sequence, the catl1eter is advanced fully to tl1e chest wall and the needle 
withdrawn from the apparatus. The one-way valve in tl1e apparatus maintains a closed system until tl1e operator man
ually changes the position of the stopcock to allow drainage of tl1e pleural fluid. 

only, and needle under direct sonographic guidance. The 
catheter-through-needle technique has been used much less 
frequently over the last decade. 

TECHNIQUE FOR DIAGNOSTIC (NEEDLE-ONLY OR 
CATHETER-OVER-NEEDLE) REMOVAL OF FREELY 
FLOWING FLUID 

1. Obtain a lateral decubitus chest racliograph to confirm a 
free-flowing pleural effusion. 

2. Describe the procedure to the patient and obtain written 
informed consent. Operators should be thoroughly familiar 
with the procedure they will be performing and should 

receive appropriate upervision from an experien eel oper
ator before performing thoracentesis on their own. 

3. With the patient sitting, arms at sides, mark the inferior tip 
of the scapula on the side to be tapped. This approximates 
the eighth intercostal space and should be the lo est inter
space punctured, unle s it has been previously determined 
by sonography that a lower interspace can be safely 
entered or chest radiographs and sonography how the 
diaphragm to be higher than the eighth intercostal space. 

4. Position the patient sitting at the edge of the bed, comfottably 
leaning forward over a pillow-draped, height-adjust , bedside 
table (Fig. 13-2). The patient's arms should be crossed in front 
to elevate and spread the scapulae. An assistant should stand 
in front of the patient t prevent any unexpected movements. 



5. Percuss the patient's posterior chest to determine the high
est point of the effusion. The interspace below this point 
should be entered in the posterior axillary line, unless it is 
below the eighth intercostal space. Gently mark the supe
rior aspect of the rib in the chosen interspace with your 
fingernail. (The inferior portion of each rib contains an 
intercostal a1te1y and should be avoided.) 

6. Cleanse the area with iodophor and allow it to dry. Using 
sterile technique, drape the area surrounding the puncture 
site. 

7. Anesthetize the superficial skin with 2% liclocaine using a 
25-gauge needle. Change to an 18- to 22-gauge needle, 2 in. 
long, and generously anesthetize the deeper soft tissues, 
aiming for the top of the rib. Always aspirate through the 
syringe as the needle is advanced and before instilling 
liclocaine to ensure d1at the needle is not in a vessel or me 
pleural space. Carefully aspirate d1fough the syringe as d1e 
pleura is approached (the rib is 1-2 cm mick). Fluid enters 
me syringe on reaching the pleural space. The patient may 
experience cliscomfoit as the needle penetrates the well
innervatecl parietal pleura. Be careful not to instill anesd1etic 
into d1e pleural space; it is bactericidal for most organisms, 
including Mycobacteriuin tuberculosis. Place a gloved finger 
at the point on the needle where it exits the skin (to estimate 
d1e required depd1 of inseition) and remove the needle. 

8. Attach a three-way stopcock to a 20-gauge, 1 . 5-in. needle 
and to a 50-mL syringe. The valve on the stopcock should 
be open to the needle to allow aspiration of fluid during 
needle insertion. 

9. Inselt d1e 20-gauge needle (or d1e cad1eter-over-needle appa
ratus) into d1e anesd1etic tract with me bevel of me needle 
clown and always aspirate tl1fough d1e syringe as d1e needle/ 
cameter-over-neeclle is slowly advanced. When pleural fluid 
is obtained using me needle-only technique, stabilize d1e 
needle by attaching a clamp to the needle where it exits 
the skin, to prevent fwther advancement of d1e needle into 
d1e pleural space. Once pleural fluid is obtained wim d1e 
cameter-over-needle technique, direct d1e neeclle-cad1eter 
apparatus downward to ensure d1at d1e cad1eter descends to 
me most dependent area of d1e pleural space. Advance the 
catheter forward in a single smooth motion as the inner 
needle is simultaneously pulled back out of d1e chest. 

10.  Once pleural fluid can easily be obtained, fill a heparin
izecl blood gas syringe from the side port of the d1ree-way 
stopcock. Express all air bubbles from the sample, cap it, 
and place it in a bag containing iced slush for immediate 
transport to the laborat01y. 

1 1 .  Fill the 50-ml syringe and transfer its contents into d1e 
appropriate collection tubes and containers . Always main
tain a closed system during the procedure to prevent room 
air from entering the pleural space. For most diagnostic 
studies, 1 00 mL should be ample fluid. Always ensure that 
the three-way stopcock has d1e valve closed toward the 
patient when changing syringes. 

12 .  When the d10racentesis is completed, remove d1e needle (or 
cameter) from me patient's chest. Apply pressure to d1e 
wound for several minutes, and d1en apply a sterile bandage. 

13 .  Obtain a postproceclure upright end-expiratory chest raclio
graph if a pneumothorax is suspected. 

14. Inunediately after d1e procedure, draw venous blood for total 
protein and lactate clehyclrogenase (LDH) determinations. 
These studies are necessa1y to interpret pleural fluid values 
(see the section Interpretation of Pleural Fluid Analysis). 

1ECHNIQUE FOR THERAPEUTIC REMOVAL OF FREELY 
FLOWING FLUID. Steps 1 to 7 should be followed as 
described previously. Removal of more than 100 mL pleural 
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fluid generally involves placement of a catheter into the pleu
ral space to minimize the risk of pneumothorax from a needle 
during this longer procedure. Commercially available kits gen
erally use a catheter-over-needle system, although catheter
through-neeclle systems are still available in some locations. 
Each different kit may have a specific set of instructions for 
performing this procedure. Operators should be moroughly 
familiar wid1 the recommended procedure for the catheter 
system that they will be using and should receive appropriate 
supervision from an experienced operator before performing 
thoracentesis on their own. 

1ECHNIQUE FOR DIRECTED GUIDANCE THORACEN
TESIS. A dynamic (real-time) sonographic scanner or com
puted tomography may be useful for the removal of freely 
flowing fluid (especially when present in small quantities) or 
in removal of loculatecl fluid. They are first used to document 
the pleural effusion fluid level and the depth of needle inser
tion necessary to enter the pleural space and will ideally mini
mize the risk for pneumothorax. The protocol is sinlliar to that 
described for the needle-only technique, but the needle can be 
inserted under direct guidance after localization of the effu
sion. The use of a catheter is optional in this setting. 

1ECHNIQUE FOR REMOVAL OF FREELY MOVING 
PNEUMOTHORAX 

1 .  Follow the same catheter-over-needle protocol described 
for removing freely moving fluid, but position the patient 
supine with the head of the bed elevated 30 to 45 degrees. 

2. Prepare the second or third intercostal space in the anterior 
miclclavicular line (d1is avoids hitting the more medial inter
nal mamma1y a1te1y) for d1e needle and cad1eter inseition. 

3. Have the bevel of the needle facing up and direct the nee
dle upward so that the catheter can be guided toward the 
superior aspect of the hemithorax. 

4. Ai.r can be actively wid1clrawn by syringe or pushed out 
when intra pleural pressure is supraatmospheric (e .g. ,  during 
a cough), as long as the catheter is intermittently open to 
the atmosphere. In d1e latter setting, air can leave but not 
reenter if d1e catheter is attached to a one-way check-valve 
apparatus (Heimlich valve) or if it is put to unde1water seal. 

5. When local anesthesia and skin cleansing are not possible 
because a tension pneumothorax is life threatening, per
form the procedure without them. If a tension pneumotho
rax is known to be present and a chest tube is not readily 
available, quickly insert a 14-gauge needle into the second 
anterior intercostal space. If a tension pneumothorax is 
suspected and a 14-gauge needle and 16-gauge catheter 
are handy, place the catheter according to the above tech
nique to avoid puncturing the lung. If a tension pneu
mothorax is present, air escapes under pressure. When the 
situation has stabilized and the tension pneumothorax has 
been diagnosed, leave the needle or catheter in place until 
a sterile chest tube can be inserted. 

Interpretation of Pleural 
Fluid Analysis 
To determine the etiology of a pleural effusion, a number of 
tests on pleural fluid are helpful. A two-stage laboratory 
approach to d1e evaluation of pleural effusion should be used 
[24]. The initial determination should be to classify the effu
sion as a transuclate or an exudate using the following criteria. 
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Tab/,e 13-1. Causes of Pleural Effusions 

Etiologies of effusions that are virtually always transudates 
Congestive heart failure 
Nephrotic syndrome 
Hypoalbuminemia 
Urinothorax 
Trapped lung 

Etiologies of effusions that are typically exudates 
bifectio11s 
Parapneumonic 
Tuberculous pleurisy 
Parasites (amebiasis, paragonimiasis, echinococcosis) 
Fungal disease 
Atypical pneumonias (virus, Mycoplasma, Q fever, Legionella) 
Nocardia, Actinomyces 
Subphrenic abscess 
Hepatic abscess 
Splenic abscess 
Hepatitis 
Spontaneous esophageal rupture 
No11i11fectious itiflammatio11s 
Pancreatitis 
Benign asbestos pleural effusion 
Pulmonary embolism 
Radiation therapy 
Uremic pleurisy 
Sarcoidosis 
Postcardiac injury syndrome 
Hemothorax 
Acute respiratory distress syndrome 
Malignancies 
Carcinoma 
Lymphoma 
Mesothelioma 
Leukemia 
Chylothorax 
Chro11ically i11creased 11egative i11trapleural pressure 
Atelectasis 
Trapped lung 
Cholesterol effusion 

Aclaptecl from Salm SA: The pleura. Am Rev Respir Dis 138:184, 1988. 

Additional studies can then be ordered to help establish a 
final diagnosis for the etiology of the pleural effusion, espe
cially in the setting of an exudate. 

1RANSUDATES VERSUS EXUDATES. A transuclate is bio
chemically defined by meeting all of rhe following criteria: 
pleural fluid-serum total protein ratio of less than 0.5,  pleural 
fluid-serum LDH ratio of less than 0.6, and absolute pleural 
fluid LDH of less than 200 IU (25] or less than two-thirds the 
normal serum level. The former diagnostic criteria of pleural 
fluid specific gravity of less than 1 .015  or total protein of less 
than 3.0 g/c!L are no longer used. 

An exudate is present when any of the foregoing criteria for 
transudares are not mer. If a transuclare is present, generally no 
funher rests on pleural fluid are indicated (24] (Table 13-1). The 
one exception to this is the rransuclative pleural effusion clue to 
utinorhorax. Unless it is suspected and a crearinine level from the 
pleural fluid is measured and compared to serum levels, this eti
ology may be missed. If an exudate is present, fu1ther laborato1y 
evaluation is wammted (Fig. 13-1). If subsequent resting does nor 
narrow d1e differential diagnosis, a percutaneous pleural biopsy 
should be considered [6]. Thoracoscopy-guicled pleural biopsy 
should be considered in patients wid1 pleural effusion of 
unknown etiology despite me above-listed evaluation [7] . 

Cirrhosis 
Atelectasis 
Peritoneal dialysis 
Constrictive pericarditis 
Superior vena caval obstrnction 

latroge11ic 
Drug-induced (nitrofurantoin, methotrexate) 
Esophageal perforation 
Esophageal sclerotherapy 
Central venous catheter misplacement or migration 
Enreral feeding tube in space 
Co11nective tissue disease 
Lupus pleuritis 
Rheumatoid pleurisy 
Mixed connective tissue disease 
Churg-Strauss syndrome 
Wegener's granulomato is 
Familial Mediterranean fever 
E11docri11e disorders 
Hypod1yroidism 
Ovarian hyperstimulation syndrome 
Lymphatic disorders 
Malignancy 
Yellow nail syndrome 
Lymphangioleiomyomatosis 
Moveme11t of fluid.from abdomen to pleural space 
Pancreatitis 
Pancreatic pseudocysr. 
Meigs' syndrome 
Carcinoma 
Chylous ascites 

SELECTED TESTS THAT ARE POTENTIALLY HELPFUL TO 
ESTABLISH ETIOLOGY FOR A PLEURAL EFFUSION 

pH. Pleural fluid pH determinations may have diagnostic and 
therapeutic implications (26-28]. For instance, the differential 
diagnosis associated with a pleural fluid pH of less d1an 7.2 is 
consistent wid1 systemic ciclemia, bacterially infected effusion 
(empyema), malignant effusion, rheumatoid or lupus effusion, 
tuberculous effusion, ruptured esophagus, noninfecrecl para
pneumonic effusion that needs drainage, and urinod1orax. 
Pleural effusions wid1 a pH of less than 7.2 are potentially scle
rotic and require consideration for chest rube clrainc1ge ro aid 
resolution. 

Amylase. A pleural fluid amylase level d1at is twice the nor
mal serum level or with an absolute value of greater d1an 160 
Somogyi units may be seen in patients with acute and chronic 
pancreatitis, pancreatic p euclocyst that has dissected or rup
tured into tl1e pleural space, prima1y and merastaUc cancer, 
and esophageal rupture [ 29] . 

Glucose. A low pleural fluid glucose value is defined as less 
d1an 50% of the normal erum value [SJ. In this situation, the 
differential diagnosis includes rheumatoid and lupus effusion, 
bacterial empyema, malignancy, tuberculosis, and esophageal 
rupture (5,30]. 



Triglyceride and Cholesterol. Chylous pleural effusions 
are biochemically defined by a triglyceride level greater than 
1 10 mg/clL and the presence of chylomicrons on a pleural 
fluid lipoprotein electrophoresis [31 ) .  The usual appearance 
of a chylous effusion is milky, but an effusion with elevated 
triglycerides may also appear serous. The measurement of a 
triglyceride level is therefore important. Chylous effusions 
occur when the thoracic duct bas been disrupted somewhere 
along its course. The most common causes are trauma and 
malignancy (e.g. , lymphoma) [31) .  A pseudochylous effusion 
appears grossly milky because of an elevated cholesterol 
level; the triglyceride level is normal. Chronic effusions, espe
cially those associated with rheumatoid and tuberculous pleu
ritis, are characteristically pseuclochylous [31 ) .  

Cell Counts and Differential . Although pleural fluid white 
blood cell count and differential are never diagnostic of 
any disease, it would be distinctly unusual for an effusion 
other than one associated with bacterial pneumonia to 
have a white blood cell count exceeding 50,000 per mm3 
[3 1 ) .  In an exudative pleural effusion of acute origin, poly
morphonuclear leukocytes predominate early, whereas 
mononuclear cells predominate in chronic exuclative effu
sions. Although pleural fluid lympbocytosis is nonspecific, 
severe lymphocytosis (>80% of cells) is suggestive of tuber
culosis or malignancy. Finally, pleural fluid eosinophilia is 
nonspecific. 

A reel blood cell count of 5 ,000 to 10 ,000 cells per mm3 
must be present for fluid to appear pinkish. Grossly bloody 
effusions containing more than 1 00,000 reel blood cells per 
mm3 are most consistent with trauma, malignancy, or pul
monary infarction [32] . To distinguish a traumatic thoracen
tesis from a preexisting hemothorax, several observations 
are helpful [5]. First, because a preexisting hemotborax has 
been clefibrinated, it does not form a clot on standing. Sec
ondly, a hemothorax is suggested when a pleural fluid 
hematocrit value is 50% or more of the serum hematocrit 
value. 

Cultures and Stains. To maximize the yield from pleural 
fluid cultures, anaerobic and aerobic cultures should be 
obtained. If the sample of pleural fluid sent for culture is 
transported in an oxygen-free atmosphere (a capped glass 
syringe with all bubbles squirted out is all that is necessa1y), 
the microbiology laboratory can perform all necessary 
anaerobic, aerobic, fungal, and mycobacterial cultures and 
smears. Because acid-fast stains may be positive in 20% of 
tuberculous effusions [5], they should always be performed 
in addition to Gram's smears. By submitting pleural biopsy 
pieces to the pathology and microbiology laboratories, it is 
possible to diagnose up to 90% of tuberculous effusions per
cutaneously [25] . 

Cytology. Malignancies can produce pleural effusions by 
implantation of malignant cells on the pleura or impairment 
of lymphatic drainage secondary to tumor obstruction. The 
tumors that most commonly cause pleural effusions are lung, 
breast, and lymphoma. Pleural fluid cytology should be per
formed for an exuclative effusion of unknown etiology, 
using at  least 100 to 200 mL fluid. If initial cytology results 
are negative and strong clinical suspicion exists, additional 
samples of fluid can increase the chance of a positive result. 
In patients who are ultimately shown to have a malignancy 
as an etiology of their effusion, 59% have positive cytology 
on a single sample, 65% on the second sample, and 70% on 
the third sample [33l. The addition of a pleural biopsy 
increases the positive results to 81 % [34] .  In addition to 
malignancy, cytologic examination can definitively diagnose 
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rheumatoid pleuritis [35 ,36] . The pathognomonic picture 
consists of slender, elongated macrophages and giant, 
round, multinucleated macrophages, accompanied by amor
phous granular background material. 
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14. Arterial Puncture for Blood 
Gas Analysis 

Analysis of a sample of arterial blood for pHa, partial arte
rial carbon dioxide pressure (Paco2), partial arterial oxygen 
pressure (Pao2), bicarbonate, and percent oxyhemoglobin 
saturation is performed with an arterial blood gas (ABG) 
analysis .  Because an ABG can be safely and easily obtained 
and furnishes rapid and accurate information on how well 
the lungs and kidneys are working [ l-3] , it is the single 
most useful laboratory test in managing patients with respi
ratory and metabolic disorders. One should not rely on 
oximetry alone to evaluate arterial oxygen saturation (Sao2) 
fully. Given the shape of the oxyhemoglobin saturation 
curve, there must be a substantial fall in Pao2 before Sao2 is 
altered to any appreciable degree. Moreover, it is not possi
ble to predict the level of Pao2 and Paco2 reliably using 
physical signs such as cyanosis [4] and depth of breathing, 
respectively [5]. Also, a discrepancy between Sao2 mea
sured by pulse oximetry and that calculated by the ABG 
can aid in the diagnosis of carboxyhemoglobinemia and 
methemoglobinemia (see Chapter 26). 

Unsuspected hypoxemia or hypercapnia (acidemia) can 
cause a constellation of central nervous system and cardio
vascular signs and symptoms. The clinician should have a 
high index of suspicion that a respiratory or metabolic dis
order, or both, is present in patients with these findings and 
is most appropriately evaluated by obtaining an ABG. 
Although acute hypercapnia to 70 mm Hg (pH 7 . 16) and 
hypoxemia to less than 30 mm Hg may lead to coma and 
circulatory collapse, chronic exposures permit adaptation 
with more subtle effects [6] . Thus, the ABG provides the 
most important way of making a diagnostic assessment of 
the nature and severity of a respiratory or metabolic distur
bance and following its progression or resolution over 
time. 

The normal range of values for pHa is 7.35 to 7.45 and 35 
to 45 mm Hg for Paco2 [7] . For Pao2, the accepted predic
tive regression equation in nonsmoking, upright, normal 
individuals aged 40 to 90 years is [8] : Pao? = 1 08.75 (0.39 x 
age in years). 

-

Deborah H.  Markowitz and 
Richard S .  Irwin 

Drawing the Arterial Blood 
Gas Specimen 
PERCUTANEOUS ARTERIAL PUNCTURE. The conventional 
technique of sampling arterial blood using a glass syringe is 
described in detail, because it is the standard to which all 
other methods are compared. The pulsatile arterial vessel is 
easily palpated in most cases. If a large enough needle is 
used, entry is apparent as the syringe fills sponta eously by 
the pressurized arterial flow of blood, without the need for 
applying a vacuum or using a vacuum-sealed collecting 
tube. It is logical to preferentially enter arteries that have the 
best collateral circulation so that, if spasm or clotti g occurs, 
the distal tissue is not deprived of perfusion. Logic also dic
tates that puncture of a site where the artery is su erficial is 
preferable, because entry is easiest and pain is inimized. 
The radial artery best fulfills the above criteria; it is very 
superficial at the wrist, and the collateral circulation to the 
hand by the ulnar artery provides sufficient collateral blood 
flow in approximately 92% of normal adults in th event of 
total occlusion of the radial artery [9]. 

The absence of a report of total occlusion of the radial artery 
after puncture for ABG in an adult with normal emostasis 
attests to the safety of the percutaneous arterial puncture. It 
also suggests that detennining the adequacy of collateral flow 
to the superfkial palmar arch by Allen's test [ 10] ,  a modifica
tion of Allen's test [1 1 ]  ( ee Chapter 3), or Doppler ultrasound 
[9] before puncture is not routinely necessary. If radial arte1y 
sites are not accessible, dorsalis pedis, posterior tibial, superfi
cial temporal (in infants), brachial, and femoral a rteries are 
alternatives (see Chapter 3). 

CONTRAJNDICATIO S .  Brachia! and especially femoral 
artery punctures are not advised in patients with abnormal 
hemostatic mechanisms, because adequate vessel tamponade 
may not be possible in that these vessels are not located 



superficially, risking greater chance of complications [ 12] .  If 
frequent sampling of superficial a1teries in the same situation 
becomes necessary, arterial cannulation is recommended (see 
Chapter 3). Moreover, any vessel that has been reconstructed 
surgically should not be punctured for fear of forming a 
pseudoaneu1ysm, compromising the integrity of an artificial 
graft site or seeding the foreign body that could become a 
nidus for infection. 

The conventional recommended radial arte1y technique is 
as follows: 

1. Put on protective gloves and sit in a comfortable position 
facing the patient. 

2. With the patient's palm up, slightly hyperextend the wrist 
and palpate the radial artery. Severe hyperextension may 
obliterate the pulse. 

3.  Cleanse the skin with an alcohol swab. 
4 .  With a 25-gauge needle, inject enough 1 % lidocaine 

intradermally to raise a small wheal at the point where 
the skin puncture is to be made. The local anesthetic 
makes subsequent needle puncture with a 22-gauge nee
dle less painful and often painless [13 ] .  If  local anesthe
sia is not given, however, the potential pain and anxiety, 
if associated with breath holding, may cause substantial 
blood gas changes. Thirty-five seconds of breath holding 
in normal subjects has been associated with a fall in 
Pao2 of 50 mm Hg and a pH of 0.07 and a rise in Paco2 
of 10 mm Hg [ 1 4] .  

5 .  Attach a needle n o  smaller than 22 gauge t o  a glass syringe 
that can accept 5 ml blood. 

6. Wet the needle and syringe with a sodium heparin solution 
(1 ,000 units per ml). Express all excess solution. 

7. With the needle, enter the artery at an angle of approxi
mately 30 degrees to the long axis of tl1e vessel. This inser
tion angle mininUzes the pain due to inadvertently scraping 
the periosteum below the a1tery. 

8. As soon as the artery is entered, blood appears in the 
syringe. Allow the arterial pressure to fill the syringe with 
at least 3 ml blood [15] .  Do not apply suction by pulling 
on the syringe plunger. 

9. Immediately after obtaining the specimen, expel any tiny 
air bubbles to ensure that the specimen will be anaerobic; 
then cap the syringe. 

10. Roll the blood sample between both palms for 5 to 15 sec
onds to mix the heparin and blood. Apply pressure to the 
puncture site for 5 minutes or longer, depending on tl1e 
presence of a coagulopathy. If the arterial sample was 
obtained from the brachia! arte1y, compress this vessel so 
that the radial pulse cannot be palpated. 

1 1 .  Immerse the capped sample in a bag of ice and water 
(slush) and immediately transport it to the blood gas 
laboratory. 

12 .  Write on the ABG slip the time of the drawing and the 
conditions under which it was drawn (e .g . ,  fraction of 
inspired oxygen, ventilator settings, position of the 
patient). 

Deviations from these recommended techniques may intro
duce the following errors: 

1 .  The syringe material may influence the results of Pao2 
[16-18] .  The most accurate results have been consis
tently obtained using a glass syringe. If  plastic is used, 
the following errors may occur: (a) Falsely low Pao2 val
ues may be obtained because plastic allows oxygen to 
diffuse to the atmosphere from the sample whenever 
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the Po2 exceeds 2 2 1  mm Hg. (b) Plastic syringes with 
high surface area to volume ratios (e .g . ,  1 -ml tuberculin 
syringes) worsen gas permeability errors as compared 
to standard 3-ml syringes. For this reason, butterfly 
infusion kits with their long thin tubing should not be 
used [ 1 9] .  (c) Plastic syringes tenaciously retain air bub
bles, and extra effort is necessary to remove them [17] .  
(cl) Plastic impedes smooth movement of the plunger, 
which could have an impact on the clinician's confi
dence that arterial rather than venous blood has been 
sampled. 

2. If suction is applied for plunger assistance, gas bubbles 
may be pulled out of the solution. If they are expelled, 
measured Pao2 and Paco2 tensions may be falsely low
ered [20]. 

3. Although liquid heparin is a weak acid, plasma pH is not 
altered because it is well buffered by hemoglobin. Mix
ing liquid heparin with blood dilutes dissolved gasses, 
shifting their concentration to that of heparin (Po2 
approximately 1 50 mm Hg , Pco2 less than 0 .3  mm Hg at 
sea level and room temperature). The degree of alter
ation depends on the amount of heparin relative to 
blood and the hemoglobin concentration [20-22].  The 
dilution error is no greater than 4% if a glass syringe and 
22-gauge needle are only wetted with approximately 0 .2  
ml heparin and 3 to 5 ml blood collected. Any less hep
arin risks a clotted and unusable sample. Dilutional 
errors are avoided with the use of crystalline heparin, 
but this preparation is difficult to mix, which risks clot
ting of the specimen. 

4.  If an ABG specimen is not analyzed within 1 minute of 
being drawn or not immediately cooled to 2°C, the Po2 
and pH fall and Pco2 rises because of cellular respiration 
and consumption of oxygen by leukocytes, platelets, and 
reticulocytes [23]. This is of particular concern in patients 
with leukemia (leukocytes greater than 40 x 109 per L) or 
thrombocytosis (1 ,000 x 109 per L) [24]. 

5 .  Inadvertent sampling of a vein normally causes a falsely 
low Pao2. A venous Po2 greater than 50 mm Hg can be 
obtained if the sampling area is warmed. The Po2 of "arte
rialized" venous blood can approximate Pao2 when blood 
flow is greatly increased by warming, compromising the 
time for peripheral oxygen extraction. 

COMPLICATIONS. Using the conventional radial arte1y 
technique described previously, complications are unusual. 
They include a rare vasovagal episode, local pain, and l imited 
hematomas, occurring no more than 0. 58% of the time [1-3]. 
An expanding aneu1ysm of the radial artery and reflex sympa
thetic dystrophy [25] have been reported even more rarely 
after frequent punctures [26]. 

Measurements from the Arterial 
Blood Gas Specimen 
Although pH, Pco2, Po2, bicarbonate, and Sao2 are all usually 
reported, it is important to unclersrancl that the bicarbonate 
and Sao2 are calculated, not directly measured. Although me 
calculated bicarbonate value is as reliable as the measured pH 
and Pco2 values given their in1ITlutable relationship through 
the Henclerson-Hasselbalch equation, the calculated Sao2 is 
often inaccurate because of the many variables that cannot be 
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corrected for (e.g. , 2 ,3-diphosphoglycerate, binding character
istics of hemoglobin). 

The patient in the intensive care unit often requires serial 
ABG measurements to follow the progression of critical ill
ness and guide therapy accordingly. It is understandable to 
interpret fluctuations in the ABG data as signs of the 
patient's condition worsening or improving, depending on 
the trend. However, even in 26 hemodynamically stable ven
tilator-dependent trauma patients, Pao2 and Paco2 varied sig
nificantly when the mean difference of four ABG samples 
was analyzed from each patient within a 1 -hour period (13  ± 
18 mm Hg and 2 .5  ± 4.0 mm Hg, respectively) [27]. Whether 
this variability was due to deviations in the collector's tech
nique or inherent error in the ABG analyzer, or both, is 
unclear. Nevertheless, routine monitoring of ABGs without 
an associated change in patient status may not be warranted 
and may lead to an unproductive, lengthy, and expensive 
search for the cause. 

When electrolytes and other blood values are measured 
from the unused portion of an ABG sample, clinicians 
should be aware of the following: Traditional liquid and 
crystalline heparins for ABG sampling are sodium-heparin 
salts, which artificially increase plasma sodium concentra
tions. Calcium and potassium bind to the negatively charged 
heparins, spuriously lowering their values. Lithium or elec
trolyte-balanced heparin is now available that contains phys
iologic concentrations of sodium and potassium, which 
should be used whenever sodium, potassium, ionized mag
nesium, ionized calcium, chloride, glucose, and lactate are 
measured in an ABG specimen [28-30]. Although lithium or 
balanced heparin minimizes the errors in electrolyte concen
trations, clilutional error may still exist if excessive amounts 
are used for anticoagulation. 

By convention, ABG specimens are analyzed at 37°C. 
Although no studies have demonstrated that correction for 
the patient's temperature is clinically necessary, blood gases 
drawn at temperatures greater than 39°C should probably be 
corrected for temperature [3 1 ] .  Because the solubility of oxy
gen and carbon dioxide increases as blood is cooled to 
37°C, the hyperthermic patient is more aciclotic and less 
hypoxemic than uncorrected values indicate. Therefore, for 
each 1°C that the patient's temperature is greater than 37°C, 
Pao2 should be increased 7 . 2%, Paco2 increased 4.4%, and 
pH decreased 0 .015 .  It is not necessary to correct the Paco2 
and pH in the hypothermic patient [32], because acid-base 
changes in vivo parallel the changes of blood in vitro. How
ever, Pao2 values must be corrected for temperature lest sig
nificant hypoxemia be overlooked. The Pao? at 37°C is 
decreased by 7 .2% for each degree that the pati�nt's temper
ature is less than 37°C. 

Physician Responsibility 
Even when the ABG values of pH, Pco2, Po2, and bicarbon
ate appear consistently reliable, the clinician should peri
odically check the accuracy of the blood gas samples 
because the bicarbonate is calculated, not directly mea
sured. Aliquots of arterial blood can be sent simultaneously 
for ABG analysis and to the chemistry laboratory for a total 
(T)C02 content. Accuracy of the blood gas laboratory's 
values can be checked using Henderson's simple mathemat
ical equation, which is a rearrangement of the Henderson
Hasselbalch equation [33]: [H+] = 25 x Paco/Hco3-. [H+] is 

Table 14-1. Relation berween [1-1+] and pH over a 
Normal Range of pH Values0 

pH [W] (nM/L) 

7.36 44 
7 37 43 
7 38 42 
7 .39 4 1  
7.40 40 

7.41 39 
7.42 38 
7.43 37 
7.44 36 

"Note that pH 7.40 corresponds to hydrogen ion concentration of 40 nM/L and 
that, over the small range shown, each deviation in pl-I of 0.01 units corre
sponds to opposite deviation in [H+] of 1 ntv!/L. For pl-I values between 7.28 and 
7.45, [I-I'] calculated empirically in this fashion agrees with the actual value 
obtained by means of logarithms to the nearest nM/L (nearest 0 01 pH unit). 
However, in the extremes of pH values, below p!-l 7.28 and above pH 7.45, the 
estimated [H'] is always lower than the actual value, with the discrepancy reach
ing 11 % at pH 7.10 and 5% at pH 7.50. 
Modified from Kassirer J,  Bleich J-1: Rapid estimation of plasma :arbon diox
ide tension from pl-I and total carbon dioxide content. N Engl .f Med 
171 : 1 067, 1965. 

solved by using the pH measured in the blood gas labora
tory (Table 14-1) .  Measured Tco2 should be close to the 
calculated bicarbonate value .  Venous Tco2 should not be 
used in this exercise because it is often greater th n arterial 
TC02. 

Alternatives 
Although little progres has been made in noninvasive pH 
measurement, there have been four important areas of 
technologic development: oximetry, transcutaneous Po2 
and Pco2 gas measurements, expired Pco2, and indwelling 
intravascular electrode systems. (See Chapter 26 for further 
discussion. )  

Many situations may arise whereby arterial blo cl samples 
are not available. For example, severe peripheral vascular 
disease makes radial arterial puncture difficult, or the patient 
refuses arterial blood sampling or cannulation. In general, in 
the absence of circulatory failure or limb ischemia, central 
and peripheral venous blood may substitute for arterial 
when monitoring acid-base and venrilatory status. In hemo
clynamicaUy stable patients, pH, is, on average, 0.03 units 
higher than central venous pH (pHc) and Paco 2 is lower 
than central venous carbon dioxide (Pcvco2) by 5 mm Hg 
[34], and changes in each are tightly correlated [35] .  Regres
sion analysis reveals pH. = ( 1 .027 x pHc) - 0 . 1 56 and Paco2 
= (0 .754 x P cvco2) + 2.  75. In shock, the accentuated discrep
ancy may be clue to increased carbon dioxide generated by 
the buffering of acids in conditions characterized by 
increased lactic acid production. 

It must be made clear that, in the absence of arming a 
sampling area to collect "arterialized" venous blood, an arterial 
sample is still necessary for evaluation of accurare oxygen
ation status for precise measurements of Po2 and alveolar
arterial oxygen gradient determination. Once the o"::ygenation 
and acid-base status have been identified, pulse oximetry can 



be used to follow trends in Sao2 in stable or improving 
patients because serial ABGs are costly and risk vessel injury 
with repeated arterial punctures. 
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15. Tracheostomy 

The terms tracbeotomy and tracbeostomy are interchange
able. Derived from the Greek words tracbeia arteria (rough 
artery) and tome (incision), tracbeotomy refers to the opera
tion that opens the trachea, whereas tracbeostomy results in 
the formation of a tracheostoma, or the opening itself. 
Although tracheostomy is referred to intermittently from th 
first century BC [1-3], it was not performed regularly until 
the 1800s, when used by Trousseau and Bretonneau in the 
management of diphtheria. In the early 1900s, Chevalier 
Jackson [4], describing refinements to the operation, warned 
against tracheostomy involving the cricothyroid membrane 
or first tracheal ring because of the risk of injury to the cri
coid cartilage and subsequent subglottic stenosis. During this 
period, the procedure was used to treat difficult cases of res
piratory paralysis from poliomyelitis. Largely because of 
improvements in tubes and advances in clinical care, endo
tracheal intubation gradually has become the treatment of 
choice for short-term ai1way management [3,5l .  

Although tracheostomy is occasionally required in critically 
ill and injured patients who cannot be intubated for various 
reasons (e.g., cervical spine inju1y, upper airway obstruction, 
laryngeal injuty, anatomic considerations), the most common 
use of this procedure today is to provide Jong-term access to 
the airway in patients who are dependent on mechanical ven
tilation. With improvements in critical care medicine, more 
patients are su1viving initial episodes of acute respiratory fail
ure, trauma, and extensive surgeries and are requiring pro
longed periods of mechanical ventilation. It is now common 
practice to convert these patients expeditiously from transla
tyngeal intubation to tracheostomy. Tracheostomy is becom
ing a ve1y common procedure in the intensive care unit (ICU). 
A survey reported the prevalence of tracheostomies in ICU 
patients to be 1 0% [6]. 

In this chapter, we review the indications, contraindica
tions, complications, and techniques associated with tra
cheostomy. We also discuss the timing of converting an 
orally intubated patient to tracheostomy and the use of per
cutaneously placed tracheostomies versus the classic open 
technique. 

Indications 
The indications for tracheostomy can be divided into three 
general categories: to bypass obstruction of the upper air
way, to provide an avenue for tracheal toilet and removal 
of retained secretions, and to provide a means for ventila
tory support. These indications are summarized in Table 
1 5-1  [7-12] .  

Anticipated prolonged ventilatory support, especially in 
patients who are receiving mechanical ventilation via trans
Jaryngeal intubation, is the most common indication for 
placing a tracheostomy in the ICU. Transla1yngeal intubation 
and tracheostomy have several advantages and disadvan
tages in patients who require prolonged ventilator support 
[ 1 3] ,  and these are summarized in Table 1 5-2. Most authors 
believe that, when the procedure is performed by a skilled 
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surgical group, the potential benefits of tracheost my over 
translaiyngeal intubation for most patients justify the appli
cation despite its potential risks. However, ther are no 
detailed clinical trials that consistently confirm the advan
tages of tracheostomy in patients who require prolonged 
mechanical ventilation. 

Contraindications 
Tracheostomy has no absolute contraindications. Certain 
conditions, however, warrant special attention before anes
thesia and surgery. In patients undergoing conversion from 
translaryngeal intubation to a tracheostomy for prolonged 
ventilato1y support, the procedure should be viewed as elec
tive or semielective. Therefore, the patient should be as 
medically stable as pos ible, and all attempts should be 
made to correct existing coagulopathies. For obvious rea
sons, emergent tracheostomies for upper airway obstruction 
may need to be performed when the patient is unstable or 
has a coagulopathy. 

Timing of Tracheostomy 
When to perform a tracheostomy on an intubated, critically ill 
patient has been very controversial. Several reviews have 
addressed this topic [ 13-16]. In 1987, the National Association 
of Medical Directors of Respirato1y Care issued a c nsensus 
statement that tracheostomy was preferred in patients requir
ing an artificial ai1way for more than 21 days [17] .  In part, this 
recommendation was based on reports of high co1 plication 
rates for open tracheostomy; hence, the consensus tatement 
reported that the risks of earlier tracheostomy were out
weighed by the benefits. However, other studies [1&-21] and 
the reported low morbidity and mortality of bedside percuta
neous tracheostomies [16,22-24] confirm that it does not 
appear justified to avoid tracheostomy based solely on the 
risk of operative complications. The lower morbidity and 
mortality of the procedure shift the risk-benefit rati to more 
of a benefit in the majority of patients who require prolonged 
ventilator support. 

A more up-to-dare approach regarding the timing of con
verting an intubated patient to a tracheostomy has been sug
gested by Heffner [ 1 3] .  This recommendation takes into 
account the very low mortality and morbidity a. sociared 
with placing a tracheostorny, plus the advantages and disad
vantages of translarynge J intubation and tracheostomy. In 
summaty, if a stabilized patient has minimal barriers to 
weaning, and appears likely to be uccessfully we necl and 
extubated within 7 to 10 clays, tracheosromy should be 
avoided. In patients who appear unlikely to be successfully 
weaned and exrubated in 7 to 10 days, tracheostom y  should 
be strongly considered. For patients whose ability to wean 
and be exrubared is unclear, their status should be read
dressed daily. 



Table 15-1. Indications for Tracheostomy 

Upper airway obstruction 
La1yngeal dysfunction: vocal cord paralysis 
Trauma: upper ai1way obstruction due to hemorrhage, edema, or 

crush injury; unstable mandibular fractures; injury to the la1ynx; 
cervical spine injuries 

Burns and corrosives: hot smoke; caustic gases; corrosives 
Foreign bodies 
Congenital anomalies: stenosis of the glottic or subglottic area 
Infections: croup; epiglottitis, Ludwig's angina; deep neck space 

infections 
Neoplasms: laryngeal cancer 
Postoperative: surgeries of the base of the tongue and hypophar

ynx; rigid fixation of the mandibular 
Obstructive sleep apnea [7 , 1 0--1 2] 

Tracheal toilet 
Inability to clear secretions: generalized weakness; altered memal 

status; excess secretions 
Neuromuscular disease 

Ventilato1y support: prolonged or chronic 

Adapted from Bjure ): Tracheostomy: a satisfacto1y method in the treatment of 
acute epiglottis. A clinical and functional follow-up study. Int.J Pediatr Otorbi
no!c11yngol 3:37, 198 1 ;  Hanline lvlH Jr: Tracheostomy in upper airway obstruc
tion. Sou.lb Med./ 74:899, 1 98 1 ;  Taicher S, Givol M, Peleg M, et al: Changing 
indications for tracheostomy in maxillofacial trauma . .J Oral Ma.xillofac Surg 
54:292, 1996; Guilleminault C, Simmons FB, Motta j, et al :  Obstructive sleep 
apnea syndrome and tracheostomy. Arcb Intern Med 141 :985, 1981; Burwell C, 
Robin E, Whaley ll, er al: Extreme obesity associated with alveolar hypoven1ila
tion. Am./ Med 141 :985, 1981; Yung MW, Snowdon SL: llespiratory resistance of 
tracheostomy rubes. Arcb Oto/c11yn.gol l l0:59 1 ,  1984. 

Some studies have suggested that early tracheostomy may 
be beneficial in some specific instances. A prospective 
observational study of medical ICU patients demonstrated an 
advantage to early tracheostomy. Patients had shorter hospi
tal lengths of stay and lower hospital cost if they received a 
tracheostomy early (within an average of 6 clays of admis
sion) as opposed to late (within an average of 17 clays after 
admission) [25]. Patients with blunt, multiple organ trauma 
have a shorter duration of mechanical ventilation, fewer epi
sodes of nosocomial pneumonia [26] , and a significant 
reduction in hospital costs (27] when the tracheostomy is 
performed within 1 week of their injuries. Similar benefits 
have been reported in patients with head trauma and poor 
Glasgow Coma Score [28-30] and patients with thermal 
injury [31 ] ,  if a tracheostomy is performed within a week 
after the injury. 

Emergency Tracheostomy 
Emergency tracheostomy is a moderately difficult procedure, 
requiring training and skill; experience; adequate assistance, 
time, and lighting; and proper equipment and instrumenta
tion. When time is short, the patient uncooperative, the anat
omy distorted, and the aforementioned requirements not 
met, tracheostomy can be ve1y hazardous. Emergency tra
cheostomy can pose significant risk to nearby neurovascular 
structures, particularly in small children in whom the trachea 
is small and not well defined. The risk of complications for 
emergency tracheostomy is two to five times higher than for 
elective tracheostomy [19,32,331 .  Nonetheless, there are 
occasional indications for emergency tracheostomy [34], 
including transected trachea, anterior neck trauma with 
crushed larynx (35], and pediatric (younger than 12 years) 
patients requiring an emergency surgical airway in whom 
cricothyrotomy is generally not advised. 
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Table 15-2. Advantages and D isadvantages of Intubation 
and Tracheosromy 

Advantages 

Translaryngeal intubation 
Reliable airway during urgent · 

intubation 

Tracheostomies 
Avoids direct inju1y to the la1ynx 
Facilitates nursing care 
Enhances patient mobility 
More secure airway 
Improved patient comfort 
Permits speech 
Provides psychological benefit 

Disadvantages 

Bacterial ai1way colonization 
Inadvertent eA1:ubation 
Latyngeal injuty 
Tracheal stenosis 
Purulent sinusitis (nasotra

cheal intubations) 
Patient discomfort 

Complications (see Table 15-3) 
Bacterial airway colonization 
Cost 
Surgical scar 
Tracheal and stomal stenosis 

From Heffner JE: Timing of tracheostomy in ventilator-dependent patients. Clin 
Cbesl Med 1 3 : 1 37,1992, with permission. 

Tracheostomy in the Intensive 
Care Unit 
PERCUTANEOUS DILATATIONAL 1RACHEOSTOMY. 
Percutaneous dilatational tracheostomy (PDT) has surpassed 
open surgical tracheostomy as the procedure of choice in 
the ICU in a majority of cases. The concept of a tracheos
tomy by percutaneous dilatation was described by Toye and 
Weinstein in 1 969 and again in 1 986 [36] . Selclinger's wire
guiclecl insertion technique for intravascular catheters has 
been adapted to many tube and catheter placement proce
dures [37l. Several modifications and variations of the 
Selclinger technique resulted in development of percutane
ous techniques for tracheostomy and cricothyrotomy and in 
commercially available kits for performing these procedures. 
The minitracheostomy through the cricothyroicl membrane 
has found particular favor in Great Britain,  where it is used 
as suction access to the trachea [38,391 . 

The advantages of PDT over the standard open procedure 
are many. These advantages are summarized below: 

1 .  In experienced hands, PDT can be performed routinely 
and safely in intubated ICU patients. 

2 .  PDT can be performed bedside, whereas most open pro
cedures are preformed in an operating room. Therefore, 
PDT offers a substantial cost saving of $ 1 ,000 to $ 1 ,500 per 
patient (40-42] . 

3. Performing the procedure eliminates the need to move a 
critically ill patient from an ICU to the operating room. 
Studies have shown that as many as 33% of critically ill 
ICU patients who are moved to other areas of the hospital 
for tests or procedures have significant and potentially 
dangerous physiologic changes [22,43,44]. This risk is 
avoided by performing the procedure bedside. 

4. PDT avoids an open tracheostomy wound, which in turn 
provides improved healing and decreases the risk of 
wound infection [36,45]. 

5 .  The PDT technique also preserves soft tissue around the 
tracheostomy tube, allowing for the tube to fit snugly with 
less movement and angulation. This decreased movement 
minimizes pressure, erosions, and ischemic damage to the 
anterior tracheal cartilage rings. 
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6. Because the direction of the tube is controlled by a pre
placed wire and entry into the trachea is confirmed before 
the tube is placed, the risk of perforation of the posterior 
trachea and esophagus is lessened [46]. Placement of the 
wire should be monitored by fiberoptic tracheoscopy. 

7. The smaller skin incision and stoma result in a more cos
metically acceptable scar [361. 

8. The risk of tracheal stenosis is markedly reduced [21].  

Several studies have compared PDT with standard, open 
tracheostomy [41--451. These studies confirm the cost-saving 
advantage of PDT. Although overall short-term complication 
rates appear equal, PDT is associated with less perioperative 
bleeding and fewer stomal infections [45]. 

A bedside PDT has some hazards that are not commonly 
seen with standard open tracheostomies. The most important 
of these to consider are loss of airway due to bleeding, 
mucous, or tracheal collapse; accidental extubation; and false 
passage of the tracheostomy tube. These hazards can be min
imized by maintaining stable endotracheal intubation during 
the procedure and performing the procedure with flexible 
fiberoptic bronchoscopic guidance. Not only does endotra
cheal intubation provide a secure airway during the proce
dure, but it also serves as a tracheal stent to prevent collapse 
of the trachea. An unstented trachea can collapse during 
insertion of a PDT, allowing th.rough-and-tlu·ough anteropos
terior passage of needles and dilators to create false passages, 
extratracheal placement of the tube, and esophageal injury. 
Video tracheoscopic inspection of the trachea during the pro
cedure also helps to assure against incorrect placement of the 
tube. Video tracheoscopy is mandatory if difficulties occur 
with dilation. 

Several studies have confirmed the early and long-term safety 
of bedside PDT in critically ill ICU patients [21 ,22,24,25]. Our 
prospective experience of more than 300 patients at tl1e Univer
sity of Massachusetts Memorial Health Center demonstrated no 
mortalities and no major complications such as extratracheal 
tube placement, tracheal laceration, tracheola1yngeal injury, or 
loss of ai.Jway/accidental extubation. Our complications were 
li.Jnited to minimal bleeding and the development of subcutane
ous emphysema in one patient who received high levels of pos
itive end-expiratory pressure (PEEP). 

In some patients who requi.J·e a tracheostomy, we recom
mend an open surgical tracheostomy as opposed to a bedside 
PDT. These include patients who are not mtubated, tl10se on 
very high levels of PEEP, and those with large thyroid masses, 
laryngeal cancer, or otl1er neck abnormalities tl1at deny upper 
ai..tway landmarks. Altl10ugh lack of cervical spme clearance 
and tl1e inability to extend the neck have been assumed to be 
relative contramdications to placing a PDT, one study refutes 
mis assumption [47). Sinillarly, morbid obesity has been 
assumed to be a relative contraindication, although we have 
reported success il1 placmg PDTs il1 patients who weigh up to 
500 lb [16).  

OPEN SURGICAL 1RACHEOSTOMY. Altl10ugh PDT has sev
eral advantages over an open surgical tracheostomy, the open 
procedure should be considered as the procedure of choice in 
some clinical scenarios. For example, patients who require 
emergent airway access because of upper ai1way obstrnction 
should undergo an open procedure. In the ICU setting, an 
open tracheostomy is favored in patients who are not orally or 
nasally intubated, those with severe respiratory failure who 
require high levels of PEEP, and those with anatomic or 
pathologic abnormalities of the neck. If for some reason a 
PDT cannot be performed, an open surgical procedure should 
be considered. The exact technique, including the Bjork flap 

to prevent stenosis, is described in standard surgical texts and 
in the literature [48-521. 

Techniques and 
Instruments of Percutaneous 
Dilatational Tracheostomy 
Several percutaneous tracheostomy and cricothyrotomy tech
niques and mstruments [53-56] have been developed. All used 
some form of tl1e Selclinger arte1y cannulation technique with 
various adaptations for cutting (usmg a tracheostome) r dilating 
me pretracheal tissues and trachea. Percutaneous airways are 
performed at me cricomyroid membrane, subcricoid space 
(between tl1e cricoid and me first tracheal ring) [57), or the level 
of me second to fourth tracheal rings. The cricothyr id mem
brane is more clifficult to puncture and dilate tl1an tl1 trachea; 
considerable force must be used. All techniques require a skin 
mcision, but it should be no larger man the tracheostomy tube 
mat is to be placed. Although lower complication rates are cited 
for me dilatational technique, methods usmg a cutting mstru
ment (tracheostome) have tl1ei.J· advocates. Advantages of tra
cheostome techniques are that they can be used m emergencies, 
tracheostomy tubes witl1 balloon cuffs are more easily 
advanced, and larger tubes can be msertecl man witl1 techniques 
tl1at use sequential dilators [39,55,561. Percutaneous airway pro
cedures should be clone witl1 an enclotracheal tube il1 place. 
Despite meir attractiveness as methods for me unskilled, consid
erable trail1ing and practice are necessary for both techniques if 
significant, even letl1al, complications are to be avoided [58-60). 
The mandatory need for tl1is procedure to be perfor eel by a 
highly skilled and tramecl physician cannot be overemphasized. 

The teclmique of percutaneous dilatational guide ire elec
tive tracheostomy and procedural guidelines for numerous 
operators are described in the literature [61-64]. Bnefly, the 
procedure is as follows: 

1 .  Intubate the trachea and monitor oxygen saturation. Adjust 
the fraction of inspired oxygen, tidal volume, respiratory 
rate, and PEEP as needed to compensate for necessary air 
leak during the procedure. 

2. Loosen tl1e tapes fixing tl1e endotracheal tube in place and 
secure the tube by hand throughout the procedure. Iden
tify neck landmarks (Fig. 1 5-lA).  

3.  With tl1e patient under local anestl1esia and mtraven us seda
tion, insert a needle and cannula between the first and sec
ond tracheal rings. Obtain free aspiration of ai.J· (Fig. 15-lB). If 
tl1e needle i..tnpales tl1e endotracheal tube, withdraw the tube 
a bit farther. A flexible fiberoptic bronchoscope s ould be 
used to confirm placement of the wire il1 tl1e trachea. 

4. Remove the needle, msert a J guidewire through the can
nula and then remove the cannula (Fig. 15-lC) .  Make an 
incision around the guidewire (Fig. 1 5- l D) .  

5 .  Place a silicone guiding catheter over tl1e guide ire and 
perform all dilations over this double guide (wire and sili
cone catl1eter) to prevent any kinking (Fig. 1 5- l E). 

6. Insert and remove dilators of increasing size, up to a 36 
French (Fr) for an 8-nun internal diameter cannula tra
cheostomy rube. Slightly overclilate the tracheostomy (Fig. 
15-lF, G). Any difficulty during dilation must be valuated 
by bronchoscopic examination of the upper trachea. 

7. Lubricate a proper-sized dilator and preload it with t11e tra
cheostomy tube (Fig. 1 5-lH).  

8. Thread the dilator canymg the tracheostomy tube over the 
silicone guide and insert it into the trachea. P sitioning 
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Fig. 15-1. A-I. Percutaneous clilatational tracheostomy technique (see text for details) (continued). 
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marks on the silicone guide and dilators assist in position
ing (Fig. 1 5-ll). 

9. Remove the dilator, silicone guide, and J guidewire. Fix 
the tracheostomy tube in place and remove the endotra
cheal tube. Dilatation of some tracheas can be extremely 
difficult; numerous tips and techniques are reported. 

Tubes and Cannulas 
Characteristics of a good tracheostomy tube are flexibility to 
accommodate va1ying patient anatomies, ineit material, wide 
internal diameter, the smallest external diameter possible, a 
smooth surface to allow easy insertion and removal, and suffi
cient length to be secure once placed but not so long as to 
impinge the carina or other tracheal pa1ts [14]. Until the late 
1960s, when surgeons began to experiment with silicone and 
other synthetic materials, tracheostomy tubes and cannulas were 
made of metal. At present, almost all tracheostomy tubes are 
made of synthetic material. One disadvantage of a silicone tube 
over a metal one is the increased thickness of d1e tube wall, 
resulting in a larger outer diameter. Silicone tubes are available 
with or wid10ut a cuff. The cuff allows occlusion of d1e ai.Jway 
around d1e tube, which is necessa1y for positive-pressure venti
lation. It also milli.Jnizes aspiration. In d1e past, cuffs were asso-

Fig. 15-1. (continued) 

ciated wid1 a fai.J·ly high incidence of tracheal stenosis caused by 
ischemia and necrosis of d1e mucous membrane and subse
quent cicatricial contracture at the cuff site [65,66]. High-volume, 
low-pressure cuffs cli.Jnini h pressure on the wall of the trachea, 
thereby mini.Jnizing (but not eliminating) problems due to focal 
areas of pressure necrosis (67]. If d1e only purpose of the tube is 
to secure the ai.Jway (sleep apnea) or to provide access for suc
tioning secretions, a tube without a cuff can be placed. 

Postoperative Care 
The care of a tracheostomy tube after surgery is of paramount 
importance. Highlighted in this section are specific issues that 
all intensivists need to be knowledgeable of when caring for 
patients with tracheostomies. 

DRESSING CARE. When changing dressings and tapes, spe
cial care is needed to avoid accidental dislodging of the tra
cheostomy tube. 

INNER CANNULAS. TI1e inner cannulas should be used at 
all times in the ICU. They serve to extend the life of the tra
cheostomy tubes by preventing buildup of secreti ns within 



the tracheostomy. The inner cannulas can be easily removed 
and either cleaned or replaced with a sterile, disposable one. 
Disposable inner cannulas have the advantage of quick and 
efficient changing, a decrease in nursing time, decreased risk 
of cross-contamination, and guaranteed sterility [68). The 
obturator should be kept at the bedside at all ti.mes, in the 
event that reinsertion of the tracheostomy is necessa1y. 

HUMIDIFICATION. The upper airway moistens and humidi
fies inspired air. Because tracheostomies bypass the upper air
way, it is vital to provide warm, humidified air to patients with 
tracheostomies. Humidification of inspired gases is vital in pre
venting complications in patients with tracheostomies. Failure 
to humidify the inspired gases can result in obstruction of the 
tube by inspissatecl secretions and causing increased secretions, 
impaired mucociliary clearance, and decreased cough [69,70]. 

1RACHEOSTOMY TIJBE CHANGES. Tracheostomy tubes 
do not require routine changing. In general, the tube only 
needs to be changed when there is a functional problem with 
it, such as an air leak in the balloon, when the lumen is nar
rowed clue to the buildup of dried secretions, or when down
sizing the tube before clecannulations. Ideally, a tracheostomy 
tube should not be changed until 7 to 1 0  clays after its initial 
placement. The reason for this is to allow the tracheal stoma 
and the tract to mature. Patients who have their tracheostomy 
tube changed before the tract is fully mature risk having the 
tube misplaced into the soft tissue of the neck. If the tracheos
tomy tube needs to be replaced before the tract has had time 
to mature, the tube should be changed over a guide, such as 
a suction catheter [71 ,721. 

ORAL FEEDING AND SWALLOWING DYSFUNCTION 
ASSOCIATED WITH 1RACHEOSTOMIES. Great caution 
should be exercised before initiating oral feedings in patients 
with tracheostomy. Numerous studies have demonstrated that 
patients are at a significantly increased risk for aspiration 
when a tracheostorny is in place. 

Physiologically, patients with tracheostomies are more like 
to aspirate because the tracheostorny tube tethers the larynx, 
preventing its normal upward movement, which is needed to 
assist in glottic closure and cricopha1yngeal relaxation 
[73,741. Tracheostomy tubes also disrupt normal swallowing 
by compressing the esophagus and interfering with clegluti
tion [75], decreasing the duration of vocal cord closure [76], 
and resulting in uncoordinated la1yngeal closure (77]. In 
aclclition, prolonged orotracheal intubation can result in pro
longed swallowing disorders even after the enclotracheal 
tube is converted to a tracheostomy [78]. It is therefore not 
surprising that more than 65% of patients with tracheosto
rnies aspirate when swallowing [79-81] .  

Before one attempts to  initial oral feedings in  a patient with 
a tracheostomy, several objective criteria must be met. The 
patient must be consistently alert, appropriate, and able to 
follow complex commands. He or she should also have ade
quate cough and swallowing reflexes, adequate oral motor 
strength, and a significant respirato1y reserve [82]. These cri
teria are probably best assessed by a certified speech thera
pist. However, clinical assessment may only identify 34% of 
the patients at high risk for aspiration [83]. Augmenting the 
bedside swallowing evaluation by coloring feedings or mea
suring the glucose in tracheal secretions may not increase the 
sensitivity in detecting the risk of aspiration (84,85]. A video 
barium swallow may allow the identification of 50% to 80% 
of patients with tracheostomies who are at a high risk to aspi-
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rate oral feeding [83,86]. A direct laryngoscopy to directly 
observe a patient's swallowing mechanics coupled with a 
video barium swallow may be more sensitive in predicting 
which patients are at risk for aspiration [83]. Scintigraphic 
studies may be the most sensitive tests to determine which 
patients are aspirating [87] and are much easier to perform 
than endoscopy. Plugging of the tracheostomy [87] or using a 
Passy-Muir valve [88] may reduce aspiration in patients with 
tracheostomies who are taking oral feedings, but this is not a 
universal finding [89]. 

Because of the high risk for aspiration and the difficulty in 
assessing which patients are at high risk to aspirate, we do 
not institute oral feedings in patients with tracheostomy in 
the ICU. We believe that the potential risks of placing a per
cutaneous endoscopically placed gastrostomy feeding tube 
are much less than the risks of aspiration of oral feedings 
and their complications ( i .e . ,  recurrent pneumonia, acute 
respiratory distress syndrome, and prolonging and inhibiting 
weaning). However, we are unaware of any prospective 
studies addressing the complications between these two 
methods of providing enteric nutritional support in patients 
with tracheostomies. 

Complications 
Tracheostomies, whether inserted by percutaneous dilatation 
or by the open surgical procedure, are associated with a vari
ety of complications. These complications are best grouped by 
the time of occurrence after the placement and are cliviclecl 
into immediate, intermediate, and late complications [16] 
(Table 1 5-3). The reported incidence of complications varies 
from 3% to 1 3% [6,21 ,47,90] and mortality from 0.03% to 0.6% 

Table 15-3. Complications of Tracheostomies 

Immediate complications (0-24 h) 
Carcliorespiratory arrest 
Major hemorrhage 
Tracheolaryngeal injury 
Crushed ai1way from clilational tracheostorny 
Loss of ai1"\vay control 
Pneumothorax 
Pneumomecliastinurn 
Acute surgical emphysema 
Esophageal inju1y 
Tube displacement 
Arrhythmia 
Hypotension 
I-I ypoxia/hyperca pnia 
Bacteremia 

Intermediate complications (from clay 1 to clay 7) 
Persistent bleeding 
Tube displacement 
Tube obstruction (mucus, blood) 
Major atelectasis 
Wound infection/cel lulitis 

Late complications (after clay 7) 
Tracheoinnominate artery fistula 
Tracheomalacia 
Tracheal stenosis 
Necrosis and loss of anterior tracheal ca1tilage 
Tracheoesophageal fistula 
Major aspiration 
Chronic speech and swallowing deficits 
Tracheocucaneous fistula 

From Conlan AA, Kopec SC: Tracheosromy in the ICU . ]  Intensive Care 15 :1 ,  2000, 
·with pennission. 
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(21 ,90]. Posttracheostomy mortality and morbidity are caused 
by iatrogenic tracheal laceration (91] ,  hemorrhage, tube dis
lodgment, infection, and obstruction. Neurosurgical patients 
have a higher posttracheostomy complication rate than do 
other patients [92,93l. Tracheostomy is more hazardous in chil
dren than in adults and carries special risks in the ve1y young, 
often related to the experience of the surgeon [94]. We discuss 
some of these complications. A comprehensive understanding 
of immediate, intermediate, and late complications of tracheo
stomy and their management is essential for the intensivist. 

OBSTRUCTION. Occasionally, a tube becomes plugged with 
clotted blood or inspissated secretions. In this case, the inner 
cannula should be removed immediately and the patient suc
tioned. Should that fail, it may be necessary to remove the 
outer cannula also, a decision that must take into consider
ation the reason the tube was placed and the length of time it 
has been in place. Obstruction also may be due to angulation 
of the distal end of the tube against the anterior or posterior 
tracheal wall. An undivided thyroid isthmus pressing against 
the angled tracheostomy tube can force the tip against the 
anterior tracheal wall, whereas a low superior transverse skin 
edge can force the tip of the tracheostomy tube against the 
posterior tracheal wall. An indication of this type of obstruc
tion is an expiratoty wheeze. Division of the thyroid isthmus 
and proper placement of transverse skin incisions prevent 
anterior or posterior tube angulation and obstruction (95]. 

1UBE DISPLACEMENT/DISLODGMENT. Dislodgment of a 
tracheostomy tube that has been in place for 2 weeks or longer 
is managed simply by replacing the tube. If it cannot be irnme
diately replaced or if it is replaced and the patient cannot be 
ventilated (indicating that the tube is not in the trachea), 
orotracheal intubation should be performed. Immediate post
operative displacement can be fatal if the tube cannot be 
promptly replaced and the patient cannot be reintubated. 

Dislodgment in the early postoperative period is usually 
caused by one of several technical problems. Failure to divide 
the thyroid isthmus may permit the intact isthmus to ride up 
against the tracheostomy tube and thus displace it (95]. Exces
sively low placement of the stoma (i.e., below the second and 
third rings) can occur when the thoracic trachea is brought into 
the neck by overextending the neck or by excessive u·action on 
the u·achea. When the normal anatomic relationships are 
restored, the u·achea recedes below the suprasternal notch, 
causing the tube to be dislodged from the u·achea (95,96]. The 
risk of dislodgment of the tracheostomy tube, a potentially 
lethal complication, can be minimized by (a) transection of the 
thyroid isthmus at surge1y, if indicated; (b) proper placement of 
the stoma; (c) avoidance of excessive neck hyperextension or 
tracheal traction, or both; (d) application of sufficiently tight tra
cheostomy tube retention tapes; and (e) suture of tl1e u·acheos
tomy tube flange to tl1e skin in patients with shon necks. Some 
surgeons apply retaining sutures to the trachea for use in tl1e 
early postoperative period in case tl1e tube becomes dislodged, 
allowing the u·achea to be pulled into the wound for reintuba
tion. Making a Bjork flap involves suturing the inferior edge of 
tl1e trachea stoma to the skin, tlrns allowing a sure pathway for 
tube placement. Bjork flaps, however, tend to interfere witl1 
swallowing and promote aspiration (97] . Reintubation of a tra
cheostomy can be accomplished using a smaller, beveled 
endotracheal tube and then applying a tracheostomy tube over 
the smaller tube, using tl1e Seldinger technique (98]. Using a 
nasogasu·ic tube as a guidewire has also been described (99] . 

If a u·acheostomy becomes dislodged within 7 to 10 days of 
surgery, we recommend translaryngeal endotracheal intuba-

tion to establish a safe airway. The tracheostomy tube can 
then be replaced under less urgent conditions and with 
fiberoptic guidance if needed. 

SUBCUTANEOUS EMPHYSEMA. In approximately 5% of 
patients, subcutaneous emphysema develops after tracheos
tomy (98]. It is most likely to occur when dissectio is exten
sive or the wound is closed tightly, or both. Partial losure of 
the skin wound is appropriate, but the underlying tissues 
should be allowed to approximate naturally. Subcutaneous 
emphysema generally resolves over the 48 hours after tra
cheostomy, but when the wound is closed tightly and the 
patient is coughing or on positive-pressure ventilation, pneu
momediastirtum, pneumopericardium, and/or tension pneu
mothorax may occur (95]. 

PNEUMOTHORAX AND PNEUMOMEDIASTINUM. The 
cupola of the pleura extends well into the neck, especially in 
patients with emphysema; thus, the pleura can be damaged 
during tracheostomy. This complication is more common in 
the pediatric age group because the pleural dome extends 
more cephalad in children [l] .  The incidence of p eumotl10-
rax after tracheostomy i approximately 5% (1 ,98]. _\llany sur
geons routinely obtain a postoperative chest radiograph. 

HEMORRHAGE. Minor postoperative fresh tracheostomy 
bleeding occurs in up to 37% of cases [1 ]  and is probably the 
most common complication of this procedure. Postoperative 
coughing and straining can cause venous bleeding by dislodging 
a clot or ligature. Elevating t11e head of the bed, packing tl1e 
wound, and/or using homeostatic materials usually control 
minor bleeding. Major bleeding occurs in 5% of u11d1eotomies 
and is due to hemorrhage from the istl11Tius of the thyroid gland, 
loss of a ligature from one of tl1e anterior jugular veins, or injury 
to the u11nsverse jugular vein t11at crosses the midline just above 
the jugular notch (100]. Persistent bleeding may require a return 
to t11e operating room for management. Techniques to decrease 
t11e likeliliood of early postu11cheostomy hemoIThage include 
(a) use of a vertical incision; (b) careful dissection in the midline, 
witl1 care to pick up each layer of tissue with instruments rather 
than sin1ply spreading ti ues apan; (c) liberal use of ligatures 
ratl1er t11an electrocautery; and (d) careful division and suture 
ligation of the tl1yroid isthmus. Late hemorrhage after trache
ostomy is usually due to bleeding granulation tissue r another 
relatively minor cause. However, in these late cases, a tracheoin
nomirtate artery fistula needs to be rnled out. 

1RACHEOINNOMINATE ARTERY FISTULA. At one point, it 
had been reported that 50%i of all tracheostomy bleeding occur
ring more than 48 hours after t11e procedure is due t an often 
fatal complication of rupture of the innominate a1tery caused 
by erosion of tl1e tracheostomy tube at its tip or cuff into the 
vessel (98]. However, since the advent of the low-pressure cuff, 
the incidence of this complication has decreased considerably 
and occurs less tl1an 1% of tl1e time [101] .  

Eighty-five percent of tracheoinnominate fistulas occur 
within the first month after u·acheostomy (102], although they 
have been reported as late as 7 montl1s after opera ·on. Other 
sites of delayed exsanguinating postu·acheostomy hemorrhage 
include the common carotid a1tery, superior and inferior thy
roid arteries, aortic arch, and innominate vein ( 102] . Rupture 
and fistula formation are caused by erosion tl1rou h the tra
chea into the artery due to excessive cuff pressure or by angu
lation of the tube tip against t11e anterior trachea. Infection and 
other factors that weaken local tissues, such as malnourish-



ment and steroids, also seem to play a role [ 103).  The innomi
nate artery rises to approximately the level of the sixth ring 
anterior to the trachea, and low placement of the stoma can 
also create close proximity of the tube tip or cuff to the innom
inate arte1y. Rarely, an anomaly of the innominate, occurring 
with an incidence of 1% to 2% [102], is responsible for this 
disastrous complication. Pulsation of the tracheostomy tube is 
an indication of potentially fatal positioning [ 102] . Initially, 
hemorrhage from a tracheoinnominate fistula is usually not 
exsanguinating. Herald bleeds must be investigated promptly 
using fiberoptic tracheoscopy. If a tracheoinnominate fistula 
seems probable (minimal tracheitis, anterior pulsating ero
sions), the patient should be taken to the operating room for 
evaluation. Definitive management involves resection of tl1e 
arte1y [104]. The monality is greater than 50%. Sudden exsan
guinating hemorrhage can be managed by hyperinflation of 
the tracheostomy cuff tube or reintubation with an endotra
cheal tube through the stoma, attempting to place t11e cuff at 
the level of the fistula. A lower neck incision with blind digital 
compression on the artery may be part of a critical resuscitative 
effon [105]. 

MISPLACEMENT OF 1UBE. Misplacement of tube is a tech
nical error that occurs at the time of surge1y or when tl1e tube 
is changed or replaced tlliough a fresh stoma. If it is not rec
ognized, associated mediastinal emphysema and tension 
pneumothorax can occur, along with alveolar hypoventilation. 
Injury to neurovascular structures, including the recurrent 
laryngeal nerve, is possible [96]. The patient must be orally 
intubated or the tracheostoma recannulated. Some advise 
placing retaining sutures in the trachea at the time of surge1y. 
The availability of a tracheostomy set at tl1e bedside after tra
cheostomy facilitates emergency reintubation. 

STOMAL INFECTIONS. An 8% to 1 2% incidence of cellulitis 
or purulent exudate is repo1ted [1 ,20,98]. Attention to the 
details of good stoma care and early use of antibiotics are 
advised. The use of the PDT technique has virtually elimi
nated infection. 

IBACHEOESOPHAGEAL FISTULA. Tracheoesophageal fis
tula caused by injury to the posterior tracheal wall and cervi
cal esophagus occurs in fewer than 1 % of patients, more 
commonly in the pediatric age group. Early postoperative fis
tula is a result of iatrogenic injury during the procedure 
[98, 105]. The chances of creating a fistula can be minimized 
by entering the trachea initially with a horizontal incision 
between two tracheal rings (the second and third), thereby 
elin1inating the initial cut into a hard cartilaginous ring [95]. A 
late tracheoesophageal fistula may be due to tracheal necrosis 
caused by tube movement or angulation, as in neck hyper
flexion, or excessive cuff pressure [96,98, 105]. A tracheo
esophageal fistula should be suspected in patients witl1 cuff 
leaks, abdominal distention, recurrent aspiration pneumonia, 
and reflux of gastric fluids through tl1e tracheostomy site. It 
may be demonstrated on endoscopy and contrast studies. Tra
cheoesophageal fistulas require surgical repair. 

SUBGLOTTIC EDEMA AND lRACHEAL STENOSIS. Place
ment of t11e tracheostomy tube in close proximity to the glottic 
area (cricothyrotomy or first tracheal ring tracheostomy) may 
lead to edema and eventual subglottic stenosis. This is more 
likely to occur if there is mucosa! injury from a previous 
endotracheal intubation or infection at the stoma site, or both 
[106,107). Meticulous care of tracheostomy stomas and prompt 
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treatment of upper ai1way infections can help to prevent this 
complication. Removal of a button of cartilage during trache
ostomy in adults is acceptable, but in an infant or young child, 
this maneuver may result in tracheal stenosis. Subglottic 
edema is a significant cause of decannulation problems. 

DYSPHAGIA AND ASPIRATION. The major swallowing dis
order associated with tracheostomy is aspiration. Some patients 
witl1 tracheostomy tubes complain of the sensation of a mass in 
the lower neck. This may lead to dysphagia and aspiration 
[107], pa1ticularly if the cuff is left inflated while tl1e patient is 
eating [108]. The presence of a gag reflex does not confer pro
tection against aspiration of pharyngeal contents. The defects 
reported are delayed u·iggering of the swallow response and 
pha1yngeal pooling of conu·ast materials [109). The causes 
include decreased laryngeal elevation and anterior movement 
during deglutition, because the tube itself or a Bjork flap fixes 
t11e trachea to the skin; esophageal compression by an inflated 
cuff; and desensitization of the la1ynx, leading to loss of protec
tive reflexes and uncoordinated laryngeal closure. For these 
reasons, we do not recommend oral feeding in ICU patients 
witl1 tracheostomies. 

IBACHEOCUTANEOUS FISTULA. Although the tracheostoma 
generally closes rapidly after decannulation, a persistent fistula 
occasionally remains, pa1ticularly when t11e u·acheostomy tube is 
present for a prolonged period. If this occurs, t11e fistula tract can 
be excised and t11e wound closed primarily, under local anest11e
sia [1 10). 

Cricothyrotomy 
Cricothyrotomy (cricothyroidotomy) [1 1 1] was condemned 
in Jackson's 1921 article [4] on high tracheostomies because 
of excessive complications, particularly subglottic stenoses 
[ 1 1 2 , 1 13) .  He emphasized the importance of the cricoid carti
lage as an encircling support for the la1ynx and trachea. 
However, the favorable report by Brantigan and Grow [ 1 14] 
evaluating 655 cricothyrotomies, with a complication rate of 
only 6 . 1% and no cases of subglottic stenosis, prompted 
reevaluation of cricothyrotomy for elective and emergency 
airway access. Further reports emphasized the advantages of 
cricothyrotomy over tracheostomy, which included technical 
simplicity, speed of performance, low complication rate 
[ 1 1 3 , 1 1 5-1 1 8], suitability as a bedside procedure, usefulness 
for isolation of the ai1way from median sternotomy [ 1 17 ,1 19] 
and radical neck dissection incisions [ 1 20] , lack of need to 
hyperextend the neck, and formation of a smaller scar. Also, 
because cricothyrotomy results in less encroachment on the 
mediastinum, there is less chance of esophageal injury and 
virtually no chance of pneumothorax or tracheoarterial fis
tula [1 13] .  

Despite these considerations, many authorities currently 
recommend that cricothyrotomy should be used as an elective 
long-term method of ai1way access only in highly selected 
patients [ 1 1 2 , 1 1 3 , 1 20--1 22] . Use of cricothyrotomy in the emer
gency setting, particularly for managing trauma, is not contro
versial [1 1 1 , 1 23,1 24]. 

EMERGENCY CRICOTHYROTOMY. Because cricothyrot
omy requires a small number of instruments and less training 
than tracheostomy and can be performed quickly, it is indi
cated as a means for controlling the ai1way in an emergency 
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when oral or nasotracheal intubation is unsuccessful or con
traindicated. In emergency situations, transla1yngeal intuba
tions fail because of massive oronasal hemorrhage or 
regurgitation, structural deformities of the upper airway, mus
cle spasm and clenched teeth, and obstruction by foreign 
bodies of the upper ai1way [ 1 1 1] .  Cricodiyrotomy finds its 
greatest use in trauma management. Actual or suspected cer
vical spine injury, alone or in combination with severe facial 
trauma, makes nasotracheal and orotracheal intubation diffi
cult and hazardous. Thus, cricod1yrotomy has an important 
role in emergency ai1way management [1 23] . 

CONTRAINDICATIONS. Cricothyrotomy should not be 
used to manage ailway obstruction diat occurs ilmnediately 
after endotracheal extubation, because the obstruction may be 
found below the la1ynx [4, 1 1 3 , 1 23].  Likewise, with primary 
laryngeal trauma or disease such as tumor and infection, cri
comyrotomy may prove useless. It is contraindicated ill 
infants and in children younger than 10 to 12 years under all 
circumstances [ 123].  In diis age group, percutaneous transtra
cheal jet ventilation may be a temporizing procedure until tra
cheostomy can be performed. 

ANATOMY. The cricomyroid space is no larger dian 7 to 9 
mm in its vertical dimension, smaller than the outside diame
ter of most tracheostomy tubes (No. 6 Shiley outside diameter 
is 10 mm). The cricothyroid arte1y runs across die midline in 
the upper portion, and the membrane fuses vertically in the 
midline. The anterosuperior edge of die thyroid cartilage is 
the la1yngeal prominence. The cricothyroid membrane is 
approximately 2 to 3 cm below this laryngeal prominence and 
can be identified as an indentation i1miiediately below die 
thyroid cartilage. The lower border of the cricothyroid mem
brane is the cricoid cartilage [ 1 17 , 1 18, 1 22, 125, 1 26] . A descrip
tion of the procedure is contained in standard surgical texts. 

COMPLICATIONS. The reported incidence of short- and 
long-term complications of cricothyrotomy ranges from 6 . 1% 
[1 14] for procedures performed in elective, well-controlled, 
carefully selected cases to greater than 50% [1 1 1 , 1 12 , 124,127] 
for procedures performed under emergency or other subopti
mal conditions. 

The incidence of subglottic stenosis after cricothyrotomy is 
2% to 3% [ 1 1 2 , 1 1 31 .  This major complication occurs at the tra
cheostomy or cricothyrotomy site but not at the cuff site [ 128]. 
Necrosis of cartilage due to iatrogenic injury to the cricoid car
tilage or pressure from the tube on die cartilage may play a 
role [ 1231 .  Possible reasons diat subglottic stenosis may occur 
more commonly with cricothyrotomy than with tracheostomy 
are as follows: The la1ynx is the narrowest part of the la1yn
gotracheal ailway; subglottic tissues, especially in children, 
are intolerant of contact; and division of die cricothyroid 
membrane and the cricoid cartilage destroy the only complete 
ring supporting the ai1way [3, 1 1 2] .  Prior laryngot..racheal 
inju1y, as with prolonged translaryngeal intubation, is a major 
risk factor for the development of subglottic stenosis after cri
cothyrotomy [ 1 1 2, 1 1 3] .  

Conclusions 
Tracheostomy is one of the most common surgical procedures 
performed in the ICU and is the ai1way of choice for patients 
who require mechanical ventilation for more than 2 weeks. 

Because the exact tilning for converting patients to tracheos
tomy is not entirely clear. the physician must weigh the risks 
and benefits of tracheostomy versus translaryngeal i tubation 
and estimate me expected length of need of mechanical ven
tilation for each inclividual patient. Percutaneous dilatation tra
cheostomy is safe and offers significant advantage, over an 
open surgical tracheostomy. PDT should now be die proce
dure of choice for surgical ailway access in most rel· patients. 
However, PDT should only be performed by experienced and 
skilled physicians. 
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1 6. Gastrointestinal Endoscopy 

Over the past 30 years, continuing improvements in endo
scope technology have led to dramatic changes in the practice 
of gastrointestinal endoscopy in critically ill patients. From the 
development of the first widely used semiflexible gastroscope 
popularized by Schindler in the 1940s to the current genera
tion of video endoscope technology, gastrointestinal endos
copy has moved from an esoteric elective diagnostic 
procedure to routine therapy in intensive care units (ICUs) 
worldwide [l] .  This chapter reviews the indications for, con
traindications to, techniques for, and complications of endos
copy in critically ill patients. 

Bernard D. Clifford and Peter E. Krims 

Endoscopes 

Current fiberoptic gastrointestinal endoscopes are -lim, flex
ible, and capable of viewing more than 90% of the upper 
gastrointestinal tract (esophagus, stomach, duode um) and 
colon. Enteroscopes can visualize portions of the small 
intestine, and the terminal ileum can be examined with a 
standard colonoscope [2]. Charged couple device chip tech
nology and video monitors have replaced fiberoptic bun
dles on newer instruments, allowing digital storage of 



Fig. 1 6-1. Video upper endoscope. Note the control knobs control
ling tip deflection, buttons controlling suction and air and water insuffla
tion, and the tip of the insenion tube with a heater probe catheter 
protruding through the operating channel. 

images for documentation and teaching and improving 
teamwork during difficult therapeutic procedures. The 
endoscopes are equipped with a fiberoptic bundle for light 
delivery; a charged couple device chip (video endoscope) 
or a fiberoptic bundle (fiberscope) for image delivery; oper
ating channels for suctioning, biopsies, and various thera
pies; and a separate channel for insufflation of air and 
water. Wheels and buttons on the handle of the instrument 
control tip deflection, suction, and air and water insufflation 
(Fig. 16-1)  

Indications 
The indications for elective gastrointestinal endoscopy in the 
ICU are similar to those for other hospitalized patients (Table 
16-1); however, it is usually delayed until the patient's car
diopulmonary status has been stabilized. Although cardiopul
mona1y complications of gastrointestinal endoscopy are 
infrequent, it should be performed only when the likely ben
efits clearly outweigh the risks. Gastrointestinal endoscopy in 
patients with clinically insignificant bleeding or minimally 
troublesome gastrointestinal complaints should be postponed 

Table 1 6-1. Indications for Gastrointestinal (GI) Endoscopy 

Upper GI endoscopy 
GI bleeding 
Caustic ingestion 
Foreign body ingestion 

Endoscopic retrograde cholangiopancreatography 
Severe gallstone pancreatitis with cholangitis or jaundice 
Severe cholangitis 

Lower GI endoscopy 
GI bleeding 
Acute adynamic ileus 
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until their medical-surgical illnesses improve. Endoscopy is 
sometimes indicated in patients with occult blood loss, when 
anticoagulation or thrombolytic therapy is contemplated. Gen
erally, it should be performed only when the results will alter 
plans for therapy. 

Some authors distinguish between indications for diagnostic 
and therapeutic endoscopic procedures. However, it cannot 
always be predicted when therapy may be needed during a 
procedure that is anticipated to be diagnostic. Therefore, all 
endoscopists who perform gastrointestinal procedures should 
be competent in endoscopic therapy. This recommendation is 
bolstered by randomized trials in upper gastrointestinal bleed
ing showing that patient outcome is improved only if endo
scopic therapy is provided (3,4]. 

UPPER GASTROINTESTINAL ENDOSCOPY. The indica
tions for upper gastrointestinal endoscopy in ICU patients, 
listed in Table 16-1 ,  include upper gastrointestinal bleeding, 
caustic ingestion, and foreign body ingestion. In patients 
with upper gastrointestinal bleeding, those with severe or 
recurrent bleeding and significant underlying cardiopulmo
nary disease have the highest morbidity and mortality and 
may benefit the most from therapeutic endoscopy directed 
toward hemostasis (5,6] .  Therefore, patients with upper gas
trointestinal bleeding, evidence of hemodynamic instability, 
and a continuing need for transfusions should undergo 
urgent upper endoscopy with plans for appropriate endo
scopic therapy (see below). 

Endoscopic placement of gast.rostomy feeding tubes is 
increasingly used in ICUs for enteral nutrition. Percutaneous 
endoscopic gastrostomy (PEG) tubes can be inserted at the 
bedside under intravenous and local sedation (see Chapter 
25). During PEG placement, small-bore jejuna! tubes can be 
advanced endoscopically through the PEG tube into the small 
intestine to provide postpyloric feeding and minimize the risk 
of aspiration of gastric contents. PEG tubes are less easily dis
lodged than nasogastric tubes and are usually better tolerated. 
Severe, life-threatening complications are rarely associated 
with PEG placement [7]. 

ENDOSCOPIC RETROGRADE CHOLANGIOPANCREA
TOGRAPHY. Endoscopic retrograde cholangiopancreatography 
(ERCP) is used only occasionally in the ICU and is therefore 
discussed only briefly here. It is indicated in ICU patients 
with cholangitis that is unresponsive to medical therapy and 
with acute gallstone pancreatitis complicated by cholangitis 
or jaundice (Table 16-1) .  A number of retrospective and 
prospective controlled trials have shown that ERCP com
bined with sphincterotomy and stone extraction reduces 
complications in patients with cholangitis. In acute gallstone 
pancreatitis, early ERCP may be beneficial in selected 
patients, but it carries with it the risks of bleeding, perfora
tion, and worsening pancreatitis (8-10] .  Emergent ERCP can 
be performed safely on the day of admission to the ICU 
when appropriate. 

LOWER GASTROINTESTINAL ENDOSCOPY. Lower gas
trointestinal endoscopy can be performed for acute lower gas
trointestinal bleeding (Table 16-1), but it is technically difficult 
in the setting of active bleeding, and the diagnostic accuracy 
may therefore be lower. Colonoscopy appears to have the high
est yield in diagnosing and sometimes treating lower gas
trointestinal bleeding. It is safe when appropriate resuscitation 
has been performed. Technetium-labeled e1ythrocyte scanning 
or angiography, or both, are other methods that are commonly 
used for localizing a bleeding site (1 1 , 1 2] .  
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Table 1 6-2. Contraindications to Endoscopy 

Suspected/impending perforated viscus 
Severe diverticulitis or severe inflammatory bowel disease 
Refracto1y hypotension or hypoxemia (unstable patient) 
Uncooperative patient 
Unprotected ailway in a confused or stuporous patient \Vith acute · 

upper gastrointestinal bleeding 

Endoscopic colonic decompression has been advised in criti
cally ill patients with acute adynamic ileus. Anecdotal reports 
and small uncontrolled series suggest that when the diameter of 
the right colon exceeds 1 2  cm, perforation is imminent and 
decompression is necessaiy. Other studies suggest that the 
colonic dilation may not progress to life-threatening complica
tions and that decompression is uru1ecessa1y (13-16]. 

Contraindications 
Table 16-2 lists contraindications to endoscopy. In general, 
endoscopy (and the associated air insufflation) should be 
avoided in patients with known or suspected gastrointestinal 
perforation and those known to be at high risk for perfora
tion. Hemodynamic instability is a relative contraindication for 
endoscopy, but the benefits of therapeutic endoscopy may 
outweigh the risks in some critically ill patients. For example, 
patients with severe cholangitis are likely to benefit from ther
apeutic ERCP even in the presence of refractory hypotension 
or hypoxemia. The risk of a bleeding complication from 
endoscopic sphincterotomy is higher in patients with a coagu
lopathy or thrombocytopenia, and ERCP may be delayed 
while the underlying condition is corrected. Patients who are 
unable to cooperate should have endoscopy delayed; other
wise, endotracheal intubation and heavy sedation or general 
anesthesia may be necessary to facilitate the procedure. 
Finally, patients with acute upper gastrointestinal bleeding 
who are confused or stuporous should have their ai1way pro
tected with an endotracheal tube before endoscopy. This is 
especially applicable to patients with variceal hemorrhage. 

Complications 
The principal risks of any endoscopic procedure are bleeding 
and perforation. These and other complications are outlined 
in Table 16-3. Bleeding can occur after biopsy, polypectomy, 
endoscopic sphmcterotomy, and therapeutic treatment of 
bleeding sites (varices, ulcers, arteriovenous malformations). 
Most bleeding is minimal and self-limited, but repeat endos
copy and surge1y may be necessa1y to control recurrent 
bleeding. Angiography can assist in localizing the bleeding 
source in postendoscopy bleeding. 

Perforation of the lumen may result from direct pressure 
of the endoscope, catheters, or guiclewires on the wall. In 

Table 1 6-3. Complications of Endoscopy 

Bleeding 
Perforation of the gastrointestinal tract lumen by endoscope, cathe

ters, or guidewires 
Aspiration 
Reaction to sedative medication 

the setting of severe infectious or inflammatory colitis, sim
ple air insufflation or insu·umentation can cause rupture of 
the intestinal lumen. Broad-spectrum antibiotics and intrave
nous fluids should be given, and surgery may be required. 
If duodenal perforation is encountered after endoscopic 
sphincterotomy, early medical therapy and stabilization of 
the patient may preclude the need for surgery ( 17] . Aspira
tion of stomach contents and blood in upper gastrointestinal 
bleeding can be minimized by protecting the ai1way with 
enclotracheal intubation in patients with severe bleeding or 
altered mental states. A history of medication allergies and 
reactions should be obtained before sedative drugs are 
aclrninisterecl. Sedative medications have their ow compli
cations, usually cardiopulmonary, as a consequence of med
ication-induced hypoxemia (2 to 5 per 1 ,000 cases). Other 
complications can occur, including apnea, hypotension, and, 
rarely, death (0.3 to 0.5 per 1 ,000 cases) (18] .  Patients with a 
history of alcohol abuse can have paradoxic reactions to 
benzocliazepine medications; caution should be used in 
sedating these patients. In our experience, sedation with rel
atively high-close narcotics has been successful in patients 
who abuse alcohol. 

Techniques 

UPPER GASTROINTESTINAL ENDOSCOPY. Proper patient 
preparation is crucial for a safe and complete endoscopic 
examination. The patiem (or legal representative ) should 
understand the nature, indications, and complications of the 
procedure. Fluid resuscitation and optimal treatment of 
hypoxemia should precede all endoscopic examinations. 
Obtunclecl patients with gastroimestinal bleeding s ould be 
intubated to prevent aspiration, and intubation should be 
considered in nonobtundecl patients with severe bleeding 
and those undergoing foreign body removal .  Nasogastric or 
orogastric lavage with a large-bore rube (greater than 40 
French) should be performed to evacuate blood and clots 
from the stomach before endoscopy in acute gastrointestinal 
bleeding. 

Proper patient selection optimizes outcome and minimizes 
risk Upper gasu·ointesrinal bleeding is the commonest condi
tion for upper endoscopy in the ICU. Patients with c ontinued 
or recurrent upper gastrointestinal bleeding as seen by reel 
blood in the nasogastric aspirate should have urgent upper 
endoscopy as early as possible, usually within 6 to 8 hours 
after presentation. In patients with massive he orrhage, 
endoscopy can be performed in the operating room in antici
pation of surgical therapy. 

A team approach is required to perform endoscopy in crit
ically ill patients. The team consists of an experienced enclo
scopist, a specially trained endoscopy technician, and a 
nurse skilled in monitoring patients undergoing endoscopy. 
For complex procedures, the nurse is situated at the patient's 
head, ensuring airway patency and administering intrave
nous sedation as needed. and the technician provides assis
tance to tl1e endoscopist. The procedure is generally 
performed under intravenous (conscious) sedation. A topical 
anesthetic is applied to the pha1ynx to reduce the g:ig reflex. 
Intravenous benzodiazepines (diazepam, midazolam) with 
or without narcotics (meperidine, fentanyl) are commonly 
used. We prefer midazolam and fentanyl because of their 
amnestic effect and short half-life, respectively. For longer 
procedures, the use of droperidol may augment the effects 
of the benzodiazepine/narcotic combination. Proper patient 



monitoring is needed, with frequent (every 5 minutes) blood 
pressure measurement and continuous heart rate and oxy
gen saturation by pulse oximetry. Supplemental oxygen by 
nasal prongs is generally administered to minimize the risk 
of hypoxemia . 

Endoscopy is performed with a "therapeutic" instrument 
equipped with a large operating channel to allow suctioning 
of blood and hemostatic therapy. The endoscope is passed 
into the patient's mouth to the posterior pha1ynx under direct 
visualization. Gentle pressure on the upper esophageal sphinc
ter allows passage of the instrument into the esophagus. If the 
patient is awake, volunta1y swallow may facilitate passage of 
the endoscope into the esophagus. The upper gastrointestinal 
tract is rapidly surveyed to locate the sire of bleeding. If an 
active bleeding site is found, hemostatic therapy can be 
attempted immediately. Frequently, a large clot remains in the 
funclus or tl1e body of the stomach, obscuring the mucosa in 
this area. If the examination is otherwise negative, moving or 
removing the clot should be attempted. In patients with signif
icant recent bleeding and endoscopic evidence of recent hem
orrhage (a visible vessel or adherent clot on an ulcer), 
hemostatic therapy to prevent rebleecling should be strongly 
considered [19] .  

HEMOSTATIC THERAPY IN UPPER GASTROINTESTINAL 
ENDOSCOPY. Actively bleeding lesions in the upper gas
trointestinal tract can be effectively treated with laser pho
tocoagulation,  heater probe therapy, mono- and bipolar 
electrocoagularion (bicap), or injection therapy. Laser pho
tocoagulation is cumbersome and expensive and rarely 
used. Injection sclerotherapy is simple and inexpensive, 
requiring only a needle catheter and a liquid medium. Med
ications that are often used include absolute ethanol, epi
nephrine (a vasoconstrictor), and sodium morrhuare (a 
sclerosant). Injection therapy alone may be less effective in 
briskly bleeding ulcers and can be combined with cauter
ization. Treatment of bleeding esophageal varices by apply
ing small rubber bands with or without injection sclerotherapy 
appears more effective than i.njection sclerotherapy alone. 
Fewer treatment sessions and complications, less rebleecl
ing, and decreased mortality are benefits of esophageal 
variceal ligation [20-24] . 

The precise method of hemostasis of bleeding lesions of 
the gastrointestinal tract varies depending on the hemostatic 
method used. Heater probe, bipolar elecrrocautery probe, 
and injection therapy are widely available and commonly 
used for treatment of ulcers or vascular lesions . Heater 
probes generate heat using electrical current delivered to 
the tip of the catheter, whereas bipolar electrocautery deliv
ers electrical current directly to the tissue, causing coagula
tion necrosis. Both techniques work best using the stiff 
catheter to compress the bleeding site directly and provide 
energy (heat or electrical current) to "weld" the vessel shut. 
Because therapy with heater probe or bicap equipment 
requires an en /ace view, lesions seen tangentially may be 
difficult to treat with these methods. Injection therapy 
allows treatment of such lesions and can be combined with 
probe therapy. Injection therapy for ulcers generally begins 
on the periphery of the lesion with an injection in all four 
quadrants, with injection of the vessel or clot as needed to 
complete hemostasis. 

For therapy of bleeding esophageal varices with esophageal 
variceal ligation, initial assessment of the bleeding source with 
the endoscope is performed. The number of varices, location 
of tl1e bleeding sire, and severity or grade of the varices are 
noted. The endoscope is removed from the patient, and an 
adapter that allows placement of mulriple bands is attached to 
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the endoscope. Because the banding adapter limits the field 
of view, the initial survey is important. Next, the endoscope is 
reinserted, and the varices are banded to effect hemostasis or 
obliteration. Variceal sclerotherapy involves the injection of 1 
to 4 mL sclerosant directly into or next to the varix. This tech
nique can be used when banding is unavailable or in combi
nation with banding at the initial bleeding episode or for 
subsequent treatment. 

LOWER GASTROINTESTINAL ENDOSCOPY. Lower gas
trointestinal endoscopy, which is technically difficult at 
times in well-prepared, healthy outpatients, can be ex
tremely challenging in critically ill patients with colonic 
hemorrhage. Also, the colon tends to act as a reservoir for 
blood, making even identification of the relative source for 
hemorrhage (left vs. right colon), which is most useful to 
the surgeon, almost impossible unless the colon has been 
well prepared. 

Instruments that are available for examination of the lower 
gastrointestinal tract include the anoscope, sigmoicloscopes 
(rigid and flexible), and the colonoscope. Anoscopes can be 
used to evaluate for sources of anorectal bleeding such as fis
sures or hemorrhoids. Rigid sigmoidoscopes are rarely used 
outside of operating rooms due to the discomfort associated 
with their use. Flexible sigmoicloscopes can be easily inserted 
to 65 cm without sedation in most patients. Colonoscopes of 
140 to 180 cm in length are used to examine beyond the 
splenic flexure. 

Patient preparation for colonoscopy is more intensive than 
for upper gastrointestinal endoscopy. Usually, a gallon of 
nonabsorbed polyethylene glycol is given by mouth or naso
gastric tube 4 to 12 hours before the examination. Magnesium 
citrate can be used over 24 to 48 hours in patients who have 
been taking clear liquids. Any oral iron preparations should 
be discontinued several clays before the examination. The 
examination is similar to that of upper gastrointestinal endos
copy with respect to support staff, sedation, and monitoring 
of the patient (see above). Abdominal pressure applied by an 
assistant during colonoscopy may help in advancing the 
colonoscope. 

Colonoscopy has been reported as therapy for pseudoob
struction [13-16]. Decompression by colonoscopy should not 
be first-line tl1erapy for pseudoobstruction. Nasogastric and rec
tal tube placement, discontinuation of offending medications 
(narcotics and phenorhiazines), treatment of underlying illness, 
and frequent repositioning (eve1y 2 hours) of debilitated ICU 
patients often allow resolution of pseudoobstruction. 
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1 7. Paracentesis and Diagnostic 
Peritoneal Lavage 

Abdominal Paracentesis 

INDICATIONS. Abdominal paracentesis is a simple procedure 
that can be easily performed at the bedside in the intensive care 
unit and may provide important diagnostic information or ther
apy in critically ill patients with ascites. Diagnostic abdominal 
paracentesis is usually performed to determine the exact etiol
ogy of the accumulated ascites or to ascertain whether infection 
is present, as in spontaneous bacterial peritonitis. It can also be 
used in any clinical situation in which the analysis of a sample 
of peritoneal fluid might be useful in ascertaining a diagnosis 
and guiding therapy [1]. The evaluation of ascites should there
fore include a diagnostic paracentesis with ascitic fluid analysis. 

As a therapeutic intervention, abdominal paracentesis is usu
ally performed to drain large volumes of abdominal ascites [2]. 
Ascites is the most common presentation of decompensated cir
rhosis, and its development heralds a poor prognosis, with a 
50% 2-year survival rate. Effective first-line therapy for ascites 
includes sodium restriction (2 g per day), use of diuretics, and 
large-volume paracentesis. Ideally, a combination of a loop 
diuretic and aldosterone antagonist is used. When tense or 
refractory ascites is present, large-volume paracentesis is safe 
and effective and has the advantage of producing immediate 
relief from ascites and its associated symptoms [3]. Paracentesis 
has also recently been used to manage the development of 
acute tense ascites resulting in abdominal compartment syn
drome in critically ill patients. Therapeutic abdominal paracen
tesis can be palliative by diminishing abdominal pain from 
abdominal distention or improving pulmona1y function by 
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allowing beuer diaphragmatic excursion in patients who have 
ascites refractory to aggressive medical management. One 
study documented that large-volume paracentesis ecreases 
esophageal variceal pressure, size, and wall tension in cirrhotics 
and may be an effective adjunct in the treatment of esophageal 
variceal bleeding [4] (see Chapter 93). Transjugular intrahepatic 
portocaval shunt (TIPS) has emerged as the treatment of choice 
for selected patients with refractory ascites, altl10ugh serial 
large-volume paracenteses should be attempted first (5,6]. A 
randomized prospective afal compared large-volume paracen
tesis and TIPS in 60 patients with cirrhosis and refractory 
ascites, and multivariate analysis confirmed that TIPS as inde
pendently associated with survival witl10ut the need for trans
plantation (p = .02), witl1 a mean follow-up of 45 months [7]. At 
3 months, 61 % of the TIPS patients had no ascites, compared to 
18% of the paracentesis group (p = .006). TIPS, however, may 
hasten death in tl10se witl1 advanced liver failure. 

1ECHNIQUES. Before abdominal paracentesis is initiated, a 
catheter must be inserted to drain the urinary bladder, and any 
underlying coagulopatl1y or thrombocytopenia should be cor
rected. The patient must be positioned correctly. If be or she 
is critically il l ,  the procedure is performed in the supine posi
tion. If the patient is clinically stable and abdominal paracen
tesis is being performed for therapeutic volume removal of 
ascites, the patient can be placed in tl1e sitting positi n, lean
ing slightly forward, to increase the total volume of ascites 
removed. 

The site for paracentesis on the anterior abdominal wall is 
then chosen (Fig. 17-1) .  The preferred site is in the lower 



abdomen, just lateral to the rectus abdominis muscle and infe
rior to the umbilicus. It is important to stay lateral to the rectus 
abdominis muscle to avoid inju1y to the inferior epigastric 
artery and vein. In patients with chronic cirrhosis and caput 
medusae (engorged anterior abdominal wall veins), these vis
ible vascular structures must be avoided. Inju1y to these veins 
can cause significant bleeding because of underlying ponal 
hypenension and may result in hemoperitoneum. The left 
lower quadrant of the abdominal wall is preferred over the 
right lower quadrant for abdominal paracentesis because crit
ically ill patients often have cecal distention. The ideal site is 
therefore in the left lower quadrant of the abdomen, lateral to 
the rectus abdominis muscle in the midclavicular line and 
inferior to the umbilicus. If the patient had previous abdomi
nal surgery limited to the lower abdomen, it may be difficult 
to perform a paracentesis in the lower abdomen, and the 
upper abdomen may be chosen. The point of entry, however, 
remains lateral to the rectus abdominis muscle in the midclav
icular line. If there is concern that the ascites is loculated 
because of previous abdominal surgery or peritonitis, abdom
inal paracentesis should be performed under ultrasound guid
ance to prevent iatrogenic complications. 

Abdominal paracentesis can be performed by the needle 
technique, the catheter technique, or with ultrasound guid
ance. Diagnostic paracentesis usually requires 20 to 50 ml 
peritoneal fluid and is commonly performed using the needle 
technique. However, if large volumes of peritoneal fluid are 
required (i .e. ,  for cytologic examination), the catheter tech
nique is used because it is associated with a lower incidence 
of complications. Therapeutic paracentesis, as in the removal 
of large volumes of ascites, should always be performed with 
the catheter technique. Ultrasound guidance can be helpful in 
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Fig. 1 7-1. Suggested sites for paracentesis. 

diagnostic paracentesis using the needle technique or in ther
apeutic paracentesis with large volume removal using the 
catheter technique.  

Needle Technique. With the patient in the appropriate posi
tion and the access site for paracentesis determined, the 
patient's abdomen is prepared with 10% povidone-iodine solu
tion and sterilely draped. If necessa1y, intravenous sedation is 
administered to prevent the patient from moving excessively 
during the procedure (see Chapter 25). Local anesthesia, using 
1 % or 2% lidocaine with 1 to 200,000 epinephrine, is infiltrated 
into the site. A skin wheal is created with the local anesthetic, 
using a shon 25- or 27-gauge needle. Then, using a 22-gauge, 
1 .5-in. needle, the local anesthetic is infiltrated into the subcuta
neous tissues and anterior abdominal wall, with the needle per
pendicular to the skin. Before the anterior abdominal wall and 
peritoneum are infiltrated, the skin is pulled taut inferiorly, 
allowing the peritoneal cavity to be entered at a different loca
tion than the skin entrance site, thereby decreasing the chance 
of ascitic leak. This is known as the Z-track tecbnique. While 
tension is maintained inferiorly on the abdominal skin, the nee
dle is advanced through the abdominal wall fascia and perito
neum, and local anesthetic is injected. Intermittent aspiration 
identifies when the peritoneal cavity is entered, with return of 
ascitic fluid into the syringe. The needle is held securely in this 
position with the left hand, and the right hand is used to with
draw approximately 20 to 50 mL ascitic fluid into the syringe for 
a diagnostic paracentesis. 

Once adequate fluid is withdrawn, the needle and syringe 
are withdrawn from the anterior abdominal wall and the para
centesis site is covered with a sterile dressing. The needle is 
removed from the syringe, because it may be contaminated 
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with skin organisms. A small amount of peritoneal fluid is sent 
in a sterile container for Gram's stain and culture and sensitiv
ity testing. The remainder of the fluid is sent for appropriate 
studies, which may include cytology, cell count and differen
tial, protein, specific gravity, amylase, pH, lactate dehydroge
nase, bilirubin, triglycerides, and albumin. A serum to ascites 
albumin gradient greater than 1 . 1  g per dL is indicative of por
tal hypertension and cirrhosis (8,9]. Peritoneal fluid can be 
sent for smear and culture for acid-fast bacilli if tuberculous 
peritonitis is in the differential diagnosis. 

Catheter Technique. The patient is placed in the proper 
position, and the anterior abdominal wall site for paracentesis 
is prepared and draped in the usual sterile fashion. Aseptic 
technique is used throughout the procedure. The site is anes
thetized with local anesthetic as described for the needle tech
nique. A 22-gauge, 1 . 5-in. needle attached to a 10-ml syringe 
is used to document the free return of peritoneal fluid into the 
syringe at the chosen site. This needle is removed from the 
peritoneal cavity and a catheter-over-needle assembly is used 
to gain access to the peritoneal cavity. If the anterior abdomi
nal wall is thin, an 18- or 20-gauge angiocath can be used as 
the catheter-over-needle assembly. If the anterior abdominal 
wall is quite thick, as in obese patients, it may be necessary to 
use a long (5.25-in.) catheter-over-needle assembly (18- or 20-
gauge) or a percutaneous single-lumen central venous cathe
ter (18- or 20-gauge) and gain access to the peritoneal cavity 
using the Seldinger technique. 

The peritoneal cavity is entered as for the needle technique. 
The catheter-over-needle assembly is inserted perpendicular 
to the anterior abdominal wall using the Z-track technique; 
once peritoneal fluid returns into the syringe barrel, the cath
eter is advanced over the needle, the needle is removed, and 
a 20- or 50-ml syringe is connected to the catheter. The tip of 
the catheter is now in the peritoneal cavity and can be left in 
place until the appropriate amount of peritoneal fluid is 
removed. This technique, rather than the needle technique, 
should be used when large volumes of peritoneal fluid must 
be removed, because complications (e.g. ,  intestinal perfora
tion) may occur if a needle is left in the peritoneal space for 
an extended period. 

When the Seldinger technique is used in patients with a 
large anterior abdominal wall, access to the peritoneal cavity is 
initially gained with a needle or catheter-over-needle assem
bly. A guidewire is then inserted through the needle and an 
18- or 20-gauge single-lumen central venous catheter threaded 
over the guidewire. It is very important to use the Z-track 
method for the catheter technique to prevent development of 
an ascitic leak, which may be difficult to control and may pre
dispose the patient to peritoneal infection. 

Ultrasound Guidance Teclm.ique. Patients who have had 
previous abdominal surgery or peritonitis are predisposed to 
abdominal adhesions, and it may be quite difficult to gain free 
access into the peritoneal cavity for diagnostic or therapeutic 
paracentesis. Ultrasound-guided paracentesis can be ve1y help
ful in this population by providing accurate localization of the 
peritoneal fluid collection and determining the best abdominal 
access site. This procedure can be performed using the needle 
or catheter technique as described above, depending on the 
volume of peritoneal fluid to be drained. Once the fluid collec
tion is localized by the ultrasound probe, the abdomen is pre
pared and draped in the usual sterile fashion. A sterile sleeve 
can be placed over the ultrasound probe so that there is direct 
ultrasound visualization of the needle or catheter as it enters the 
peritoneal cavity. The needle or catheter is thus directed to the 
area to be drained, and the appropriate amount of peritoneal or 
ascitic fluid is removed. If continued drainage of a loculated 

peritoneal fluid collection is desired, the radiologist c, place a 
chronic indwelling peritoneal catheter using a percutaneous 
guidewi.re technique (see Chapter 28). 

The use of ultrasound guidance for drainage of loculated 
peritoneal fluid collections has markedly decreased the inci
dence of iatrogenic complications related to abdominal para
centesis. If the radiologist does not identify loculated ascites 
on the initial ultrasound evaluation and documents a large 
amount of peritoneal fluid that is free in the abdominal cavity, 
he or she can then indicate the best access site by marking the 
anterior abdominal wall ith an indelible marker. The para
centesis can tl1en be perfom1ed by the clinician and repeated 
whenever necessa1y. This study can be performed at the bed
side in the intensive care unit with a portable ultrasound unit. 

COMPLICATIONS. The most common complications related 
to abdominal paracentesis are bleeding and persistent ascitic 
leak. Because most patients in whom ascites have developed 
also have some component of chronic liver disease with associ
ated coagulopathies, it is very important to correct any 
underlying coagulopathy before proceeding with abdominal 
paracentesis. In addition, it is ve1y inlportant to select an avascu
lar access site on the ante1ior abdominal wall. TI1e Z-track tech
nique is very helpful in mininlizing persistent ascitic leak and 
should always be used. Anotl1er complication associated with 
abdonlinal paracentesis is intestinal or urinary bladder perfora
tion, with associated peritonitis and infection. Intestinal injwy is 
more common when tl1e needle tedulique is used. Because tl1e 
needle is free in the peritoneal cavity, iatrogenic intestinal perfo
ration may occur if tl1e patient moves or if intraabdominal pres
sure increases witl1 Valsalva maneuver or coughing. Urina1y 
bladder inju1y is less common and underscores tl1e i..mpo1tance 
of draining the urinaiy bladder witl1 a catl1eter before e proce
dure. This i.nju1y is more co1ru11on when the abdominal access 
site is in tl1e suprapubic location; therefore, this access site is not 
reconm1encled. Careful adherence to proper technique of para
centesis mininlizes associated complications. 

In patients who ha e large-volume chronic abdominal 
ascites, such as that seco da1y to hepatic cirrhosis or ovarian 
carcinoma, transient hypotension and a ci.rculato1y dysfunc
tion syndrome may develop when a considerable amount of 
ascitic fluid is removed during therapeutic abdomi al para
centesis. A significant inverse correlation between changes in 
plasma renin activity and systenlic vascular resistance has 
been demonstrated in those patients following paracentesis, 
suggesting that peripheral arterial vasodilation may be respon
sible for this circulato1y dysfunction. A study has do umented 
tl1at early hemodynamic changes after paracemesis are 
avoided if intraabdominal pressure is maintained at its original 
level with a pneumatic girdle (10]. It is very important to 
obtain reliable peripheral or central venous access in these 
patients so that fluid resu citation can be performe if tran
sient hypotension develops during tl1e procedure. W ng et al .  
( 1 1 ]  reported a 31% (13 of 42 patients) incidence of severe 
hypotension in postl1epatitic cirrhotic patients with massive 
ascites who unde1went large-volume paracentesis (4.8 to 15 .5  
L). This study determined two factors (withdrawn ascitic fluid 
greater tl1an 7.5 L and the absence of peripheral edema) that 
reached statistical significance to predict tl1e occurrence of 
severe clinical hypotension. More recently, Peltekian et al. ( 12] 
documented that a single large-volume (5 L) paracernesis 
without albumin replacement caused no disturbance in sys
temic or renal hemodynamics in 1 2  patients with biopsy
proven cirrhosis and tense, diuretic-resistant ascites. 

Large-volume ascites removal in such patients is only tran
siently tl1erapeutic; tl1e underlying chronic disease induces 
reaccumulation of the ascites. Percutaneous placement of a 



tunneled catheter is a viable and safe technique to consider in 
patients who have symptomatic malignant ascites that require 
frequent therapeutic paracentesis for relief of symptoms 
[13, 14]. A novel technique developed for treatment of resistant 
ascites in patients with cirrhosis is the saphenous-peritoneal 
anastomosis as a peritoneal-venous shunt ( 15) .  It requires fur
ther investigation as a durable option in the chronic manage
ment of ascites. 

Diagnostic Peritoneal Lavage 
Before the introduction of diagnostic peritoneal lavage (DPL) 
by Root et al. in 1965 [16) ,  nonoperative evaluation of the 
injured abdomen was limited to standard four-quadrant 
abdominal paracentesis. Abdominal paracentesis for evaluation 
of hemoperitoneum was associated with a high false-negative 
rate. This clinical suspicion was confirmed by Giacobine and 
Siler [17) in an experimental animal model of hemoperito
neum documenting that a 500-mL blood volume in the perito
neal cavity yielded a positive paracentesis rate of only 78%. 
The initial study by Root et al .  ( 16) reported 100% accuracy in 
identification of hemoperitoneum using 1 L peritoneal lavage 
fluid. Many subsequent clinical studies confirmed these find
ings, with the largest series reported by Fischer et al. in 1978 
[18). They reviewed 2,586 cases of DPL and reported a false
positive rate of 0.2%, false-negative rate of 1 . 2%, and overall 
accuracy of 98.5%. Since its introduction in 1965, DPL has 
become a cornerstone in the evaluation of blunt and penetrat
ing abdominal injuries. However, it is nonspecific for determi
nation of type or extent of organ injury. Recent advances have 
led to the use of ultrasound and rapid helical computed 
tomography in the emergent evaluation of abdominal trauma 
[19-21 )  and have significantly decreased the use of DPL in the 
evaluation of abdominal trauma (22). 

INDICATIONS. The prima1y indication for DPL is evaluation 
of blunt abdominal trauma in patients with associated 
hypotension or altered level of consciousness. Altered neuro
logic status in trauma patients may be secondary to drug or 
alcohol ingestion or due to traumatic brain inju1y. Such find
ings make abdominal physical examination unreliable, necessi
tating definitive evaluation for traumatic abdominal inju1y. If 
the patient is hemoclynamically stable and can be transported 
safely, computed tomographic scan of the abdomen and pelvis 
is the diagnostic method of choice. If the patient is hemocly
namically unstable or requires emergent surgical intervention 
for a craniotomy, r.horacotomy, or vascular procedure, it is 
imperative to determine whether there is a coexisting intra peri
toneal source of hemorrhage to prioritize treatment of life
threatening injuries. DPL is therefore used to diagnose the 
extent of abdominal trauma in patients with multisystem i.nju1y 
or those who require general anesthesia for a-eam1ent of asso
ciated traumatic injuries. Patients with associated thoracic or 
pelvic injuries should also have definitive evaluation for 
abdominal trauma, and DPL can be used in these individuals. 

DPL can be used to evaluate penetrating abdominal trauma 
[23,24). Thal [25,26) evaluated the utility of DPL in patients with 
stab wounds to the lower thorax and abdomen. DPL had a 
false-positive rate of 2.4% and a false-negative rate of 4.9%, 
defining a positive lavage as a reel blood cell count greater than 
100,000 cells per mm3 of lavage fluid. Boyle et al. (27) recom
mend DPL as the initial diagnostic study in stable patients with 
penetrating trauma to the back and flank, defining a reel blood 
cell count greater than 1 ,000 mm3 as a positive test. Implemen-
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ration of this protocol decreased the total celiotomy rate from 
100% to 24%, and the therapeutic celiotomy rate increased from 
15% to 80%. DPL has also been evaluated as a tool for deter
mining inu·aabclominal inju1y in patients with gunshot wounds 
to the lower thorax and abdomen. These clinical studies [24,28) 
documented high false-positive and false-negative rates; there
fore, DPL is not recommended in patients with gunshot 
wounds to the thorax or abdomen, and mandato1y exploratory 
laparotomy or d10racotomy is indicated. 

DPL may prove useful in evaluation for possible peritonitis or 
ruptured viscus in patients wid1 an altered level of conscious
ness but no evidence of u·aumatic injwy. DPL can be consid
ered in critically ill patients with sepsis to determine whether 
inu·aabclominal infection is the underlying source. When DPL is 
used to evaluate inu·aabclominal infection, a white blood cell 
count greater dun 500 cells per mm3 of lavage fluid is consid
ered positive. DPL can also serve a d1erapeutic role. It is ve1y 
effective in rewarming patients with significant hypod1ermia. It 
may potentially be used therapeutically in pancreatitis, fecal 
peritonitis, and bile pancreatitis, but multiple clinical studies 
have not documented its efficacy in d1ese cases. 

DPL should not be performed in patients with clear signs of 
significant abdominal trauma and hemoperitoneum associated 
with hemoclynamic instability. These patients should be trans
ported to the operating room immediately and undergo emer
gent celiotomy. Pregnancy is a relative contraindication to 
DPL; it may be technically difficult to perform because of the 
gravid uterus and is associated with a higher risk of complica
tions. Bedside ultrasound evaluation of the abdomen in the 
pregnant trauma patient is associated with least risk to woman 
and to fetus. An additional relative contraindication to DPL is 
multiple previous abdominal surgeries. These patients com
monly have multiple abdominal adhesions, and it may be very 
difficult to gain access to the free peritoneal cavity. If DPL is 
indicated, it must be performed by the open technique to pre
vent iatrogenic complications such as intestinal inju1y. 

lECHNIQUES. Three techniques can be used to perform 
DPL: the closed percutaneous technique, the semiclosecl tech
nique, and the open technique. The closed percutaneous 
technique, introduced by Lazarus and Nelson in 1979 [29), is 
easy to perform, can be clone rapidly, is associated with a low 
complication rate, and is as accurate as the open technique. It 
should not be used in patients who have had previous 
abdominal surge1y or a histo1y of abdominal adhesions. The 
open technique entails the placement of the peritoneal lavage 
catheter into the peritoneal cavity under direct visualization. It 
is more time consuming than the closed percutaneous tech
nique. The semiclosecl technique requires a smaller incision 
than the open technique and uses a peritoneal lavage catheter 
with a metal styler to gain entrance into the peritoneal cavity. 
It has become less popular as clinicians have become more 
familiar and skilled with the Lazarus-Nelson closed technique. 

The patient must be placed in the supine position for all 
three techniques. A catheter is placed into the urinary bladder, 
and a nasogastric tube is inserted into the stomach to prevent 
iatrogenic bladder or gastric injwy. The nasogastric tube is 
placed on continuous suction for gastric decompression. The 
skin of the anterior abdominal wall is prepared with 10% 
poviclone-iodine solution and sterilely draped, leaving the peri
umbilical area exposed . Standard aseptic technique is used 
throughout the procedure. Local anesthesia with 1 % or 2% 
liclocaine with 1 to 200,000 epinephrine is used as necessary 
throughout the procedure. The infraumbilical site is used 
unless d1ere is clinical concern of possible pelvic fracture and 
retroperitoneal or pelvic hematoma, in which case the 
supraumbilical site is optimal .  
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Absence of 
aspirated blood 
confirms need 
for lavage 

l lP > 

Closed Percutaneous Technique. With the closed percuta
neous technique (Fig. 17-2), local anesthesia is infiltrated infe
rior to the umbilicus and a 5-mm skin incision is made just at 
the inferior umbilical edge. An 18-gauge needle is inserted 
through this incision and into the peritoneal cavity, angled 
toward the pelvis at approximately a 45-degree angle with the 
skin. The penetration through the linea alba and then through 
the peritoneum is felt as two separate "pops." A J-tipped 
guidewi.re is passed through the needle and into the perito
neal cavity, again directing the wire toward the pelvis by 
maintaining the needle at a 45-degree angle to the skin. The 
18-gauge needle is then removed and the peritoneal lavage 
catheter inserted over the guidewire into the peritoneal cavity, 
using a twisting motion and guided inferiorly toward the pel
vis. The guidewire is then removed, and a 10-ml syringe is 
attached to the catheter for aspiration. If free blood returns 
from the peritoneal catheter before the syringe is attached, or 
if gross blood returns in the syringe barrel, hemoperitoneum 
has been documented; the catheter is removed, and the 
patient is transported quickly to the operating room for emer
gent celiotomy. If no gross blood returns on aspiration 
through the catheter, peritoneal lavage is performed using 1 L 
Ringer's lactate solution or normal saline that has been previ
ously warmed to prevent hypothermia. The fluid is instilled 
into the peritoneal cavity through the peritoneal lavage cathe
ter; afte1ward, the peritoneal fluid is allowed to drain out of 
the peritoneal cavity by gravity until the fluid return slows. A 
minimum of 250 ml lavage fluid is considered a representa-
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Fig. 1 7-2. The closed percutaneous technique 
for diagnostic peritoneal lavage, using a Seldinger 
guidewire method. 

tive sample of the peritoneal fluid (30]. A sample is s nt to the 
laborato1y for determination of red blood cell count, white 
blood cell count, amylase concentration, and presence of bile, 
bacteria, or particulate matter. When the lavage is completed, 
the catheter is removed and a sterile dressing applied over the 
site. Suture approximation of the skin edges is not ecessary 
when the closed technique is used for DPL. 

Semiclosed Technique. Local anesthetic is infiltrat cl in the 
area of the planned incision and a 2- to 3-cm vertical incision 
made in the infraumbilical or supraumbilical area. The inci
sion is continued sharply down through the subcuta eous tis
sue and linea alba, and the peritoneum is then visualized. 
Forceps, hemostats, or Allis clamps are used to grasp the 
edges of the linea alba and elevate the fascia! edges to pre
vent inju1y to underlying abdominal structures. The peritoneal 
lavage catheter with a metal inner stylet is inserted through 
the closed peritoneum into the peritoneal cavity at a 45-
degree angle to the anterior abdominal wall, directed toward 
the pelvis. When the catheter-metal styler assembly is in the 
peritoneal cavity, the peritoneal lavage catheter is dvanced 
into the pelvis and the metal styler removed. A l0-1r..L syringe 
is attached to the catheter. and aspiration is conducted as pre
viously described. When the lavage is completed, the fascia 
must be reapproximated with sutures, the skin closed, and a 
sterile dressing applied. 

Open Technique. After the administration of a propriate 
local anesthetic, a vertical midline incision approximately 3 to 



5 cm long is made. This incision is commonly made in the 
infraumbilical location, but in patients with presumed pelvic 
fractures or retroperitoneal hematomas or in pregnant 
patients, a supraumbilical location is preferred. The vertical 
midline incision is carried clown through the skin, subcutane
ous tissue, and linea alba under direct vision. The linea alba is 
grasped on either side using forceps, hemostats, or Allis 
clamps, and the fascia is elevated to prevent inju1y to the 
underlying abdominal structures. The peritoneum is identi
fied, and a small vertical peritoneal incision is made to gain 
entrance into the peritoneal cavity. The peritoneal lavage 
catheter is then inse11ecl into the peritoneal cavity under direct 
visualization and advanced inferiorly toward the pelvis. It is 
inserted without the styler or metal trocar. When in position, a 
10-ml syringe is attached for aspiration. If aspiration of the 
peritoneal cavity is negative (i .e . ,  no gross blood returns), 
peritoneal lavage is performed as described above. As in the 
semiclosed technique, the fascia and skin must be reapproxi
mated to prevent clehiscence or evisceration, or both. 

A prospective randomized study documented that the 
Lazarus-Nelson technique of closed percutaneous DPL can be 
performed faster than the open procedure (31] .  The procedure 
times with the closed technique varied from 1 to 3 minutes, 
compared with 5 to 24 minutes for the open technique. In addi
tion, it was documented that the closed percutaneous tech
nique is as accurate as the open procedure and was associated 
with a lower incidence of wound infections and complications. 
The closed percutaneous technique, using the Seldinger tech
nique, should therefore be used initially in all patients except 
those who have had previous abdominal surge1y or in pregnant 
patients. This has been confirmed in a study of 2,501 DPLs per
formed over a 75-month period for blunt or penetrating 
abdominal trauma [32). The majority (2,409, or 96%) were per
formed using the percutaneous or "closed" technique, and 92 
(4%) were done open because of pelvic fractures, previous 
scars, and pregnancy. Open DPL was less sensitive than closed 
DPL in patients who sustained blunt trauma (90% vs. 95%) but 
slightly more sensitive in determining penetration (100% vs. 
96%). Overall, there were few (21 ,  or 0.8%) complications, and 
the overall sensitivity, specificity, and accuracy were 95%, 99%, 
and 98% using a red blood cell count of 100,000 per 1ru113 in 
blunt trauma and 10,000 per mrn3 in penetrating trauma as the 
positive threshold. 

Cotter et al. [33) reported a modification of DPL that allows 
more rapid infusion and drainage of lavage fluid. This modifi
cation uses cystoscopy irrigation tubing for instillation and 
drainage of the peritoneal lavage fluid. The cysroscopy irriga
tion system dramatically reduced influx and efflux times, sav
ing an average of 19 minutes per patient for the completion of 
peritoneal lavage. This modification can be applied to the 
closed percutaneous or open technique for DPL to decrease 
the procedure time in critically ill patients. 

INTERPRETATION OF RESULTS. The current guidelines 
for interpretation of positive and negative results of DPL 
are listed in Table 17- 1 .  A positive result can be estimated 
by the inability to read newsprint or typewritten print 
through the lavage fluid as it returns through clear plastic 
tubing. This test is not reliable, however, and a quantitative 
reel blood cell count in a sample of the peritoneal lavage 
fluid must be performed [34). For patients with nonpene
trating abdominal trauma, a red blood cell count greater 
than 100,000 cells per mm3 of lavage fluid is considered 
positive and requires emergent celiotomy, and fewer than 
50,000 cells per mm3 is considered negative. Reel blood cell 
counts in the range of 50,000 to 100,000 per mm3 are con
sidered indeterminate. 
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Table 1 7-1. Interpretation of Diagnostic Peritoneal Lavage Results 

Positive 
Nonpenetrating abdominal trauma 

Immediate gross blood return via catheter 
Immediate return of intestinal contents or food particles 
Aspiration of 10 mL blood via catheter 
Return of lavage fluid via chest rube or urina1y catheter 
Reel blood cell (RBC) count >100,000/mm3 
White blood cell (WBC) count >500/mm3 
Amylase > 175 U/100 mL 

Penetrating abdominal trauma 
Immediate gross blood return via catheter 
Immediate return of intestinal contents or food particles 
Aspiration of 10 mL blood via catheter 
Return of lavage fluid via chest rube or Foley catheter 
RBC count used is variable, from > l ,OOO/nun3 to > 100,000/mm3 
WBC count >500/nrn13 
Amylase >175 U/100 ml 

Negative 
Nonpenetrating abdominal trauma 

RBC count <50,000/mrn3 
WBC count <100/nun3 
Amylase <75 U/100 mL 

Penetrating abdominal trauma 
RBC count used is variable, from <l ,000/mm3 to <50,000/mm3 
WBC count < 100/nun3 
Amylase <75 U/100 mL 

The guidelines for patients with penetrating abdominal 
trauma are much less clear. Feliciano et al .  (35) support the 
use of the same criteria established for blunt abdominal 
trauma and reported an overall accuracy of 91 . 2% using these 
guidelines in penetrating abdominal trauma. Thal [25,26) 
reported a false-positive rate of 2 .4% and false-negative rate of 
4.9% in patients who had DPL using the standard guidelines 
for blunt abdominal trauma in individuals with thoracoab
clominal stab wounds. Other clinical studies used a red blood 
cell count of greater than 2,000 cells per mm3 or greater than 
10,000 cells per 1ru113 as the criterion for a positive DPL in 
patients with penetrating thoracic or abdominal trauma 
[23,24); this leads to a higher false-positive rate and a lower 
false-negative rate. Future clinical studies with a large trauma 
patient population are required to establish the guidelines 
clearly for positive and negative DPL results in patients with 
penetrating thoracoabdominal inju1y. 

Determination of hollow viscus inju1y by DPL is much more 
difficult. A white blood cell count greater than 500 cells per 
11U113 of lavage fluid or an amylase concentration greater than 
175 units per dL of lavage fluid is usually considered positive. 
These studies, however, are not as accurate as the use of red 
blood cell count in the lavage fluid to determine the presence 
of hemoperitoneum (36). One study in patients with blunt 
abdominal trauma determined that the white blood cell count 
in lavage fluid has a positive predictive value of only 23% and 
probably should not be used as an indicator of a positive DPL 
[37). Other studies analyzed alkaline phosphatase levels in 
DPL fluid to determine whether this assay is helpful in the 
diagnosis of hollow viscus injuries [38,39). The results have 
been variable. One study of 545 patients who sustained blunt 
or penetrating abdominal injury determined that alkaline 
phosphatase levels greater than ten in the DPL effluent were 
predictive of hollow visceral inju1y with a specificity of 99.4% 
and a sensitivity of 93.3% [39). Additional studies are required 
to confirm these results and establish the use of alkaline phos
phatase levels as a positive indicator of significant intraab
clominal inju1y. 

It must be stressed that DPL is not accurate for determination 
of retroperitoneal visceral injuries or cliaplu·agmatic injuries [40). 
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The incidence of false-negative DPL results is approximately 
30% in patients who sustained traumatic diaphragmatic rupture. 
In addition, DPL is insensitive in detecting subcapsular hemato
mas of the spleen or liver that are contained, with no evidence 
of hemoperitoneum. Although DPL is now used in the evalua
tion of nontraumatic intraabdominal pathology, the criteria for 
positive lavage in these patients have not yet been established. 
Additional clinical studies are needed. 

COMPLICATIONS. Complications of DPL by the techniques 
described here include malposition of the lavage catheter, 
inju1y to the intraabdominal organs or vessels, iatrogenic 
hemoperitoneum, wound infection or dehiscence, eviscera
tion, and possible unnecessa1y laparotomy. DPL is a ve1y valu
able technique, however, and if it is performed carefully, with 
attention to detail, these complications are minimized. Wound 
infection, dehiscence, and evisceration are more conunon with 
the open technique; therefore, the closed percutaneous tech
nique is reconunended in all patients who do not have a con
trnindication to this technique. Knowledge of all techniques is 
necessa1y, however, because the choice of technique should 
be based on the individual patient's presentation. 
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18. Management of Acute Esophageal 
Variceal Hemorrhage with 
Gastroesophageal Balloon Tamponade 

Esophageal variceal hemorrhage is an acute, severe, dramatic 
complication of the patient with portal hypertension that car
ries a high mortality and significant incidence of recurrence 
[l] .  Whereas urgent endoscopy, sclerotherapy (2-4] and band 
ligation [5] are considered first-line treatment, balloon tam
ponade remains a valuable intervention in the treatment of 
bleeding esophageal varices (Fig. 18-1).  

Historical Development 
In 1930, Westphal described the use of an esophageal sound as 
a means of controlling variceal hemoIThage [6]. In 1947, suc
cessful control of hemorrhage by balloon tamponade was 
achieved by attaching an inflatable latex bag to the end of a 
Miller-Abbot tube [7]. In 1949, a two-balloon tube was described 
by Patton and Johnson [8]. A triple-lumen tube with gastric and 
esophageal balloons (one lumen for gastric aspiration and the 
other two for balloon inflation) was clescribecl by Sengstaken 
and Blakemore in 1950 [9]. In 1953, Linton proposed a single 
gastric balloon tube with a suction lumen below the balloon as 
a diagnostic tool to differentiate between gastric and esoph
ageal bleed and a larger balloon (800 ml) capable of compress
ing the submucosal veins in the cardia, thereby minimizing flow 
to the esophageal veins (10 ,11 ] .  An additional suction port 
above Linton's gastric balloon was introclucecl by Nachlas in 
1955 (12]. The Minnesota tube was clesc1ibecl in 1968 [1 2a] as a 
modification of the Sengstaken-Blakemore tube, incorporating 
the esophageal suction port described later. 

Role of Balloon Tamponade in 
the Management of Bleeding 
Esophageal Varices 
Extensive clinical experience on the use of balloon tamponade 
has been accumulated since 1950, when it was described by 
Sengstaken and Blakemore [9]. However, some controversy 
remains regarding the safety and effectiveness of these tech
niques. There is a wide range in the incidence of rebleeding 
and mo1tality, with the discrepancy explained in part by the 
diversity of techniques used. In some instances, the tube was 
used after prolonged unsuccessful pharmacologic therapy, usu
ally in patients with severe hemoclynamic compromise. Incle
penclent predictors of mortality in intensive care unit patients 
with bleeding esophageal varices were recently described by 
Lee et al. ( 13] and include total volume of sclerosing agent (eth
anolamine), blood transfusion of greater than ten units of reel 
cells, Glasgow Coma Scale, coagulopathy reflected by an aver
age 2.6 ± 1 .6 international normalized ratio for prothrombin 
test, and presence of shock. 
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A number of studies comparing the efficacy of balloon tam
ponade against sclerotl1erapy have shown that the incidence 
and severity of complications and success in controlling bleed
ing favor the use of sclerotherapy or band ligation as tl1e first 
line of rream1ent (14, 1 5] .  The decision to use other therapeutic 
alternatives clepencls on the response to the initial therapy, the 
severity of the hemorrhage, and the patient's underlying condi
tion. Combined pharmacologic therapy with vasoacrive drugs 
and balloon ramponacle can conu·ol tl1e hemorrhage in 90% of 
cases (16]. Octreoricle or combination vasopressin and nitro
glycerin diminish portal vein pressure while emergency endos
copy is performed to confirm the diagnosis (17,18] .  PouITiar et 
al. advocate administration of octreoticle by emergency medical 
personnel before a patient is u·ansferred to tl1e hospital (19] .  
Other alternatives include percutaneous transhepatic emboliza
tion, which is recommenclecl in poor-risk patients who do not 
stop bleeding despite other measures; esophagogasu·ic devas
cularization witl1 gastroesophageal stapling for patients witl1out 
cirrhosis as well as for low-risk patients with cirrhosis (20]; por
tosystemic shunt (21 ,22]; and esophageal transection (23]. 

Indications and Contraindications 
A Sengsraken-Blakemore tube is indicated in patients wim a 
diagnosis of esophageal variceal hemoIThage in which neitl1er 
band ligation nor sclerotl1erapy is technically possible, readily 
available, or has failed (25]. An adequate anatomic diagnosis is 
imperative before any of these balloon tubes are inserted. Severe 
upper gasu·oi.ntestinal bleeding attributed to esophageal varices 
in patients with clinical evidence of chronic liver disease results 
from otl1er causes in 40% of cases. The tube is contraindicated in 
patients with recent esophageal surge1y or esophageal su·icture 
(26]. Some authors do not recommend balloon tamponacle when 
a hiatal hernia is present, bur there are reports of successful hem
orrhage conu'Oi in some of tl1ese patients (27]. 

Technical and 
Practical Considerations 

AIRWAY CONTROL. Enclotracheal intubation is imperative 
in patients vvirh hemoclynamic compromise, encephalopathy, 
or both. The incidence of aspiration pneumonia is cli..rectly 
related to the presence of encephalopathy or impaired mental 
status (28,29]. Suctioning of pulmona1y secretions and blood 
accumulated in the hypopharynx is facilitated in patients with 
enclotracheal intubation. Sedatives and analgesics are more 
readily administered in intubated patients and may be 
required often because these tubes are poorly tolerated in 
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1 .  Airway control 

2.  Volume resuscitation 
3. Pharmacotherapy 

a. Octreotide 
b. Vasopressin/nitroglycerin 

Emergent endoscopy for Ox/Rx 

Massive 
hemorrhage 

Bleeding stops 

Balloon tamponade 

Visualization possible 

Emergency band 
ligation ± 

octreotide with 
retry if rebleed 

Still bleeding Urgent band ligation 

± octreotide 

Visualization not possible 

Emergency 
sclerotherapy ± 

octreotide with 
retry if rebleed 

Massive hemorrhage Bleeding stops 

Balloon tamponade 

TIPS as bridge to 
transplant 

Still bleeding 

most patients. Sedatives must be used cautiously, however, 
because a number of these patients have impaired liver 
metabolism. We recommend inserting an endotracheal tube 
(see Chapter 1) in any patient who will have balloon tampon
ade. The incidence of pulmona1y complications is significantly 
lower when endotracheal intubation is routinely used [28]. 

HYPOVOLEMIA, SHOCK, AND COAGULOPATHY. 
Adequate intravenous access should be obtained with large
bore venous catheters and fluid resuscitation undertaken with 
c1ystalloids and colloids. A central venous catheter or pulmo
na1y artery catheter may be required to monitor intrnvascular 
filling pressures, especially in patients with severe cirrhosis, 
advanced age, or underlying cardiac and pulmonary disease. 
The hematocrit should be maintained above 28%, and coagu
lopathy should be treated with fresh-frozen plasma and plate
lets. Four to six units of packed red cells should always be 
available in case of severe recurrent bleeding, which com
monly occurs in these patients [16]. 

Follow-up with elective 
band ligation or 

sclerotherapy 

Shunt surgery 
Fig. 18-1. Management f esoph
ageal variceal hemorrhage. Dx, diag
nosis; Rx, therapy; TIPS, transjugular 
intrahepatic portosystemic shunt. 

CLOTS AND GASTRIC DECOMPRESSION. Placement of an 
Ewald tube and aggressive lavage and suctioning of t e stom
ach and duodenum facilitates endoscopy, diminishes the risk 
of aspiration, and may help control hemorrhage from causes 
otl1er than esophageal varices. 

The diagnostic endoscopic procedure should be done as 
soon as the patient is stabil ized after basic resuscitation. 
Endoscopy is performed in the intensive care unit or operat
ing room under controlled moniroring and with adequate 
equipment and personnel. An endoscope with a large suc
tion channel should be used. Octreotide [30] or combination 
vasopressin and nitroglycerin should be administered as part 
of initial resuscitation. 

1UBE, PORTS, AND BALLOONS. Several studies have pub
lished combined experience with tubes such as th Linton 
and Nachlas tube [ 16 ,31-33]. The techniques described here 
are limited to the use of the Minnesota (Fig. 18-2) and 
inserted Sengstaken-Blakemore (Fig. 18-3) tubes. All lumens 
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Fig. 18-2. Minnesota tube. 

should be patent, and the balloons should be inflated and 
checked for leaks. The Minnesota tube has a fourth lumen 
that allows intermittent suctioning above the esophageal bal
loon, facilitating suctioning of saliva, blood, and pulmonary 
secretions in the hypopharynx [29] (Fig. 18-4) . When using a 
standard Sengstaken-Blakemore tube, a No. 18  Salem sump 
with surgical ties is attached above the esophageal balloon 
as originally described by Boyce [33al and through the 
mouth. Suctioning above the esophageal balloon and 
hypopharynx diminishes, but does not eliminate, the risk of 
aspiration pneumonia. 

INSERTION AND PLACEMENT OF THE TUBE. The tube 
should be generously lubricated with lidocaine jelly. It can 
be inserted through the nose or mouth, but the nasal route 
is not recommended in patients with coagulopathy. The 
tube is passed into the stomach. Auscultation in the epigas
trium while air is injected through the gastric lumen verifies 
the position of the tube, but the position of the gastric bal
loon must be confirmed radiologically at this time. The gas
tric balloon is inflated with no more than 80 mL of air, and 
a (portable) radiograph is obtained that includes the upper 
abdomen and lower chest (Fig. 18-5) .  When it is docu
mented that the gastric balloon is below the diaphragm, it 
should be further inflated with air, slowly, to a volume of 
250 to 300 mL [34] . The gastric balloon of the Minnesota 
tube can be inflated to 450 mL. Tube balloon inlets should 
be clamped with rubber shod hemostats after insufflation. 
Hemorrhage is frequently controlled with insufflation of the 
gastric balloon alone without applying traction [35], but in 
patients with torrential hemorrhage, it is necessary to apply 
traction (vide infra) .  If the bleeding continues, the esoph
ageal balloon should be inflated to a pressure of a pproxi-

mately 45 mm Hg (bedside manometer) . This pressure should 
be monitored and maintained. Some authors inflate the esoph
ageal balloon in all patients immediately after insertion [16] .  

FIXATION AND TRACTION TECHNIQUES. Fixation and 
traction on the tube depend on the route of insertion. When 
the nasal route is used, traction should not be applied 
against the nostril, because this can easily cause skin and 
cartilage necrosis. When traction is required, the tube should 
be attached to a cord that is passed over a pulley in a bed 
with an overhead orthopedic frame and aligned directly as it 
comes out of the nose to avoid contact with the nostril. This 
system allows maintenance of traction with a known weight 
(500 to 1 , 500 g) that is easily measured and constant. When 
the tube is inserted through the mouth, traction is better 
applied by placing a football helmet on the patient and 
attaching the tube to the face mask of the helmet after a sim
ilar weight is applied for tension. Pressure sores can occur in 
the head and forehead when the helmet does not fit prop
erly or when it is used for a prolonged period of time. Sev
eral authors recommend overhead traction for oral and nasal 
insertion [36] . 

MAINTENANCE AND MONITORING. The gastric lumen 
is placed on intermittent suction. The Minnesota tube has an 
esophageal lumen that can also be placed on low, intermittent 
suction. If the Salem sump has been used as previously 
described, then continuous suction can be used on the sump 
tube. The tautness and inflation of balloons should be checked 
an hour after insertion and periodically by experienced per
sonnel. The tube should be left in place a minimum of 24 
hours. The gastric balloon tamponade can be maintained con-
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Fig. 18-3. Sengstaken-Blakemore tube. 

tinuously up to 48 hours. The esophageal balloon, however, 
must be deflated for 30 minutes eve1y 8 hours [28]. The posi
tion of the tube should be monitored radiologically eve1y 24 
hours or sooner if there is any indication of tube displacement. 
A pair of scissors should be at d1e bedside in case d1e balloon 
ports need to be cut for rapid decompression, because me bal
loon can migrate and acutely obstruct d1e airway. 

G astrlc as pi rate ) 
Esophageal aspirate 

... 

24-45 mm Hg 

{ 
300 cc air 

� 
Fig. 18-4. Proper positioning of the Minnesota tube. 

REMOVAL OF THE TUBE. Once hemorrhage is controlled, 
d1e esophageal balloon is deflated first; the gastric balloon is 
left inflated for an additional 24 to 48 hours. If there is no evi
dence of bleeding, d1e gastric balloon is deflated, and d1e tube 
is left in place 24 hours longer. If bleeding recurs, the appropri
ate balloon is reinflated. The tube is removed if no further 
bleeding occurs. 

Complications 
Aspiration pneumonia is me most common complication of 
balloon tarnponade. The severity and fatality rate is related to 
d1e presence of impaired mental status and encephalopathy in 
patients wid1 poor control of the airway. The incidence ranges 
from 0% to 12%. Acute laryngeal obstruction and trac ea! rup
ture are the most severe of all complications and me worst 
examples of tube migration. Migration of d1e tube occurs when 
d1e gastric balloon is not inflated properly after adequate posi
tioning in d1e stomach or ·hen excessive traction (greater than 
1 .5  kg) is used, causing migration to the esophagus or 
hypopha1yn.x. Mucosa! ulceration of the gastroesophageal 
junction is common and is directly related to prolonged trac
tion time (greater than 36 hours) .  Perforation of the esophagus 
is reported as a result of misplacing me gastric balloon above 
d1e diaphragm (Fig. 18-6). It is imperative mat the p sition be 
confirmed radiologically in1mediately after passing me tube 
and before me gastric balloon is inflated with more than 80 ml 
of air. Rupture of d1e esophagus carries a high mortality, espe
cially in patients with severe hemorrhage who already have 
serious physiologic impairment. The incidence of complica
tions d1ar are a direct cause of death ranges from 0% to 20%. 
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Fig. 18-5. Radiograph showing correct position of the tube; rhe 
gastric balloon is seen below the diaphragm. Note the Salem sump 
above the gastric balloon and adjacent to the tube. (Courtesy of Ash
ley Davidoff, MD.) 

Unusual complications, such as impaction, result from obstruc
tion of the balloon ports making it impossible to deflate the 
balloon. Occasionally, surgery is required w remove the rube 
[24]. Other complications include necrosis of the nostrils and 
nasopha1yngeal bleeding. 

Fig. 18-6. Chest radiograph showing distal segmem of the tube 
coiled in the chest and the gastric balloon inflated above the dia
pl1ragm in the esophagus. (Courtesy of Ashley Davidoff, MD.) 
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19. Endoscopic Placement of 
Feeding Tubes 

Indications for Enteral Feeding 
Nutritional support is an essential component of intensive 
care medicine (see Chapters 197-199) [1-4]. It has become 
increasingly evident that nutritional support administered via 
the enteral route is far superior to total parenteral nutrition 
[5,61. Although there are absolute or relative contraindications 
to enteral feeding in selected cases, most critically ill patients 
can receive some or all of their nutritional requirements via 
the gastrointestinal tract. Even when some component of 
nutritional support must be provided intravenously, feeding 
via the gut is desirable. 

Provision of nutrition through the enteral route aids in pre
vention of gastrointestinal mucosa! atrophy, thereby main
taining the integrity of the gastrointestinal mucosa! barrier. 
Derangements in the barrier function of the gastrointestinal 
tract may permit the systemic absorption of gut-derived 
microbes and microbial products (bacterial translocation), 
which has been implicated as important in the pathophysiol
ogy of syndromes of sepsis and multiple organ system failure 
[7-9] . Other advantages of enteral nutrition are preservation 
of immunologic gut function and normal gut flora, improved 
use of nutrients, and reduced cost. Some studies suggest that 
clinical outcome is improved and infectious complications 
are decreased in patients who receive enteral nutrition com
pared with parenteral nutrition [10-12] .  Additional clinical 
studies suggest that inunune-enhancing enteral diets contain
ing specialty nutrients (e.g., arginine, glutamine, nucleotides, 
and omega-3 fatty acids) may also reduce septic complica
tions [ 13-16]. 

Several developments, including new techniques for place
ment of feeding tubes, availability of smaller caliber, minimally 
reactive tubes, and an increasing range of enteral formulas, 
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have expanded the ability to provide enteral nutritional sup
port to critically ill patient . Enteral feeding at a site proximal 
to the pylorus may be absolutely or relatively contraindicated 
in patients with increased risk of pulmona1y aspiration, but 
feeding more distally (particularly distal to the ligame t of Tre
itz) decreases the likelihood of aspiration. Other relative or 
absolute contraindications to enteral feeding include fistulas, 
intestinal obstruction, upper gastrointestinal hemorrhage, and 
severe inflammato1y bowel disease. Enteral feeding is not rec
ommended in patients wid1 severe malabsorption or early in 
d1e course of severe sho1t-gut syndrome. 

Access to the Gastrointestinal Tract 
After deciding to provide enteral nutrition, the clinician must 
decide whether to deliver the formula into the stomach, 
duodenum, or jejunum, and determine the optimal med1od 
for accessing the site, based on d1e function of the patient's 
gastrointestinal tract, duration of enteral nutritional suppo1t 
required, and risk of pulmonary aspiration. Gastric feeding 
provides the most normal route for enteral nutrition, but it is 
commonly poorly tolerated in the critically ill patient because 
of gastric dysmotility with delayed emptying [17] .  Enteral 
nutrition infusion into the duodenum or jejunum may 
decrease d1e incidence of aspiration because of the protection 
afforded by a competent pyloric sphincter; however, d1e risk 
of aspiration is not comp! tely eliminated by feeding distal · to 
the pylorus [18, 191 .  Infusion into the jejunum is associated 
wid1 the lowest risk of pulmonaiy aspiration. An advantage of 
this site of administration is that enteral feeding can be initi
ated early in the postoperative period, because postoperative 



ileus primarily affects rhe colon and stomach and only rarely 
involves the small intestine. 

Techniques 
Enteral feeding tubes can be placed via the transnasal, trans
oral, or percutaneous transgastric routes. If these procedures 
are contraindicated or unsuccessful, the rube may be placed 
by endoscopy using endoscopic and laparoscopic technique 
or surgically via a laparotomy [20,21] .  

NASOENTERIC ROUTE. Nasoenteric rubes are the most 
commonly used means of providing enteral nutritional sup
pott in critically ill patients. This route is preferred for short- to 
intermediate-term enteral support when eventual resumption 
of oral feeding is anticipated. It is possible to infuse enteral 
formulas into the stomach using a conventional 16 or 18 
French (Fr) polyvinyl chloride nasogastric tube, but patients 
are usually much more comfortable if a small-diameter sili
cone or polyurethane feeding tube is used. Nasoenteric tubes 
vary in luminal diameter (6 to 14 Fr) and length, depending 
on the desired location of the distal orifice: stomach, 30 to 36 
in.; duodenum, 43 in. ;  jejunum, at least 48 in. Some tubes 
have tungsten-weighted tips designed to facilitate passage 
into the duodenum via normal peristalsis; others have a styler. 
Most are radiopaque. Newer tubes permit gastric decompres
sion while delivering formula into the jejunum. 

Nasoenteric feeding tubes should be placed with the patient 
in a semi-Fowler's or sitting position [22]. The tip of the tube 
should be lubricated, placed in the patient's nose, and 
advanced to the posterior pha1ynx. If possible, the patient 
should be permitted to sip water as the tube is slowly advanced 
into the stomach. Once in position, air should be insuff!ated 
through the tube while auscultating over the stomach with a 
stethoscope. The presence of a gurgling sound suggests, but 
does not prove, that the tube is in the gastric lumen. A chest 
radiograph should be obtained to confirm the position of the 
tube before initiating feeding. Capnography may be used to 
prevent inadvettent placement of small-bore feeding tubes into 
the lungs [23,24]. The tube should be securely taped to the fore
head or cheek without tension. If the tube is placed for duode
nal or jejuna! feeding, a loop 6 to 8 in. long may be left 
extending from the nose and the tube advanced 1 to 2 in. eve1y 
hour. Placing the patient in a right lateral decubitus position 
may facilitate passage through the pylorus. 

Delayed gastric emptying has been confirmed in critically ill 
patients [16] and may contribute to gastric feeding intolerance. 
One study randomized 80 critically ill patients to gastric feeding 
with erythromycin (200 mg IV every 8 hours as a prokinetic 
agent) or tlu·ough a transpyloric feeding tube, and identified 
that t11e two were equivalent in achieving goal caloric require
ments [25]. Spontaneous transpyloric passage of enteral feeding 
tubes in critically ill patients is conunonly unsuccessful second
ary to the preponderance of gastric atony. The addition of a 
tungsten weight to the end of enteral feeding tubes and t11e 
development of wire or metal stylets in enteral feeding tubes 
are aimed at improving the success rate for spontaneous 
transpyloric passage. Various bedside techniques, including air 
insufflation, pH-assisted, magnet-guided (26], and spontaneous 
passage witl1 or without motility agents are available to facilitate 
transpyloric feeding passage. Intravenous metoclopramide and 
e1ytlu·omycin have been reconunended as prokinetic agents. A 
randomized prospective trial in critically ill patients compared 
the success rate of transpyloric passage of weighted versus 
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unweighted enteral feeding tubes, both wit11 inner stylets. This 
study demonstrated that the combination of preinsertion meto
clopramide and a tapered, unweighted feeding tube with inner 
styler achieved transpyloric position in 84% of patients at 4 
hours after placement compared with 36% with t11e weighted 
enteral feeding tubes (p <.002) [27]. Another randomized study 
[28] determined tl1at erythromycin (200 mg IV) administered 30 
minutes before insertion of an enteral feeding tube witl1 a 
weighted tip and inner styler resulted in successful postpyloric 
placement in 61% of intensive care unit patients, significantly 
better than a 35% success rate in patients receiving placebo 
(p <.05). Nasoenteral feeding tubes with inner stylers are tl1ere
fore reconunended for use in critically ill patients. However, 
tl1ese tubes must be inserted by skilled practitioners using 
defined techniques (29,30]. 

If t11e tube does not pass into tl1e duodenum on t11e first 
attempt, placement can be attempted under endoscopic assis
tance or fluoroscopic guidance. Endoscopic placement of 
nasoenteral feeding tubes is easily accomplished in the critically 
ill patient and can be performed ar the bedside using portable 
equipment [31-35]. Transnasal or transoral endoscopy can be 
used for placement of nasoenteral feeding tubes in critically ill 
patients [36]. The patient is sedated appropriately, and topical 
anestl1etic is applied to t11e posterior pharynx witl1 lidocaine or 
benzocaine spray. A nasoenteric feeding tube 43 to 48 in. long 
witl1 an inner wire styler is passed transnasally into tl1e stom
ach. The endoscope is inse1ted and advanced tl1rough t11e 
esophagus into the gastric lumen. An endoscopy forceps is 
passed through tl1e biopsy channel of the endoscope and used 
to grasp tl1e tip of t11e enteral feeding tube. The endoscope, 
along with the enteral feeding tube, is advanced distally into 
the duodenum as far as possible (Fig. 19-1). 

The endoscopy forceps and feeding tube remain in position 
in tl1e distal duodenum as t11e endoscope is withdrawn back 
into tl1e gastric lumen. The endoscopy forceps is opened, the 
feeding tube released, and tl1e endoscopy forceps withdrawn 
carefully back into the stomach. On first pass, the feeding tube 
is usually lodged in the second portion of the duodenum. The 
pottion of tl1e feeding tube thar is redundant in the stomach is 
advanced slowly into tl1e duodenum using the endoscopy for
ceps ro achieve a final position distal to the ligament of Treitz 
(Fig. 19-2). An abdominal radiograph is obtained at tl1e comple
tion of t11e procedure to document tl1e final position of the 
nasoenteral feeding tube. Endoscopic placement of posrpyloric 

Fig. 19-1. Endoscopic placement of nasoenceral feeding rube. 
Endoscopy forceps and gastroscope advance the feeding tube in the 
duodenum. 
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Fig. 19-2. Abdominal radiograph documenting the optimal posi
tion of an endoscopically placed nasoenteral feeding tube, past the 
ligament of Treitz. 

enteral feeding rubes is highly successful, eliminates the risk of 
transporting the patient to radiology for fluoroscopic placement, 
and allows prompt achievement of nutritional goals, because 
enteral feeding can be initiated immediately after the procedure. 

PERCUTANEOUS ROUTE. Percutaneous endoscopic gastros
tomy (PEG) rube placement, inu·ocluced by Ponsky in 1990, has 
become the procedure of choice for patients requiring pro
longed enteral nuu·itional support (37-39]. PEG rubes range in 
size from 20 to 28 Fr. PEG rapidly replaced open gastrostomy 
as the method of choice for enteral nuu·ition. Unlike surgical 
gastrostomy, PEG does not require general anesthesia and lap
arotomy and eliminates the discomfort associated with chronic 
nasoenteric tubes. This procedure can be considered in patients 
who have normal gastric emptying and low risk for pulmonary 
aspiration and can be performed in the operating room, an 
endoscopy unit, or at the bedside in the intensive care unit with 
portable endoscopy equipment. 

PEG should not be performed in patients with near or total 
obstruction of the pha1ynx or esophagus, in the presence of 
coagulopathy, or when u·ansi.llumination is inadequate. Rela
tive contraindications are ascites, gastric cancer, and gasu-ic 
ulcer. Previous abdominal surgery is not a contraindication. 
The original method for PEG was the pull technique; more 
recent modifications are the push and introducer techniques. 

Pull Technique. The pull technique is performed wid1 d1e 
patient in d1e supine position. The abdomen is prepared and 
draped. The· posterior pharynx is anesd1etized wid1 a topical 
spray or solution (e.g., benzocaine spray or viscous liclocaine), 

and N sedation (e.g., 1 to 2 mg of midazolam) is aclministerecl. A 
prophylactic antibiotic, usually a first-generation cephalosporin, is 
administered before d1e procedure. The fiberoptic gasu· scope is 
inserted into d1e stomach. which is then insufflatecl wi air. The 
lights are dimmed, and d1e a sistant applies digital press re to d1e 
ante1ior abdominal wall in the left subcostal area approximately 2 
cm below the costal margin, looking for d1e brightest u-ansillumi
nation. The endoscopist should be able to clearly identify d1e 
indentation in the stomach created by d1e assistant's digital pres
sure on d1e anterior abdominal wall; od1erwise, anod1er site 
should be chosen. When d1e con-ect spot has been icle tifiecl, d1e 
assistant anesd1etizes d1e anterior abdominal wall. The endosco
pist d1en inu·oduces a polypectomy snare through the endoscope. 
A small incision is made in the skin, and d1e assistant introduces a 
large-bore cad1eter-neeclle styler assembly into d1e stomach and 
du·ough the snare. The snare is d1en tightened securely around 
d1e cad1eter. The inner styler is removed, and a looped insertion 
wire is introduced d1rough me catheter and into the stomach. The 
cannula is slowly withdrawn so the snare grasps the wire. 
The gastroscope is then pulled out of d1e patient's m ud1 wid1 
d1e wire firmly grasped by the snare. The end of the transgasu-ic 
wire exiting d1e patient's mouth is then tied to a prepared gasu·os
tomy tube. The assistant pulls on the end of d1e wire exiting from 
d1e abdominal wall while e encloscopist guides d1e lubricated 
gasu·osromy tube into the posterior pharynx and d1e e ophagus. 
Wid1 continued u-action, the gasu·ostomy tube is pulled into the 
stomach so d1at it exits on d1e anterior abdominal wall. The gas
u·oscope is reinserted into d1e stomach to confirm adequate 
placement of the gasu·ostomy rube against the gasu·ic mucosa and 
to document d1at no bleeding has occun-ed. The inu-alumi.nal por
tion of the tube should contact d1e mucosa, but excessive tension 
on d1e tube should be avoided because this can lead to ischemic 
necrosis of the gastric wail. TI1e tube is secured to d1e abdominal 
wall using sutures. Feedings may be initiated inunedi.ately after 
d1e procedure or 24 hours later. 

Push Technique. The push technique method is similar to d1e 
pull technique. The gastro cope is inserted and a po· 1t on d1e 
anterior abdominal wall localized, as for d1e pull teclu1ique. 
Rad1er than introducing a looped insertion wire, however, a 
su·aight guiclewire is snared and brought out d1rough the 
patient's mouth by wid1drawi.ng the endoscope nd snare 
together. A conunercially developed gasu·ostomy tube (Sachs
Vine) wid1 a tapered encl is d1en passed in an aboral direction 
over d1e wire, which is held taut. The tube is grasped and pulJecl 
d1e rest of d1e way out. The gasu·oscope is reinserted to check 
the position and tension on d1e tube. 

Introducer Technique . The inu·oclucer technique med10d uses 
a peel-away introducer teclu1ique originally developed for the 
placement of cardiac pacemakers and cenu·al venous catheters. 
The gasu·oscope is inserted into d1e stomach, and an appropriate 
position for placement of d1e rube is identified. After infilu·ation 
of d1e skin wim local anesthetic, a 16- or 18-gauge needle is 
introduced into me stomach. A J-tipped guiclewire is inserted 
du·ough d1e need.le into me stomach and d1e neecUe is wid1-
drawn. Using a twisting motion, a 16-Fr introducer with a peel
away shead1 is passed over me guidewire into d1e gasoic lumen 
(40,41]. The guidewire and introducer are removed, leaving in 
place d1e sheam d1at allows placement of a 14-Fr Foley cameter. 
The shead1 is peeled away after d1e balloon is inflated wid1 10 
ml of normal saline. 

Percutaneous Endoscopic Gastrostomy/Jejunostomy. 
If postpyloric feeding is desired (especially in patients t high risk 
for pulmornuy aspiration), a percutaneous endoscopic gasu·os
tomy (PEG)/jejunostomy may be performed. The tube allows 
simultaneous gastric decompression and duode:lal/jejunal 
enteral feeding (42--45]. A second smaller feeding rube can be 



attached and passed through the gastrostomy tube and advanced 
encloscopically into the duodenum or jejunum. When the PEG is 
in position, a guidewire is passed through it and grasped using 
endoscopy forceps. The guiclewi..re and endoscope are passed 
into the duodenum as distally as possible. The jejuna! tube is 
then passed over the guidewire through the PEG into the distal 
duodenum and advanced into the jejunum, and the endoscope is 
withdrawn. An alternative method is to grasp a suture at the tip 
of the feeding tube or the distal tip of the tube itself and pass the 
tube into the duodenum using forceps advanced through tl1e 
biopsy channel of tl1e endoscope. This obviates the need to pass 
me gastroscope into tl1e duodenum, which may result in clislodg
ment of the tube when tl1e endoscope is wimclrawn. 

Fluoroscopic Technique. Percutaneous gastrostomy and gas
trojejunostomy can also be performed using fluoroscopy [46,47] . 
The stomach is i.nsufflatecl with air using a nasogastric tube or a 
skinny neeclie if tl1e patient is obstructed proximally. Once tl1e 
stomach is distended and position is checked again wim fluo
roscopy, tl1e stomach is punctured witl1 an 18-gauge needle. A 
heavy-duty wire is passed and tl1e tract is dilated to 7 Fr. A gas
trostomy tube may men be inserted into the stomach. An angio
graphic catl1erer is inu·oducecl and manipulated tlu·ough tl1e 
pylorus. The percutaneous tract is tl1en furr11er clilarecl, and tl1e 
gasu·ojejunostomy tube is advanced as far as possible. 

Complications. The most co1ru11on complication after percuta
neous placement of enteral feeding tubes is infection, usually 
involving the cutaneous ex.it sire and su1T0Lmcli.ng tissue [48]. 
Gasu·oinresrinal hemo1Thage has been reponecl bur is usually clue 
to excessive tension on the tube, leading to necrosis of tl1e stom
ach wall. Gastrocolic fistulas, which develop if tl1e colon is inter
posed between tl1e anterior abdominal wall and stomach when 
tl1e neecUe is introduced, have been reponecl. Adequate u·ansillu
n1ination aids in avoiding tl1is complication. Separation of tl1e 
stomach from the anterior abdominal wall can occur, resulting in 
peritonitis when enreral feeding is initiated. In most instances, 
this complication is caused by excessive tension on tl1e gasu·os
tomy tube. Another potential complication is pneumoperiro
neum, secondary to air escaping after puncture of tl1e stomach 
during the procedure, and is usually clinically insignificant. If tl1e 
patient develops fever and abdominal tenderness, a Gasu·ografin 
study should be obtained to ex.elude tl1e presence of a leak. 

All percutaneous gastrostomy and jejunostomy procedures 
described above have been established as safe and effective. 
The method is selected based on the encloscopist's experience 
and training and the patient's nutritional needs. 

SURGICAL PROCEDURES. Since the advent of PEG, surgi
cal placement of enteral feeding rubes is usually performed as 
a concomitant procedure as the last phase of a laparotomy 
performed for another indication. Occasionally, an operation 
solely for rube placement is performed in patients requiring 
permanent tube feedings when a percutaneous approach is 
contraindicated or unsuccessful. In these cases, the laparo
scopic approach to enreral access should be considered [49] . 
Laparoscopic gastrostomy was introduced in 2000, 10 years 
after the PEG. Patients who are not candidates for PEG, clue to 
head and neck cancer, esophageal obstruction, large hiatal 
hernia, gastric volvulus, or overlying intestine or liver, should 
be considered for laparoscopic gastro"stomy or jejunostomy. 

Gastrostomy. Gastrostomy is a simple procedure when per
formed as part of another intraabclominal operation. It should 
be considered when prolonged enteral nutritional support is 
anticipated after surge1y. 

Complications are quite common after surgical gastrostomy. 
This may reflect the poor nutritional status and associated 
medical problems in many patients who undergo this proce-
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clure. Potential complications include wound infection, clehis
cence, gastrosromy disruption, internal or external leakage, 
gastric hemorrhage, and tube migration. 

Needle-Catheter Jejunostomy. The needle-catheter jejunos
tomy procedure consists of the insertion of a small (5-Fr) poly
ethylene catheter into the small intestine at the time of 
laparotomy for another indication. Kits containing the neces
sa1y equipment for the procedure are available from co1ru11er
cial suppliers (e.g. ,  Vivonex). A needle is used to create a 
submucosal tunnel from the serosa to the mucosa on the anri
mesenteric border of the jejunum. A catheter is inserted 
tlu·ough the needle, and then the needle is removed. The cath
eter is brought out through the anterior abdominal wall, and 
the limb of jejunum is secured to the anterior abdominal wall 
with sutures. The rube can be used for feeding inm1ediately 
after the operation. The potential complications are similar to 
those associated with gastrostomy, but patients may have a 
higher incidence of diarrhea. Occlusion of the needle-catheter 
jejunostomy is conunon because of its small luminal diameter, 
and elemental nutritional formulas are preferentially used. 

Transgastric Jejunostomy. Critically ill patients who undergo 
laparotorny conunonly require gasu·ic decompression and a sur
gically placed tube for enteral nutritional suppon. Routine place
ment of separate gasu·ostomy and jejunostomy tubes is conu11on 
in this patient population and achieves the objective of chronic 
gastric decompression and early initiation of enteral nuu·itional 
suppon tlu·ough tl1e jejunostomy. Technical advances in surgi
cally placed enteral feeding tubes led to the development of 
u·ansgasu·ic jejunostomy [50] and duoclenostomy tubes, which 
allow simultaneous decompression of the stomach and distal 
feeding into tl1e duodenum or jejunum. The advantage of tl1ese 
tubes is that only one enterotomy into the stomach is needed, 
eliminating the possible complications associated with open 
jejunostomy tube placement. In addition, only one tube is nec
essa1y for gasu·ic decompression and jejuna! feeding, elin1inating 
the potential complications of two separate tubes for this pur
pose. The transgasu·ic jejunostomy tube is placed surgically in 
the same maimer as a gasu·ostomy tube, and the distal portion 
of tl1e tube is advanced manually tlu·ough tl1e pylorus into tl1e 
duodenum, witl1 its final tip resting as far clistaLly as possible in 
the duodenum or jejunum (Fig. 19-3). The transgastric jejunos
tomy tube is preferred to transgasu·ic duoclenostomy tubes 
because it is associated witl1 less reflux of feedings into tl1e 
stomach and a decreased risk of aspiration pneumonia. Surgical 
placement of transgastric jejunostomy tubes at the time of lap-
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Fig. 19-3. Transgastric duodenal feeding tube, which allows simulta
neous gastric decompression and duodenal feeding, can be placed per
cutaneously (with endoscopic or fluoroscopic assistance) or surgically. 
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arotomy is recommended for patients who will likely require 
prolonged gasttic decompression and enteral feeding. 

Delivering the Tube 
Feeding Formula 
The enteral formula can be delivered by intermittent bolus 
feeding, gravity infusion, or continuous pump infusion. 

In the intermittent bolus method, the patient receives 300 to 
400 mL of formula eve1y 4 to 6 hours. The bolus is usually 
delivered with the aid of a catheter-tipped, large-volume (60-
mL) syringe. The main advantage of bolus feeding is simplicity. 
This approach is often used for patients requiring prolonged 
supplemental enteral nutritional support after discharge from 
the hospital. Bolus feeding can be associated with serious side 
effects, however. Bolus enteral feeding into the stomach can 
cause gastric distention, nausea, cramping, and aspiration. The 
intermittent bolus method should not be used when feeding 
into the duodenum or jejunum because boluses of formula can 
cause distention, cramping, and diarrhea. 

Gravity-infusion systems allow the formula to drip continu
ously over 16 to 24 hours or intermittently over 20 to 30 min
utes, four to six times per day. This metl10d requires constant 
monitoring because the flow rate can be extremely irregular. 
The main advantages of this approach are simplicity, low cost, 
and close simulation of a normal feeding pattern. 

Continuous pump infusion is the preferred method for the 
delivery of enteral nutrition in the critically ill patient. A peri
staltic pump can be used to provide a continuous infusion of 
formula at a precisely controlled flow rate: ·This decreases 
problems with distention and diarrhea. Gastric residuals tend 
to be smaller with continuous pump-fed infusions, and the 
risk of aspiration may be decreased. In adult burn patients, 
continuous feedings are associated with less stool frequency 
and shorter time to achieve nutritional goals (51] .  

Medications 
When medications are administered via an enteric feeding tube, 
it is in1po1tant to be certain tl1e drugs are compatible with each 
other and with the enteral formula. In general, medications 
should be delivered separately rather than as a combined bolus. 
For medications tl1at are better absorbed in an empty stomach, 
tube feedings should be suspended for 30 to 60 minutes before 
administt·ation. 

Medications should be administered in an elixir formulation 
via enteral feeding tubes whenever possible to prevent occlu
sion of tl1e tube. Enteral tubes should always be flushed witl1 
20 mL of saline after medications are administered. To use an 
enteral feeding tube to administer medications dispensed in 
tablet form, often the pills must be crnshed and delivered as 
sluny mixed with water. This is inappropriate for some medica
tions, however, such as those absorbed sublingually or formu
lated as a sustained-released tablet or capsule. 

Complications 
Enteral tube placement is associated with few complications if 
physicians adhere to appropriate protocols and pay close 
attention to the details of the procedures. 

NASOPULMONARY INTUBATION. Passage of an enteral 
feeding tube into the tracheobronchial tree most commonly 
occurs in patients with diminished cough or gag reflexes due 
to obtundation, altered mental status, or other causes (52]. The 
presence of a tracheostomy or endotracheal tube does not 
guarantee proper placement. A chest (or upper abdominal) 
radiograph should alway be obtained before initiating tube 
feedings with a new tube to ensure that the tube is properly 
positioned. Endotracheal or transpulmonary placement of a 
feeding tube can be associated with pneumotl10rax, hydrotho
rax, pneumonia, and abscess formation. Capnography should 
be considered to prevent inadvertent placement of mall-bore 
feeding tubes into the lungs [23,24] . 

ASPIRATION. Pulmona1y aspiration is a serious and poten
tially fatal complication of enteral nutritional suppo1t (53,54] . 
The incidence of tl1is complication is variable and depends on 
the patient population studied. The two most common bedside 
tests for detecting aspiration in tube-fed patients include add
ing dye to the formula and observing for its appearance in tra
cheobronchial secretions, and using glucose oxidase reagent 
strips to test tracheobronchial secretions for glucose-containing 
enteral formula (55] . Several studies indicate that the dye 
method is far less sensitive than tl1e glucose method, but the 
glucose method lacks specificity. A patented technique for 
adding color to nutritional formulas without pouring, mixing, 
or injecting dye is now available (Colormark, Ross Products, 
Columbus, OH, http://www.ross.com). This dye set contains a 
total of 250 mg of blue dye, of which approximately 220 mg is 
released, at a rate of 10 mg per hour of feeding, and can be 
used for patients weighing 25 kg or more. I t  also prevents 
inadvertent bacterial contamination of enteral feeds that can 
occur with multi-use bortles of blue dye. 

Major risk factors for aspiration include obtundation or 
altered mental status, absence of cough or gag reflexes, 
delayed gastric emptying, gastroesophageal reflux, and feed
ing in the supine position. The risk of pulmona1y a piration is 
minimized when the enteral feeding tube is positioned in the 
jejunum past tl1e ligament of Treitz. 

GAS1ROINTESTINAL INTOLERANCE. Delayed g stric emp
tying is sometimes improved by administering the prokinetic 
agents metoclopramide (10 to 20 mg IV) or e1ythromycin (200 
mg IV). Dumping syndrome (i .e. ,  diarrhea, diste tion, and 
abdominal cramping) can limit the use of enteral feeding. 
Dumping may be caused by delivering a hyperosmotic load 
into the small intestine. 

Diarrhea in critically ill patients should not be attributed to 
intolerance of enteral feeding until otl1er causes are excluded. 
Other possible etiologies for diarrhea include medications 
(e.g., magnesium-containing antacids, quinidine), alterations in 
gut microflora due to prolonged antibiotic therapy, antibiotic
associated colitis, ischemic colitis, viral or bacte1ial enteric 
infection, electt·olyte ab ormalities, and excessive delive1y of 
bile salts into the colon. Diarrhea can also be a manifestation of 
intestinal malabsorption because of enzyme deficie cies or vil
lous att·ophy (56]. 

Even if diarrhea is caused by enteral feeding, it can be con
tt"O!led in nearly 50% of cases by instituting a continuous infusion 
of formula (if bolus feedings are used), slowing tl1e rate of inft.1-
sion, changing tl1e formula, adding fiber to the enteral formula, 
or adding antidiaITheal agents (e.g., tincture of opium) (57]. 

METABOLIC COMPLICATIONS. Prerenal azotemia and 
hypernatremia can develop in patients fed with hyperosmo
lar solutions. The administration of free water, eit 11er added 



to the formula or as separate boluses to replace obligatory 
losses, can avert this situation. Deficiencies of essential fatty 
acids and fat-soluble vitamins can develop after prolonged 
support with enteral solutions that contain minimal amounts 
of fat. Periodic enteral supplementation with linoleic acid or 
IV supplementation with emulsified fat (Intralipid) can pre
vent this [58]. The amount of linoleic acid necessary to pre
vent chemical and clinical fatty acid deficiency has been 
estimated to be 2 .5  to 20.0 g per clay .  

BACfERIAL CONTAMINATION. Bacterial contamination of 
enteral solutions [59-61] occurs when commercial packages 
are opened and mixed with other substances. The risk of con
tamination also depends on the duration of feeding. Tube 
feeding formulas have been implicated in causing Pseudomo
nas and Enterobacter sepsis [62]. Contaminated formula also 
appears to play a significant role in the etiology of diarrhea in 
patients receiving enteral nutrition [61] .  

OCCLUDED FEEDING TUBES . Precipitation of certain pro
teins when exposed to an acid pH may be an important factor 
leading to the solidifying of formulas (63]. Most premixed intact 
protein formulas solidify when acidified to a pH less than 5. To 
prevent occlusion of feeding tubes, the tube should be flushed 
with saline before and after checking residuals. Small-caliber 
nasoenteric feeding tubes should be flushed with 20 ml of 
saline every 4 to 6 hours to prevent tube occlusion, even when 
enteral feedings are administered by continuous infusion. 

Medications are a frequent cause of clogging. When admin
istering medications enterally, liquid elixirs should be used, if 
available, because even tiny particles of crushed tablets can 
occlude the distal orifice of small-caliber feeding tubes. If tab
lets are used, it is important to crush them to a fine powder 
and solubilize them in liquid before administration. In aclcli
tion, tubes should be flushed with saline before and after the 
administration of any medications. 

Several maneuvers are useful for clearing a clogged feeding 
tube. The tube can be irrigated with warm saline, a carbon
ated liquid, cranberry juice, or an enzyme solution (e.g. , 
Viokase). Commonly, a mixture of lipase, amylase, and pro
tease (Pancrease) dissolved in sodium bicarbonate solution 
(for enzyme activation) is instilled into the tube with a syringe 
and the tube clamped for approximately 30 minutes to allow 
enzymatic degradation of precipitated enteral feedings. The 
tube is then vigorously flushed with saline. The pancreatic 
enzyme solution was successful in restoring tube patency in 
96% of cases where formula clotting was the likely cause of 
occlusion and use of Coke or water had failed (64]. Preven
tion of tube clogging with flushes and pancreatic enzyme are 
therefore the methods of choice in maintenance of chronic 
enteral feeding tubes. 
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20. Therapeutic Hemapheresis 

The usefulness of hemapheresis, or selective removal of a 
specific blood component, first became apparent in the 
1960s, when it was demonstrated that the hyperviscosity 
syndrome of Waldenstrom's macroglobulinemia could be 
effectively treated with removal of a patient's plasma [1 ] .  
Subsequently, the removal of a cellular component was 
developed as a therapeutic modality, including e1ythrocyta
pheresis, plateletpheresis, and leukapheresis. Our under
standing of the usefulness of therapeutic hemapheresis has 
improved grearly in recent years. This chapter focuses on the 

Irma 0. Szymanski and Brian E. Moore 

latest concepts regarding the mechanism, indications, and 
adverse effects of hemapheresis. 

Mechanism 
The principle behind hemapheresis is simple: Relief is obtained 
by reduction of the blood component causing the s. mptoms. 
Cytapberesis involves partial removal of a cellular blood compo-



Table 20-1. Indications for Therapeutic Cytapheresis 

Procedure 

Erythrocytapheresis 

Leuka pheresis 

Plateletpheresis 

Disease 

Sickle cell disease-

Acute myelogenous leukemia 
Chronic myelogenous leukemia 

Thrombocytosis 

nent. Erytbrocytapberes is during sickle cell crisis relieves symp
toms by replacing sickled cells with normal donor red blood 
cells. Leukapberes is provides symptomatic relief for patients with 
acute myelogenous leukemia by reducing the excessive numbers 
of blast cells (greater than or equal to 100,000 per mm3), which 
cause sludging of blood flow. In clu·onic myelogenous leukemia, 
it is desirable to keep the white blood cell count below 200,000 
per mm3. Plateletpheresis in cases of tlu·ombocytosis (platelet 
count greater than 1 million per mm3) significantly reduces tl1e 
chance of tl1fombosis (Table 20-1). Because a large volume of 
plasma is removed in tl1erapeutic plasma exchange, it must be 
replaced witl1 appropriate fluid to maintain a constant blood vol
ume. To avoid allogenic, plasma-induced adverse effects, 5% 
albumin is the usual replacement fluid during most plasma 
exchange procedures. When the disease is associated with a 
deficiency of a certain plasma protein, as in tlu·ombotic tlu·omb
ocytopenic purpura TTP), allogenic plasma must be used as a 
replacement fluid. 

Centrifugation is the most common technique used to sepa
rate a specific blood component from others, but plasma can 
also be isolated from whole blood by filtration. The latter 
method is not used commonly in the United States, although 
it is popular in Western Europe and Japan [2]. 

Although the first hemapheresis treatments were done by 
manual methods, now most institutions use automated 
blood processing machines for this purpose. The most com
monly used device, the Cabe Spectra apheresis system 
(Gambro BCT, Lakewood, CO), uses a 1 80-mL separation 
channel resembling a hollow belt. As the belt turns in the 
centrifuge, anticoagulated whole blood flows into one end. 
During the centrifugal journey, the blood components settle 
into layers according to their specific gravity. Red blood 
cells, being the densest, settle at the outer wall of the belt, 
with white blood cells, platelets, and plasma forming the 
other successive layers toward the center. The components 
are harvested through segments of tubing that join the belt 
at right angles to the inner wall. Each procedure is auto
mated and individualized according to the size of a patient's 
blood and plasma volume, quantity of the blood component 
to be removed, and type of replacement fluid used. Because 
the extracorporeal volume is small, this machine allows for 
hemapheresis to be performed safely in children and small 
adults and is generally preferred for less-stable intensive 
care unit patients. 

REMOVAL OF A SPECIFIC PLASMA COMPONENT. 
Removal of only the pathologic plasma constituent, rather 
than whole plasma, tl1eoretically would be the most efficient 
way of performing therapeutic plasma exchange. With the aid 
of various devices it is possible to remove immune com
plexes, immunoglobulins, specific antibodies, or low-density 
lipoprotein (LDL) from separated plasma and return the pro
cessed plasma to the patient, without a need to administer 
other replacement fluids. 

Indications 
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Unrelenting crises, pregnancy, acute pulmonary syndromes, renal 
artery occlusions, intrahepatic cholestasis, priapism 

To relieve leukostasis when blast count is >100,000/mm3 
To relieve leukostasis when white blood cell count is 

>200,000/mm3 
To prevent thrombosis or hemorrhage when platelet count is 

>l ,OOO,OOO/mm3 

The Prosorba colunm (Cypress Bioscience, Inc., San Diego, 
CA), designed to remove circulating inunune complexes and 
inm1Unoglobulin G from plasma, has been approved by tl1e U.S. 
Food and Drug Administration for treatment of intractable idio
patl1ic tl1rombocytopenic purpura, including that induced by the 
human immunodeficiency virus [3]. A column contains 200 mg 
of purified staphylococcal protein A, covalently coupled to an 
inert silica mat:ri,x. Protein A has a high avidity for tl1e Fe portion 
of inmmnoglobulin G, pa1ticularly in the inunune-complexecl 
state. Plasma flowing through tl1e column is therefore largely 
purified of immune complexes. It is believed mat circulating 
inunune complexes suppress the development of antiidiotypes, 
which blunt the formation of harmful autoantiboclies. Data show 
tl1at after Prosorba treatment, titers of autoantibody (idiotype) 
decreased and those of antiidiotype increased in plasma of 
patients witl1 idiopathic tlu·ombocytopenic purpura [3]. There
fore, this trearn1ent is thought to modulate and normalize tl1e 
immune response. 

Excorim AB (Lund, Sweden) developed a device that 
removes large amounts of circulating immune complexes 
and immunoglobulin G from plasma. It consists of a set of 
two small columns that can be regenerated after use. While 
the patient's plasma is passed through one column to absorb 
immunoglobulins, the other is regenerated using a special 
elution procedure. The system is now manufactured in the 
United States by Fresenius Medical Care North America (Lex
ington, MA) for use in the treatment of patients with hemo
philia A and B who have factor VIII or factor IX antibody 
titers above 10 Bethesda units per mL. 

LDL apheresis is designed to remove apolipoprotein B
containing lipoproteins from the plasma of patients with famil
ial hypercholesterolemia. Available methods include heparin
incluced extracorporeal LDL precipitation, heparin-agarose 
adsorption, columns containing inunobilizecl antibodies to LDL, 
and colunms containing clextran sulfate cellulose [4]. LDL aph
eresis is effective in reducing amerosclerosis, but owing to the 
prolonged regimen, the tl1erapy is quite expensive. 

VASCULAR ACCESS. Good vascular access is essential for 
hemapheresis. At least one good antecubital vein is required 
to draw whole blood through a 1 7-gauge cannula. The pro
cessed blood can be returned to a smaller vein in the oppo
site arm through an indwelling catheter. If peripheral access 
cannot be obtained, a femoral or subclavian catheter may 
be used. The selection of an appropriate catheter is impor
tant to permit rapid, continuous blood flow, as thin, pliable 
catheters tend to collapse during blood withdrawal. We 
have had good experience with the Mahurkar dual-lumen 
polyurethane catheter ( 1 1 . 5 French, 19 .5  cm in length; 
Quinton, Mansfield, MA) inserted into the subclavian vein. 
The subclavian catheter can be left in place for up to 4 
weeks. Acu Flex-FSN (Gambro BCT), a 5 .5-in . ,  clouble
lumen catheter, is excellent for femoral vein blood access 
and can be left in place for 3 to 4 clays. 
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Indications 
The efficacy of hemapheresis in treating various diseases may 
be demonstrated by means of randomized, controlled clinical 
trials or by showing that removal of a blood component is 
associated with improvement in the patient's condition. How
ever, reduction in the concentration of a pathogenic protein is 
not always associated with clinical improvement. This could 
have many explanations; for example, the damage done by an 
antibody could have been irreversible, or the avidity of an 
antibody to its target tissue may be high even when its plasma 
concentration is low. Finally, decrease in the concentration of 
specific antibodies by plasma removal is thought to cause a 
rebound phenomenon in antibody synthesis [5]. Orlin and 
Berkman [6] showed that although the concentration of imrnu
noglobulins was 40% of the initial value on the tenth clay after 
plasmapheresis, anti-A at that time had 100% agglutinating 
activity, indicating either enhanced synthesis or production of 
anti-A of high avidity. 

Because it is expensive, invasive, and time-consuming, 
hemapheresis should only be used in conditions for which it 
has an established benefit. Indications for therapeutic cyta
pheresis are listed in Table 20-1 [7]. These procedures should 
be repeated as necessary to relieve symptoms or to reach a 
target cell value. Diseases in which therapeutic plasma 
exchange is considered either prima1y or supplemental ther
apy are shown in Table 20-2 [8] . The following section 
addresses the uses of therapeutic plasma exchange in disor
ders encountered in the intensive care unit. The recom
mended schedules and therapeutic end-points in some of 
those diseases are shown in Table 20-3 . 

ACUTE GUILLAIN-BARRE SYNDROME. Guillain-Barre syn
drome (GBS) is an acute ascending polyneuropathy thought 
to be caused by an antibody to myelin. A controlled clinical 
trial comparing plasma exchange to standard therapy for 
GBS appeared in 1985 [9] . This study of 245 patients found 
statistically significant differences favoring plasma exchange 
in the following recovery parameters: improvement at 4 
weeks, time to improve one clinical grade, time to indepen
dent walking, and outcome at 6 months. In general, patients 
treated with plasma exchange spent less time in the inten
sive care unit and hospital. Patients who were treated within 
7 clays of onset of the symptoms fared better than patients 
whose treatment was started later. The replacement fluid, as 
a rule, was 5% albumin. A French study published in 1987 
confirmed the beneficial effects of plasma exchange, 
although the volume of plasma exchanged was slightly 
greater and the composition of the replacement solution 
was different (including intravenous immunoglobulin) [10] .  
In some patients, fresh-frozen plasma was used, and this 
was associated with more complications (e.g . ,  fever, skin 
rash, hepatitis) [ 10] .  A report from the Netherlands indicated 
that intravenous immunoglobulin is as effective as plasma 
exchange in the treatment of GBS [1 1 ] .  Although initially the 
symptoms of some patients in the United States worsened 
after immunoglobulin infusions [ 12] ,  currently most neurol
ogists use intravenous immunoglobulin as first-line therapy 
for acute GBS [ 131 .  According to the literature and in the 
authors' experience, plasma exchange is also effective in 
ameliorating symptoms of the Miller-Fisher variant (ophthal
moplegia) of GBS [14] .  

MYASTHENIA GRAVIS .  Myasthenia gravis is a fluctuating 
weakness of volunta1y muscles caused by an antibody to the 

Table 20-2. Effectiveness of Plasma Exchange Therapy 
in Various Diseases 

Standard, primary therapy 
Thrombotic thrombocytopenic purpura 
Posttransfusion purpura 
Acute Guillain-Barre syndrome 
Chronic idiopathic demyelinating polyradiculopathy 
Myasthenia gravis in crisis 
Goodpasture's syndrome 
Refsum's disease (phytanic acid storage disease) 
Familial hypercholesterolemia (via selective adsorption) 

Adjunctive therapy 
Hyperviscosity syndrome 
Hemolytic uremic syndrome 
Cold agglutinin disease 
Cryoglobulinemia (antineutrophil cytoplasmic antibody

positive) 
Coagulation factor. inhibitors, refractory to other therapy 
HELLP (hemolysis, elevated liver enzymes, and low platelet 

count) syndrome, postpartum 
Renal failure with myeloma 
Pemphigus vulgaris 
Eaton-Lambert myasthenic syndrome 
Pediatric autoimmune neuropsychiatric disorders associated 

with streptococcal infections 
Sydenham's chorea 

Based in part on McLeod BC: Introduction to the third special issue: clinical 
applications of therapeutic apheresis. j Clin. Apheresis 15: 1 ,  2000. 

postsynaptic anticholinesterase receptor. Plasma exchange 
therapy is indicated in myasthenic crises, rapidly pr gressive 
disease (especially with uncontrolled bulbar or respiratory 
muscle compromise), preparation for thymectomy or a 
worsening condition after thymectomy, as an alternative 
therapy in cases in which corticosteroid therapy is contrain
dicated, as a means to decrease the close of corticosteroids 
in patients having unacceptable side effects, and in patients 
who are refractory to other treatment modalities [ 1 5] .  When 
therapeutic plasma exchange is used for these indications, 
improvement is usually rapid. Patients may require adminis
tration of their usual medication (e.g. , pyriclostigmine or 
neostigmine) during the procedure to maintain therapeutic 
drug concentrations. 

Acetylcholine esterase receptor antibodies can be removed by 
passing plasma over a polyvinyl alcohol gel, to which either 
t1yptophane or phenylalanine has been linked covalently 
(Immunosorba TR-350-Asahi). This device is not currently avail
able in the United States. 

THROMBOTIC THROMBOCYTOPENIC PURPURA. TIP 
is a consumptive thrombocytopenia, associated with neuro
logic and renal symptoms owing to microvascular thrombo
sis. It is caused by platelet aggregation by von Willebrancl 
factor (VWF) multimers. These patients are thought to have 
either a congenital deficiency of a metalloprotease that 
cleaves VWF multimers or autoantibodies to this protease 
[16] .  The effectiveness of therapeutic plasma exchange is 
owing to removal of the VWF multirner, removal of an anti
body to the cleaving metalloprotease, or both, and infusing 
normal plasma containing the metalloprotease [ 16] . Other 
conditions (e.g . ,  systemic lupus erythematosus, bone mar
row transplant, metastatic cancer, and meclication-inclucecl 
syndromes) can also cause a TIP-like clinical picture, but 
may respond better to a more specific therapy. A Canadian 
multicenter-controlled clinical trial compared plasma 
exchange to plasma infusion in 102 patients with TTP. The 
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Table 20-3. Treatment Schedules and Therapeutic End-Points of Diseases Treated with Plasma Exchange in the Intensive Care Unit 

Disease 

Acute Guillain-Barre syn
drome 

Acute myasthenia gravis 
crisis 

Total amount of plasma removed 

200 to 250 mg/kg within 2 wk 

1 50 mL/kg within 3 exchanges 

Replacement nuicl 

Albumin 

Albumin 

Therapeutic end-point 

Not applicable 

Amelioration of symp
toms 

Thrombotic thrombocy
topenic purpura 

1 .5 plasma volume removal daily for at least 3 cl, then 1 
plasma volume removal until therapeutic end-point 

fresh-frozen plasma, 
cryo-poor fresh-frozen 
plasma, or PLAS+RSO 

Albumin, lV immunoglo
bulin when lgG <200 
mg/ell 

Normal platelet count for 
2 to 3 d and normal 
lactic clehyclrogenase 

Disease stabilization Goodpasture's syndrome 1 plasma volume removal daily or every other cl 

IgG, immunoglobulin G; PLAS+"SD, pooled plasma, solvent/detergent treated (VI Technologies, Inc. ,  Watertown, MA). 

results, published in 1991,  showed plasma exchange to be 
the more effective treatment, with a mortality rate of 2 1 .5% 
compared with 37.2% in the plasma infusion group [ 17] .  The 
authors' protocol for treatment of TTP involves daily plasma 
exchanges (at least three, with removal of 1 . 5  plasma vol
umes per procedure) .  The replacement flu id is a combina
tion of 5% albumin during the first half of the procedure, 
followed by a plasma product during the latter half. The 
therapy is continued until platelet count and LDH level nor
malize and may be followed with one or two additional pro
cedures. In the authors' experience, it is beneficial to include 
corticosteroids from the start of therapy, especially if it is 
likely that an autoantibocly to the metalloprotease is present. 
It has been reported that resistant cases have responded to 
Prosorba column treatment [ 18] .  Although vincristine is 
sometimes aclclecl to the therapeutic regimen, it does not 
seem to be effective, whereas splenectomy may be benefi
cial in some cases. I t  appears that "cryo-poor" plasma (fresh
frozen plasma from which cryoprecipitate has been 
removed) might be a more desirable replacement fluid than 
fresh-frozen plasma [19] .  The authors have had good experi
ence in using pooled, solvent/ detergent-treated plasma, as it 
lacks large VWF rnultimers and is also associated with a low 
incidence of allergic reactions. 

RAPIDLY PROGRESSIVE GLOMERULONEPHRITIS. Ther
apeutic plasma exchange is currently the primary line of 
therapy for only one type of rapidly progressive glomerulo
nephritis, the antiglomerular basement membrane-positive 
Gooclpasture's syndrome, particularly when there is moder
ate or severe renal disease with pulmonary hemorrhage. 
Because pulmonary hemorrhage can be fatal, it constitutes a 
medical emergency, and plasma exchange must be per
formed without delay [20-22]. The role of plasma exchange 
is only secondary for patients who have rapidly progressive 
glomerulonephritis associated with antineutrophil cytoplasm 
antibodies ( i .e . ,  systemic vasculitis owing to Wegener's gran
ulomatosis or polyarteritis noclosa) [23] . Plasma exchange is 
not thought to be beneficial in patients with immune com
plex-mediated rapidly progressive glomerulonephritis [22] .  
Currently plasma exchange is considered experimental ther
apy for recurrent focal glomerulosclerosis. 

DRUG OVERDOSE AND POISONING. Theoretically, plasma 
exchange is effective in removing protein-bound toxins and 
clrngs that have been given in overdose. Case reports have 
confirmed the beneficial effect of this approach when treating 
patients poisoned with the mushroom toxin amanitin [24] and 
the nephrotoxic herbicide paraquat (25]. 

CONTRAINDICATIONS. For treatment of appropriate disor
ders, there are only relative contraindications for performance 
of therapeutic hemapheresis. Patients with severe cardiac fail
ure or those who are othe1wise hemoclynamically unstable 
might not tolerate the blood volume changes during the pro
cedure. Patients receiving intravenous heparin therapy should 
not undergo plasma exchange unless subcutaneous heparin 
can be substituted. Patients with thrombotic events should not 
undergo treatment with Prosorba columns because the com
plement activation can aggravate thrombotic tendencies. 
Finally, patients receiving angiotensin-converting enzyme 
(ACE) inhibitors should not undergo plasrnapheresis, with or 
without Prosorba columns. 

Adverse Effects 

EFFECTS OF TRANSIENT HYPOCALCEMIA AND HYPO
MAGNESEMIA. The citrate anticoagulant given during the 
procedure lowers plasma-ionized calcium and magnesium 
levels (26]. Not uncommonly, this effect can cause the 
patient to feel a perioral tingling sensation. Other effects 
include paresthesias, twitching, muscle cramping, tetany, 
nausea, vomiting, abdominal pain, chills, fever, hypoten
sion, increase in cQT interval, and hemoclynamic depres
sion. Symptoms owing to hypocalcemia have been 
observed in 7.7% of procedures (27,28] . The reactions are 
usually mild and respond to slowing clown the reinfusion 
rate. During the procedure, however, some patients require 
a slow intravenous infusion of calcium gluconate (1 g aclclecl 
to 250 mL of 0.9% saline solution) to relieve the symptoms. 
Dropericlol, when used in combination with apheresis, pro
longs the QT interval [29,30] . 

ALLERGIC REACTIONS. An allergic or anaphylactic reac
tion may occur in a sensitized patient. Because solvent/ 
detergent-treated plasma is derived from a pool of up ro 
6,000 different donor units, it contains only a small amount 
of any individual "al lergenic" plasma and therefore reduces 
the likelihood of an a llergic reaction. To prevent allergic 
reactions, the authors usually premeclicate patients with 
cliphenhyclramine hydrochloride ( Benaclryl) and sometimes 
give hyclrocorrisone as an intravenous push approximately 
30 minutes before giving p lasma. Anaphylactic reactions 
are rare, occurring in immunoglobulin A-deficient patients 
who have formed anti-immunoglobulin A antibodies. 
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These reactions should be treated with intravenous fluids 
and epinephrine. 

ANGIOTENSIN-CONVERTING ENZ¥ME INHIBITOR
ASSOCIATED EFFECTS. Patients receiving ACE inhibitors 
may have life-threatening anaphylactoicl reactions when 
undergoing hemoclialysis, LDL removal from plasma using 
dextran sulfate columns, or treatment of plasma with 
Prosorba columns [31-33) . Because of the potential to 
induce atypical reactions, ACE inhibitors should be with
held for 24 to 48 hours before plasmapheresis [28,34). The 
symptoms are thought to be mediated by generation of 
braclykinin during the procedure. Because kininase II 
(identical to ACE) contributes to inactivation of braclykinin, 
this function is impaired in patients receiving ACE inhibi
tors. If braclykinin reaches toxic levels, the patient may 
have severe flushing, dyspnea, hypotension, and braclycar
clia. In such cases, the procedure must be discontinued 
immediately and the patient treated with intravenous fluids 
and possibly epinephrine. 

APNEA AFTER SUXAMETHONIUM ANESTHESIA. Plasma 
cholinesterase, which is necessary for degradation of suxame
thonium anesthetic, is reduced by extensive plasma removal 
[35] . To avoid prolonged apnea after suxamethonium anesthe
sia, it is prudent to allow at least 72 hours between plasma 
exchange and anesthesia. As a less desirable alternative, fresh
frozen plasma infusions may be given. 

MEDICATION DEPLETION. Removal of large volumes of 
plasma may lower the concentration of medications. It may 
be advisable to administer intravenous medications after the 
procedure has been completed. It has been reported, how
ever, that vancomycin, gentamicin, and cligoxin do not show 
clinically significant reduction in total body stores during 
plasmapheresis [36] . 

HYPOTENSIVE EPISODES. Patients undergoing hemapher
esis may have vasovagal reactions or hypotensive episodes. 
Hypotension has been reported to account for 18% of all com
plications and is particularly likely to occur in patients whose 
disease impairs the ability to maintain vascular tone (e.g. ,  
GBS, diabetes) [27]. Hypotensive episodes respond readily to 
c1ystalloid or colloid infusion. 

FLU-LIKE SYMPTOMS. If a Prosorba column is used in the 
hemapheresis process, complement can be activated, caus
ing a variety of flu-like symptoms. Symptoms such as chills, 
fever, muscle and joint pain, nausea, respirato1y difficulties, 
hypotension, and hypertension have been noted in approxi
ma tely 35% of procedures performed [3) . Because the usual 
course of therapy often requires several procedures, approx
imately 70% of patients experience some of these symptoms. 
Although these adverse effects are usually minor, some have 
been fatal [37,38) . To reduce complications, the authors med
icate the patient with acetaminophen (Tylenol) and cliphen
hydramine hydrochloride before giving the treated plasma. It 
has also been reported that patients receiving small closes of 
prednisone during treatment have a lower incidence of 
adverse reactions [3). 

CATHETER EFFECTS. When catheters are used, they may 
become clotted or infected, requiring removal to avoid sys-

temic complications. The rigid catheters may perforate the 
great vessels, the pleural cavity, and the pericardium. The 
result may be hemothorax or pericardia! effusion, even sev
eral clays after insertion of the catheter, causing hemodynamic 
instability [39]. The use of catheters requires strict a herence 
to protocols to maintain patency and sterility. 

Summary 
Therapeutic hemapheresis is useful in amelioratin symp
toms by virtue of decreasing the concentration of pathologic 
cells or plasma constituents. It is quite effective, even life
saving, in certain disease processes that are of limited dura
tion. The role of plasma exchange in the treat ent of 
chronic disease is less clear cut. Development and licensing 
of newer devices capable of selectively removing specific 
abnormal plasma proteins will add to the sophistication of 
hemapheresis therapy. 
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21 . Cerebrospinal Fluid Aspiration 

This chapter presents guidelines for safe cerebrospinal fluid 
(CSF) aspiration for the emergency department or the inten
sive care physician, and it provides a basic understanding of 
the indications, techniques, and potential complications of 
these procedures. 

Most CSF aspiration procedures are routinely and safely 
performed and require readily accessible equipment and 
sterile supplies located in most hospital patient care units. 
The majority of CSF aspirations are performed using local 
anesthesia. Sedation is seldom necessary, except in the pedi
atric population [l] .  Radiographic imaging is needed in situ
ations in which external anatomic landmarks provide 
inadequate guidance for safe needle placement or when 
needle placement using external landmarks alone has 
proved unsuccessful due to anatomic variations caused by 
trauma, operative scar, congenital defects, or degenerative 
changes. Fluoroscopy may be used for lumbar puncture, Cl-
2 puncture, and myelography. Computed tomography (CT) 
or magnetic resonance imaging (MRl) is used for stereotactic 
placement of ventricular catheters. Clinicians should recog
nize the need for specialized equipment and training in cer
tain cases. 

John P. Weaver, Robin I. Davidson, and 
Viviane Tabar 

An implanted reservoir or shunt system should not be 
accessed without prior consultation with a neurosurgeon, 
despite the apparent simplicity of the procedure itself. Violat
ing implanted systems carries several risks, including infec
tion, which can result in a lengthy hospital stay; a prolonged 
antibiotic course; and several operative procedures for shunt 
externalization, hardware removal, and insertion of a new 
shunt system. 

Contraindications to lumbar puncture include skin infection 
at the enuy site, anticoagulation or blood dyscrasias, papille
dema in the presence of supratentorial masses, posterior Fossa 
lesions, and known spinal subarachnoid block or spinal cord 
arteriovenous malformations. 

Cerebrospinal Fluid Access 

DIAGNOSTIC PURPOSES. CSF analysis continues to be a 
major diagnostic tool in many diseases. The most common 
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indications for CSF sampling are the suspicion of a central ner
vous system (CNS) infection and subarachnoicl hemorrhage 
(SAH). CSF access is necessa1y for neurocliagnostic proce
dures such as myelography and cisternography. 

CSF pressure recording, particularly the opening pressure, 
is important in the diagnosis and treatment of normal pressure 
hydrocephalus, benign intracranial hypertension, and head 
injury. The diagnostic tests performed on the aspirated CSF 
depend on the patient's age, history, and differential diagno
sis. A basic profile includes glucose and protein values, a 
blood cell count, Gram's stain, and cultures. 

CSF glucose depends on blood glucose levels and is usu
ally equivalent to two-thirds of the serum glucose. It is 
slightly higher in neonates. Glucose is transported into the 
CSF via carrier-facilitated diffusion, and changes in spinal 
fluid glucose concentration lag blood levels by approxi
mately 2 hours. Increased CSF glucose is nonspecific and 
usually reflects hyperglycemia. Hypoglycorrhachia can be 
the result of any inflammatory or neoplastic meningeal disor
der and reflects increased glucose use by nervous tissue or 
leukocytes and inhibited transport mechanisms. The lower 
glucose concentrations are usually accompanied by elevated 
lactate levels reflecting anaerobic glycolysis. 

CSF protein content is usually less than 0 .5% of that in 
plasma clue to blood-brain barrier exclusion. Albumin con
stitutes up to 75% of CSF protein, and immunoglobulin G is 
the major component of the gamma-globulin fraction. 
Immunoglobulin G freely traverses a damaged blood-brain 
barrier. Although often nonspecific, an elevated protein 
level in the CSF is an indicator of CNS pathology. There is a 
gradient of total protein content in the spinal CSF column, 
with the highest level normally found in the lumbar sub
arachnoid space at 20 to 50 mg per dL, followed by the cis
terna magna at 15 to 25  mg per clL and the ventricles at 6 to 
12 mg per dL. A value exceeding 500 mg per dL is compati
ble with an intraspinal tumor with a complete subarachnoicl 
block, meningitis, or bloody CSF [2] . Low protein levels are 
seen in healthy children younger than 2 years of age, 
pseuclotumor cerebri, acute water intoxication, and leuke
mic patients. 

Normal CSF cell counts include no erythrocytes and a max
imum of 5 leukocytes per mm3. A greater number of cells are 
normally found in children (up to 10 per mm3, mostly lympho
cytes). CSF cytology can be helpful in identifying cells to diag
noses CNS prima1y or metastatic tumors and inflammatory 
disorders [3] . 

Hemorrhage. A nontraumatic SAH in the adult population 
is commonly clue to a ruptured aneurysm. A paroxysmal 
severe headache is the classic symptom of aneurysm rup
ture, but atypical headaches reminiscent of migraine are not 
uncommon. Up to 50% of patients with a warning "leak" 
headache are undiagnosed after evaluation by their physi
cian, and 55% of patients with premonitory warning head
aches had normal CT findings, but all had a positive finding 
of SAH on lumbar puncture [4] . Lumbar puncture is indi
cated after SAH if the head CT is not diagnostic and if the 
clinical history and presentation are atypical. A lumbar 
puncture should not be performed without prior CT if the 
patient has any focal neurologic deficits. Such deficits might 
indicate the presence of an intracranial hematoma, which 
would increase the likelihood of transtentorial herniation 
after a lumbar puncture. An SAH could also extend into the 
ventricular system, presenting as acute obstructive hydro
cephalus.  In such a case, CT scan would demonstrate ven
triculomegaly, which is best treated by the placement of a 
ventricular catheter. 

A traumatic lumbar puncture presents a diagnostic 
dilemma, especially in the context of a suspect cl SAH. 
Some of its differentiating characteristics include a decreas
ing reel blood cell count in tubes collected serially during 
the procedure, the presence of a fibrinous clot in  the sam
ple obtained, and a typical ratio of approximately 1 leuko
cyte per 700 reel blood cells. Xanthochromia is more 
indicative of SAH and i quickly evaluated by spinning a 
fresh CSF sample and comparing the color of the superna
tant to that of water, or by the use of a spectrophotometer. 
Spinal fluid accelerates red blood cell hemolysis, and hemo
globin products are released within 2 hours of the initial hem
orrhage. Associated findings, such as a slightly depressed 
glucose level, increased protein, and an elevated opening 
pressure, are also more suggestive of the presence of an 
SAH.  Another method to differentiate between blood in CSF 
clue to an intracranial hemorrhage and that clue to a trau
matic spinal tap has been demonstrated in neonates [5]. The 
mean corpuscular volume of erythrocytes in the CS F can be 
compared with that in peripheral blood . The mea corpus
cular volume in CSF is lower than in venous blood in cases 
of SAH, but the values are similar if the hemorrhage was 
induced by the lumbar puncture. 

Infection. CSF evaluation is the single most important aspect 
of the laborato1y diagnosis of meningitis. It usually includes a 
Gram's stain, blood cell count with white cell differential, pro
tein and glucose levels, and aerobic and anaerobic cultures 
with antibiotic sensitivitie . With suspicion of tuberculosis or 
fungal meningitis, the fluid is analyzed by acid-fast stain, India 
ink preparation. and oyptococcal antigen, and then cultured 
in appropriate media. More extensive cultures are performed 
in the immu nocomprom.i eel patient. 

Immunoprecipitarion tests to identify bacterial antigens 
for Streptococcus pneumoniae, Streptococcus group B,  J-Jae
mophilus influenzae, and Neisseria meningitidis (meningo
coccus) allow rapid diagnosis and early specific treatmenr. 
Viral cultures or, more recently, polymerase chain reaction 
tests, can be performed on CSF for rapid identification of 
several viruses, particularly those commonly responsible 
for CNS infections in patients with acquired immunodefi
ciency syndrome. Polymerase chain reaction tests exist for 
herpes, varicella zoster, cytomegalovirus, and Epstein-Barr 
virus,  as well as toxoplasmosis and Mycobacterium tuber
culosis [6] . If the cl in ical suspicion is high for meningitis, 
antibiotic therapy should be initiated without delay after 
CSF collection [7] . 

Roclewaicl et al .  proposed an argument to perform a limited 
CSF analysis in the pediatric population to save rime and 
money [8]. In their study, the decision to analyze CSF for pro
tein or glucose was based on initial analysis of the nucleated 
blood cell count. A negative screening test was de ned as a 
nucleated blood cell count less than 6 per 1111113. The results 
demonstrated that the screening test was much more sensitive 
and specific than other routine tests in predicting the presence 
of an infection. These results provided the basis for a strategy 
for sequential testing of C F. 

In the neonatal popular.ion, Schewerenski et al .  reported 
that lumbar puncture and CSF analysis might be more useful 
after 1 week of age than in the first week of life [9]. This pro
spective study assessed the frequency and diagnost.ic use of 
lumbar punctures as pa.rt of an evaluation for congenital or 
postnatal infection in the neonate. It showed rare po itive CSF 
cultures during the first week of life. Of these, only ne had a 
simultaneous positive blood culture and clinically evident 
meningitis. The yield after the first week of life was approxi
mately five times higher [9]. 



Shunt System Failure. A ventriculoperitoneal shunt is the 
most commonly encountered system. The hardware varies, 
but commonly consists of a ventricular catheter connected 
to a reservoir and valve complex at the skull and a subcuta
neous catheter in the neck and anterior chest wall to the 
peritoneum. The distal tubing may also have been inserted 
in the jugular vein, the pleura,  or even the urinary bladder. 
A shunt fai lure is often clue to obstruction of the ventricular 
catheter or an infection of the shunt system. Shunts can also 
become disconnected or obstructed distally clue to poor CSF 
absorption or formation of an imraabclominal pseuclocyst. 

Clinical presentation of an obstructed shunt is highly vari
able; it may be slowly progressive or intermittent, or there 
may be a rapid decline in mentation progressing into a coma. 
A CT scan should be performed immediately and compared 
with previous studies. Ventriculomegaly is a good indicator of 
a malfunctioning shunt, but noncompliant ventricles may 
remain small and not va1y significantly in size, and the ven
tricular system in a shunted patient is often congenitally or 
chronically abnormal. 

Aspiration from the reservoir or valve system of a shunt can 
be performed to determine patency and to collect CSF to rule 
out an infectious process. One should remember, however, 
that shunt aspiration is an invasive procedure that carries a 
risk of contaminating the system with skin flora . A shunt 
infection often requires a lengthy hospital stay with shunt 
externalization, antibiotic treatment, and replacement of all 
hardware. Therefore, shunts should be tapped very selectively 
and after all potential sources of infection have been evalu
ated. When shunt failure is due to distal obstruction, aspira
tion of CSF may temper neurologic impairment and even be 
l ife saving until formal shunt revision can be performed. The 
determination of the need for a shunt tap, as well as the pro
cedure, is best left to a neurosurgeon. 

Normal Pressure Hydrocephalus. Serial lumbar punctures 
or continuous CSF drainage via a lumbar subarachnoicl cathe
ter can be used as a provocative diagnostic test to select 
patients who would benefit from a shunt for CSF diversion. 
The results have a positive predictive value if the patient's gait 
improves. Lumbar CSF access may also be used for infusion 
tests, measurement of CSF production rate, pressure-volume 
index, and outflow resistance or absorption. Some studies 
suggest that these values are also predictive of therapeutic 
CSF diversion [10-12].  

Benign Intracranial Hypertension (Pseuclotumor Cerebri). 
Benign intracranial hypertension occurs in young persons, 
often obese young women. Intracranial pressure (ICP) is ele
vated without focal deficits and in the absence of ventricu
lomegaly or mass lesions. Etiologic factors for childhood 
presentation include chronic miclclle ear infection, dural 
sinus thrombosis, head injury, vitamin A overclosage, tetracy
cline exposure, internal jugular venous thrombosis, and idio
pathic causes [ 1 31 .  Some authors have proposed a broader 
definition of the "pseudotumor cerebri syndrome" based on 
the underlying pathophysiologic mechanism of presumed 
CSF circulation disorder [14] .  

Symptoms of imracranial hypertension develop over sev
eral months. Headache is the most common symptom, but 
dizziness, blu rred vision, diplopia, transient visual obscura
tion, and abnormal facial sensations can a lso occur [ 1 51 .  
Objective signs include visual impairment, papilleclema, and 
sixth-nerve palsy. A lumbar puncture demonstrates an elevated 
ICP (up to 40 cm H?O), and CSF dynamics demonstrate an 
increase in outflow 1�esistance. Serial daily punctures can be 
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therapeutic, with CSF aspirated until closing pressure is 
within normal limits (less than 20 cm H?O). In some cases, 
this can restore the balance between CSF formation and 
absorption; other cases require medical therapy such as 
weight loss, steroids, acetazolamide, diuretics, and glycerol. 
When all fails, placement of a permanent shunting system 
may be necessary. 

Neoplasms. The subarachnoid space can be infiltrated by 
various prima1y or secondary tumors ,  giving rise to symp
toms of meningeal irritation. CSF cytology can determine 
the presence of neoplastic cells, although their complete 
identification is not always possible. A generous amount of 
CSF or multiple samples may be required. Systemic neo
plasms such as melanoma or breast cancer have a greater 
propensity to metastasize into the CSF spaces than do pri
mary CNS tumors and may even present primarily as 
meningeal carcinomatosis. Ependymoma, meclulloblastoma 
or primitive neuroectoclermal tumor, germinoma, and high
grade glioma are the most commonly disseminated primary 
tumors. Hematopoietic cancers such as leukemia and lym
phoma also frequently infilrrate the subarachnoid spaces 
with little or no parenchymal involvement. CSF sampling is 
useful for an initial diagnostic and screening tool in the neu
rologically intact patient who harbors a tumor type with 
high risk of C 1S relapse. Cisternal puncture may enhance 
the diagnosis if the lumbar CSF is nondiagnostic [16] .  Acute 
leukemias that tend to invade the CNS include acute lym
phocytic leukemia, acute nonlymphocytic leukemia , acute 
myelogenous leukemia, acute myelomonocytic leukemia, 
and acute u ndifferentiated leukemia (17] .  Individual prolif
erating T- and B-lymphocytes can a lso be detected in the 
CSF and may aid in the differentiation of an opportunistic 
infection from a leukemic infiltration ( 1 8] .  

CSF analysis for autoantibodies could play a role i n  the 
diagnosis of some paraneoplastic syndromes (e.g. ,  anti-Yo 
titers in paraneoplastic cerebellar degeneration) [19]. A contrast
enhancecl MR1 of the brain and spine may detect tumor 
seeding in the subarachnoicl space, obviating the need for a 
lumbar puncture. 

Myelography. Lumbar puncture is the most common means 
of access for lumbar and cervical myelography because the 
density of contrast material is higher than CSF and may be 
directed by gravity to the area of interest. Cervical Cl-2 
puncture may be the usual access route for cervical myelog
raphy but is often reserved for patients in whom a successful 
lumbar puncture is not possible clue to extensive arachnoidi
tis, epidural tumor, severe spinal stenosis, or CSF block. 

Other Neurologic Disorders. There is extensive literature 
on CSF changes in multiple sclerosis. Typical lumbar punc
ture findings are normal ICP, normal g lucose levels, mono
nuclear pleocytosis, and elevated protein levels clue to 
increased endothelial permeability. Immunoelectrophoresis 
reveals elevated immunoglobulin G and oligoclonal bands 
[20] . Antibodies against carcliolipin synthetic lecithin, a Jec
tin protein involved in the structural stabilization of myelin, 
have been detected in the CSF of patients with multiple 
sclerosis and may constitute a very sensitive and specific 
diagnostic test [2 1 ] .  

CSF findings described i n  other disease states include ele
vated tau protein and decreased �-amyloicl precursor pro
tein in Alzheimer's disease and the presence of anti-GMl 
antibodies and cytoalbumin dissociation in Guil lain-Barre 
syndrome. 
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Tberapeutic Intervention 

FISTULAS. CSF leaks occur for a variety of reasons, includ
ing nontraumatic and traumatic etiologies. Iatrogenic post
operative CSF leaks may occur after skull base tumor 
resection as a result of dural or bony defects, despite intra
operative attempts at a watertight dural closure. Orthostatic 
headaches are a characteristic symptom, and CSF rhinorrhea 
may be evident. CSF fistulas after middle cranial fossa or cer
ebellopontine angle surgery occur infrequently, and usually 
the CSF leaks through the auditoty tube to the nasopha1ynx. 
Dural closure in the posterior fossa after suboccipital 
craniectomy is often difficult and not watertight. A fistula in 
that area usually results in a pseudomeningocele, which is 
clinically apparent as subcutaneous swelling at the incision 
site with potential wound breakdown. 

Leaks after lumbar surgery are unusual but may occur as a 
result of recent myelography, dural tear, or inadequate dural 
closure [22]. In pediatric patients, repairs of meningoceles or 
other spina bifida defects are more likely to present with a 
CSF leak because of dural or fascia! defects. 

The most common presentation of a CSF fistula follows 
trauma. Basilar skull fractures that traverse the ethmoid or fron
tal sinus can lead to CSF rhinorrhea. Another relatively conunon 
fracture follows the long axis of the petrous bone and usually 
involves the middle ear. Hemotympanum may be noted on 
examination, and CSF otorrhea occurs if the tympanic mem
brane is ruptured. Delayed leaks are not uncommon because 
the fistula can be occluded with adhesions, hematoma, or her
niated brain tissue, which temporarily tamponades the defect. 

The diagnosis of a leak is often easily made on clinical exam
ination. At times, the nature of a "drainage fluid" is uncertain 
and laboratory characterization is necessa1y. Dipping the fluid 
for glucose is misleading, as nasal secretions are positive for 
glucose. A chloride level often shows a higher value than in 
peripheral blood, but identification of �z-u·ansferrin is the most 
accurate diagnostic for CSF. This protein is produced by 
neuraminiclase in the brain and is uniquely found in the spinal 
fluid and perilymph [23). 

Postural drainage by patient's head elevation is the prima1y 
trearn1ent of a leak. Placement of a lumbar drainage catheter or 
daily lumbar punctures can be useful nonoperative approaches 
should conservative therapy fail. The use of a continuous lum
bar drainage catheter is somewhat controversial because of the 
potential for inu·acranial contamination from the sinuses if the 
ICP is lowered. To help prevent such complications, the lumbar 
drain collection bag should be maintained no lower than the 
patient's shoulder level and the duration of drainage should not 
exceed 5 clays. 

Intracranial Hypertension. Intracranial hypertension (see 
Chapters 22 and 169) can cause significant neurologic mor
bidity or even death. Access to the intracranial CSF space is 
useful in diagnosis and treatment [24] . A ventriculostomy is 
commonly used as an ICP monitor and as a means to treat 
intracranial hypertension by CSF drainage. An ICP measuring 
device is often placed after traumatic brain inju1y for patients 
who exhibit a deterioration in mental status resulting in a 
Glasgow Coma Scale score less than 8, a motor score less 
than 6 (not aphasic), diffuse brain edema, hematoma (epidu
ral, subdural, intraparenchymal), cortical contusions, or 
absent or compressed basal cisterns on initial CT. ICP moni
toring can also be indicated in cerebrovascular diseases, 
including aneu1ysmal SAH, spontaneous cerebral hematoma, 
ischemic and hypoxic cerebral insults, and intraventricular 

hemorrhage. Obstructive hydrocephalus is another major 
indication for placement of a ventricular catheter for drain
age and monitoring. Cerebral edema also contributes to 
elevated ICP; it often surrounds tumors, intracrani l hema
tomas, ischemic brain, and traumatic contusions, or it could 
occur postoperatively or after cranial radiation therapy . Diffuse 
brain swelling also occurs in the setting of inflammatory and 
infectious disorders such as Reye's syndrome or meningitis, 
or as a result of hyperthermia, carbon dioxide retention, or 
intravascular congestion. 

Drug Therapy. The CSF can be a route of administration for 
medications such as chemotherapeutic agents and antibiotics. 
Trearn1ent of lymphoma and leukemia often involves intra
thecal injections of various agents, which may be infused 
through a lumbar route or an intraventricular injection via an 
implant reservoir. Meningeal carcinomatosis is treated by 
intrathecal chemotherapy (e.g . ,  m.ethotrexate); serial injec
tions of small amounts are performed in an attempt to mini
mize neurotoxicity [25]. Treatment of meningitis and 
ventriculitis may include intrathecal antibiotics in addition to 
systemic therapy. Careful dosage and administration are rec
ommended, especially if the ventricular route is used, as 
many antibiotics can cause seizures or an inflammatory ven
triculitis when given intrathecally. 

Techniques of Cerebrospinal 
Fluid Access 
There are several techniques for CSF aspiration. All proce
dures should be performed using sterile technique, and the 
skin is prepared with antiseptic washing and draped with 
sterile towels. 

LUMBAR PUNCTURE. Lum.bar puncture is a common pro
cedure that is readily performed by the general practitioner, 
rarely requiring radiologic assistance. It can be performed in 
any hospital or outpatient setting where commercially pre
pared lumbar puncture trays are available. In patients with 
advanced degenerative changes or extensive previous lumbar 
surge1y or congenital defects, the use of fluoroscopic needle 
placement may be required. Cl-2 punctures are seldom 
required. 

In adults, CSF aspirations are adequately performed 
under local anesthesia using 1 % lidocaine without premedi
cation. In the pediatric population, however, sedation is 
often required and allow for a smoother procedure. This is 
also true in the case of anxious, confused, or combative 
adult patients. 

Oral or rectal chloral hydrate is often used in children, 
and conscious sedation using intravenous midazolam and 
fentanyl can be highly successful in adults and c ildren if 
performed by an experienced individual under appropriate 
monitoring. The application of a topical anesthetic, such as 
EMLA cream (2 .5% lidocaine and 2 . 5% prilocaine, Astra 
Pharmaceuticals, Westboro, MA), preceding injection can 
also be useful. It is most effective if combined with an 
occlusive dressing and left undisturbed for approximately 
60 minutes. On the other hand, it has been demonstrated in 
a controlled clinical trial that in the neonatal population, 
injection of a local anesthetic for lumbar puncture is proba
bly not required and does not reduce perceived stress or 
discomfort [26) . 
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Fig. 21-1. Patient in the lateral decubitus position with back at edge 
of bed and knees, hips, back, and neck flexed. [From Davidson RI: 
Lumbar puncture, in VanclerSalm TJ (eel): Atlas of Bedside Procedures. 
2nd eel. Boston, Little, Brown and Company, 1988, with permission.] 

Figures 21-1 and 2 1-2 depict some of the steps for lumbar 
puncture [271. The patient is placed in the lateral knee-chest 
position or sitting while leaning fo1ward over a bedside table. 
The sitting position is often preferred in obese patients, in 
whom adipose tissue can obscure the midline, or in elderly 
patients with significant lumbar degenerative disease. The 
local anesthetic is injected subcutaneously using a 25- or 27-
gauge needle. A 1 .5-in. needle is then inserted through the 
skin wheal and additional local anesthetic is injected along the 
midline, thus anesthetizing the interspinous ligaments and 
muscles. This small anesthetic volume is usually adequate; 
however, a more extensive field block is accomplished by 
additional injections on each side of the interspinous space 
near the lamina [28]. 

The point of skin entry is midline between the spinous 
processes of L3-4, at the level of the superior iliac crests. 
Lower needle placement at L4-5 or LS to Sl is required in 
children and neonates to avoid injury to the conus med
ullaris, which lies more caudal than in adults. The needle is 

Fig. 21-2. Patient sitting on the edge of the bed, leaning on bed
side stand. [From Davidson RI: Lumbar puncture, in VanclerSalm TJ 
(eel): Atlas of Bedside Procedures. 2nd eel. Boston, Little, Brown and 
Company, 1988, with permission.] 
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Fig. 21-3. The spinal needle i s  advanced to  the spinal subarach
noicl space and cerebrospinal fluid samples collected after opening 
pressure is measured. [Reprinted from Davidson RI: Lumbar puncture, 
in VanclerSalm TJ (eel): Atlas of Bedside Procedures. 2nd eel. Boston, 
Little, Brown and Company, 1988, with permission.] 

advanced with the stylet or obturator in place to maintain 
needle patency and prevent iatrogenic intraspinal epider
moid tumors [2] . The bevel of the needle should be parallel 
to the longitudinal fibers of the dura or to the spinal col
umn. The needle should be oriented rostrally at an angle of 
approximately 30 degrees to the skin and virtually aiming 
toward the umbilicus. When properly oriented, the needle 
passes through the following structures before entering the 
subarachnoid space : skin, superficial fascia, supraspinous 
ligament, interspinous ligament, ligamentum flavum, epidu
ral space with its fatty areolar tissue and internal vertebral 
plexus, dura, and arachnoid membrane (Fig. 2 1 -3).  The 
total depth varies from less than 1 in. in the very young 
patient to as deep as 4 in. in the obese adult. The kines
thetic sensations of passing through the ligaments into the 
epidural space followed by dural puncture are quite consis
tent and recognized with practice. Once intradural, the 
bevel of the needle is redirected in a cephalad direction to 
improve CSF flow. An 18- to 20-gauge spinal needle should 
be used for pressure measurement. The opening pressure 
is best measured with the patient's legs relaxed and 
extended partly from the knee-chest position. Pressure 
measurements may be difficult in children and may be esti
mated using CSF flow rate [29]. Once CSF is collected, the 
closing pressure is measured before needle withdrawal. It 
is best to replace the stylet in the needle before exiting the 
subarachnoid space. CSF pressure measurements are not 
accurate if performed in the sitting position due to the 
hydrostatic pressure of the CSF column above the entry 
point or if a significant amount of CSF was lost when the 
stylet is first withdrawn. If necessa1y, the pressure could be 
measured by reclining the patient to the lateral position 
once entry in the CSF space has been secured. A coaxial 
needle was found to be helpful in morbidly obese patients 
[30] 

Although a lumbar puncture is typically safe, there are a 
number of potential complications and risks involved. Hem
orrhage is uncommon but can be seen in association with 
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bleeding disorders and anticoagulation therapy. Spinal SAH 
has been reported under such conditions, resulting in 
blockage of CSF outflow with subsequent back and radicu
lar pain with sphincter disturbances and even paraparesis 
[3 1 ] .  Spinal subdural hematoma is likewise infrequent, but it 
is associated with significant morbidity. Surgical interven
tion for subdural clot evacuation must be prompt. Infection 
by introduction of skin flora in the subarachnoid spaces, 
causing meningitis, is uncommon and preventable if aseptic 
techniques are used. Risks of infection are increased in 
serial taps or placement of lumbar catheters for the treat
ment of CSF fistulas. 

Postdural puncture headache (PDPH) is the most com
mon complication after lumbar puncture. Its reported fre
quency varies from 1 % to 70% [32] .  It is thought to be due to 
excessive leakage of CSF into the paraspinous spaces, 
resulting in intracranial hypotension with stretching and 
expansion of the pain-sensitive intracerebral veins. MRI has 
demonstrated a reduced CSF volume after lumbar puncture 
but no significant brain displacement and no correlation 
with PDPH [33]. Psychological factors and previous history 
of headaches seem to strongly influence the patient's risk of 
and tolerance to PDPH [34]. A smaller needle size, parallel 
orientation to the dural fibers, and a paramedian approach 
are associated with a decreased risk of PDPH. The reinser
tion of the styler before withdrawal of the spinal needle has 
also been reported to decrease the risk of headache after 
lumbar puncture [32]. 

The choice of needle type bas been the subject of litera
ture debate. Several needle tip designs are available, includ
ing the traditional Quincke with a beveled cutting tip; the 
Sprotte with a pencil point and side hole; and the Whitacre, 
which is similar to the Sprotte but with a smaller side hole 
[351 . When comparing needle types, many researchers have 
mixed the comparisons of size and tip designs. Therefore, it 
is difficult to make conclusive statements regarding the use 
of blunt-tipped or atraumatic needles, especially when cost 
issues are to be considered. The cost of a Whitacre or 
Sprotte atraumatic spinal needle is several times that of a 
Quincke needle. However, the use of an atraumatic needle 
seems to be adequate for the performance of a diagnostic 
lumbar puncture and is probably associated with a lower 
risk of PDPH [36] . 

PDPH typically develops within 72 hours and lasts 3 to 5 
clays. Conservative treatment consists of bed rest, hydration, 
and analgesics. Nonpbenothiazine antiemetics are adminis
tered if the headache is associated with nausea. If the symp
toms are more severe, metbylxanthines (e.g. ,  caffeine or 
theophylline) are prescribed orally or parenterally. These 
agents are successful in up to 85% of patients [371. Several 
other pharmacologic agents are discussed in the literature, 
but none seems to be as effective as caffeine . If the head
ache persists or is unaffected, an epidural blood patch is 
then recommended, as it is one of the most effective treat
ments for this condition [38]. Epidural injection of other 
agents, such as saline, dextran, or adrenocorticotropic hor
mone, has also been described and may be valuable under 
certain conditions (e.g . ,  sepsis, acquired immunodeficiency 
syndrome) [391. 

Other parameters controlling needle choice include the 
purpose of the procedure and whether an injection is to be 
performed. If a pressure reading is an important part of the 
procedure, a larger-gauge needle is necessary, especially if 
an atraumatic tip is to be used. CSF flow rate is also slow in 
the smaller-size atraumatic needle, and a 20-gauge needle is 
probably required for large-volume drainage [361. Needles 
as small as 26- or 27-gauge can be used for aspiration or 

therapeutic infusion. Injection through an atraumatic spinal 
needle has to be carefully performed, because the needle 
hole is lateral and not directly at the tip:  This has cldavorecl 
the use of blunt-tipped needles in myelography to avoid 
subdural injection. 

An uncommon sequela of lumbar puncture or co tinuous 
CSF drainage is hearing loss. Drainage decreases ICP, which 
is transmitted to the pe1ilymph via the cochlear queduct 
and can cause bearing impairment [40]. The rate of occur
rence of this complication is reported to be 0.4% but is prob
ably higher, because it goes unrecognized and seems 
reversible. There are a few documented cases of irreversible 
bearing loss [41 ] .  

Transient sixth-nerve palsy has also been reported, proba
bly clue to nerve traction after significant CSF remo al. Neu
rovascular inju1y can occur uncommonly in the setring of a 
subarachnoid block due to spinal tumors. In this ituation, 
CSF drainage leads to significant traction and spin 1 coning 
with subsequent neurologic impairment [42,43]. 

LATERAL CERVICAL (C l-2) PUNCTURE. The Cl-2 or lat
eral cervical puncture wa originally developed for percuta
neous cordotomy. It may be used for myelography or 
aspiration of CSF if the lumbar route is inaccessible. It is 
most safely performed by a radiologist under fluoroscopic 
guidance, although that i not always necessary. The punc
ture is performed with the patient supine, the head and neck 
flexed, and the lateral neck draped. The skin entry point is 1 
cm caudal and 1 cm dorsal to the tip of the mastoid process. 
The site is infiltrated with a local anesthetic, and the spinal 
needle is introduced and directed toward the junction of the 
middle and posterior thirds of the bony canal to void an 
anomalous vertebral or posterior inferior cerebellar arte1y 
that may lie in the anterior half of the canal .  T e styler 
should be removed frequently to check for CSF egress. 
When the procedure is performed under fluoroscopy, the 
needle is seen to be perpendicular to the neck and just 
under the posterior ring of C l .  The same sensation is recog
nized when piercing the dura as in a lumbar puncrnre, and 
the bevel is then directed cephalad in a similar fashion. 
Complications of the late�tl cervical puncture inclu e injury 
to the spinal cord or the vertebral artery and irritation of a 
nerve root, causing local pain and headache. 

CISTERNAL PUNCTURE. A cisternal puncture provides 
CSF access via the cisterna magna when other routes are not 
possible. A preoperative lateral skull radiograph is per
formed to ensure normal anatomy. The patient is positioned 
sitting with the bead slightly flexed. The hair is shaved in the 
occipital region and the area prepared, draped, ncl infil
trated with lidocaine. The entry point is in the miclline 
between the external occipital protuberance in the upper 
margin of the spinous process of CZ or via an imagina1y line 
through both external auditory meati [5]. The spinal needle 
is directed through a slightly cepbalacl course and usually 
strikes the occipital bone. It is then redirected more caudally 
in a stepwise fashion until it passes through the atlantooccip
ital membrane and clura, producing a "popping" s nsation. 
The cisterna magna usually lies 4 to 6 cm deep to the skin; 
the needle should not be introduced beyond 7.0 to 7 .5  cm 
from the skin, to prevent injury to the medulla or t' e verte
bral arteries.  The procedure can be performed :-elatively 
safely in a cooperative patient as the cisterna magna is a 
large CSF space; however, it is rarely practiced clue to the 
greater potential morbidity. 



Fig. 21-4. Close-up view of Rickham reservoir in the calvarial 
opening, the funneled base connected directly to the proximal end of 
the ventricular catheter. The distal perforated encl is shown. 

ASPIRATION OF RESERVOIRS AND SHUNTS. Inline sub
cutaneous reservoirs in ventriculoatrial or ventriculoperito
neal shunting systems are located proximal to the 
unidirectional valve and can be accessed percutaneously. 
The reservoirs are usually button-sized, measuring approx
imately 7 to 10 mm in diameter and 2 mm in height. They 
can be located in the burr hole directly connected to the 
ventricular catheter (Fig. 2 1-4) or as an integral part of the 
valve system (Fig. 2 1 -5).  Indications for reservoir taps have 
been previously discussed. 

The procedure can be performed in any hospital or outpa
tient setting. Gloves, mask, antiseptic solution, razor, sterile 
drapes, 23- or 25-gauge needle (short-hub or butterfly), tuber
culin syringe, and sterile collection tubes are readied. The 
patient can be in any comfortable position that allows access 
to the reservoir. Sedation may be required for toddlers but is 
othe1wise unnecessary. Reference to a skull radiograph may 
be helpful in localization. The reservoir is palpated, the overly
ing hair is shaved, and the skin is cleansed. Local anesthesia is 
usually not required. The use of topical anesthetic creams is 
occasionally considered, but it requires shaving of a larger area 
of the scalp. The needle is inse1ted perpendicular to the skin 
and into the reservoir, to a total depth of 2 to 5 mm. A manom
eter is then connected to the needle or butterfly tubing for 
pressure measurement. Drug injection or CSF collection is per
formed. A "dry tap" usually indicates faulty placement or cath
eter obstruction. Occasionally, an old reservoir may have 
retracted into the burr hole and not be palpable or may be too 
calcified for needle penetration. Older shunting systems may 
not even have a reservoir. Risks and complications of shunt 
aspiration include improper insertion, contamination with skin 
flora, introduction of blood in the shunt system, and choroid 
plexus hemorrhage due to vigorous aspiration. Although the 
aspiration technique is quite simple, it is always best to consult 
a neurosurgeon. 

Lumboperitoneal Shunt. Lumboperitoneal shunts are 
placed via percutaneous insertion of a lumbar subarach
noid catheter or through a small skin incision. They are 
tunneled subcutaneously around the patient's flank to the 
abdomen, where the distal catheter enters the peritoneal 
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Fig. 21-5. A domed reservoir in series in one type of shunt valve. 
The large, clear-domed area for puncture lies immediately proximal to 
the one-way valve. 

cavity through a separate abdominal incision. A reservoir, 
valve, or both may be used and are located on the lateral 
aspect of the flank. Careful palpation between the two inci
sions usually reveals the tubing path and reservoir place
ment in the nonobese patient. Aspiration is simple after the 
patient is placed in lateral decubitus position. A pillow 
under the dependent flank may be of assistance. The same 
technique as described for a ventricular shunt is then per
formed. Fluid aspiration should be particularly gentle, 
because an additional risk of this procedure is nerve root 
irritation. 

Fig. 21-6. Close-up view of an Ommaya clouble-clomecl reservoir, 
the caudal half of which is designed to lie within the burr hole. 
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Fig. 21- 7. Coronal section through the brain at the level of the 
frontal horns, illustrating the subgaleal/epicalvarial location at the 
Ommaya reservoir, with the distal perforated part of the catheter lying 
within d1e ventricle. 

Ommaya and Other Reservoirs. Ommaya and ocher res
ervoirs are inserred as part of a blind system consisting of 
a catheter located in a CSF space, usually the lateral ventri
cle, and without distal runoff. Such systems are placed for 
CSF access purposes only, such as for instillation of antibi
otics or chemotherapeutic agents or CSF aspiration for 
treatment and monitoring. The reservoirs do not divert or 
shunt CSF. 

Ommaya reservoirs are dome-shaped srructures (Fig. 21-6) 
with a diameter of 1 to 2 cm and have a connecting port 
placed at their base or side. They are placed subcutaneously 
and attached to a ventricular subarachnoid catheter (Fig. 
2 1 -7). Aspiration technique is essentially the same as from a 
shunt reservoir; however, the Ommaya reservoir is often 
larger and differs in shape from many shunt reservoirs. It is 
accessed, preferably, with a 25-gauge needle or butterfly. CSF 
is allowed to flow by gravity if possible; a volume equal to 
that to be instilled is removed and held for analysis or reinjec
tion. The antibiotic or chemotherapeutic agent is injected; 1 
ml of CSF or sterile saline can be used to flush the dose into 
rhe ventricle, or gentle barbotage of the reservoir may be per
formed to achieve the same goal. Risks and complications are 
essentially the same as in shunt aspirations (i .e. ,  infection, 
bleeding, improper insertion), with the addition of chemical 
ventriculitis or arachnoiditis. 

VENlRICULOSTOMY. A ventriculostomy is a catheter placed 
in the lateral ventricle for CSF drainage or ICP monitoring 
and treatment. It is performed by a neurosurgeon in the 
operating room, at the bedside in the intensive care unit, or 
in the emergency department. It is usually performed 
through the nondominant hemisphere and into the frontal 
horn of the lateral ventricle. An alternate approach is to can
nulate the occipital horn or trigone through an occipital 
entry point located 6 cm superior to the inion and 4 cm from 
the midline. Premedication is not necessa1y unless the 
patient is ve1y anxious or combative. Radiographic guidance 

is typically not required unless the procedure is being per
formed stereotactically. CT or MRI stereotaxy is needed if 
the ventricles are small, as in diffuse brain swelling or slit
ventricle syndrome. Complications of ventriculostomy placement 
include meningitis or ventriculitis, scalp wound infection, 
intracranial hematoma or cortical injury, and failure to can
nulate the ventricle. 

LUMBAR DRAINAGE. Continuous CSF drainage via a lum
bar catheter is useful in the treatment of CSF fistulas and as 
a provocative test to demonstrate the potential effects of 
shunting in normal pressure hydrocephalus or ventriculo
megaly of various etiologies. Commercially available lum
bar drainage kits are clo ed sterile systems that drain into a 
replaceable collection bag. Catheter placement is per
formed just as in lumbar puncture, but a large-bore Tuohy 
needle is used, through which the catheter is threaded 
once CSF return has been confirmed. Needle orientation 
follows the same guidelines as discussed for a lumbar 
puncture and is even more important in the cas of this 
large-gauge needle. Epidural catheter kits could also be 
used, although the catheters tend to be slightly st iffer and 
have a narrower diameter. 

Complications include hemorrhage in the epidur l or sub
arachnoid space, infection, inability to aspirate CSF, CSF 
leak, nerve root irritation, and most ominously, a supratento
rial subdural hematoma secondary to overdrain ge. This 
complication tends to be more common in elderly individu
als. The potential for overdrainage is significant because of 
the large diameter of the catheter, and because the amount 
of drainage depends on the cooperation of the patient and 
the nursing staff. 

Summary 
Of the various techniques available for CSF access, lumbar 
puncture is the procedure most commonly and s fely per
formed by the general practitioner. Other techniques are 
described that may require the assistance of a radiologist, neu
rologist, anesthesiologist, or neurosurgeon. 
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22. Neurologic and Intracranial 
Pressure Monitoring 

Physiologic monitoring, both systemic and neurologic, is rou
tinely used in the management of critically ill patients with 
neurologic diseases such as traumatic brain inju1y (TBI), sub
arachnoid hemorrhage (SAH), stroke, and ischemic encephal
opathy after cardiac arrest. When choosing monitors, the risks 
of each monitoring technique must be weighed against the ben
efits (whether proven or inferred) that are confe1Ted by the 
information generated. Other important characteristics include 
the ability of a technique to detect abnormalities (sensitivity), 
differentiate between dissimilar disease states (specificity), and 
to alter long-term prognosis (Table 22-1) .  The design of a mon
itoring device necessitates tradeoffs between various perfor
mance characteristics. For instance, a monitor with high positive 
predictive value (i .e. ,  that falls outside threshold values only 
when cerebral ischemia is unequivocally present) is unlil<ely to 
detect less-profound ischemia. A monitor that is highly sensitive 
to changes in cerebral oxygenation frequently warns of small 
changes tl1at are unlikely to produce brain injury. 

The impo1tance of brain monitoring is based on tl1e high vul
nerability of tl1e brain to ischemic inju1y. TI1e brain uses more 
oxygen and glucose per 100 g of tissue than any large organ, yet 
has no appreciable reserves of oxygen or glucose and is tlrns 
completely dependent upon uninte1rnpted cerebral blood flow 
(CBF) to supply the metabolic substrates required for continued 
function and survival .  Even transient interruptions in CBF, 
whetl1er local or global, can injure or kill neural cells. Therefore, 
clinical monito1ing of neuronal well-being emphasizes early 
detection and reversal of potentially dangerous conditions. 
Although no compelling data demonstrate that morbidity and 
mortality are altered by tl1e information gathered from cu1Tent 
neurologic monitoring techniques, most clinicians caring for 
patients witl1 critical neurologic illness have confidence tl1at their 
use improves management. In tl1is chapter, we will review cur
rently available techniques, emphasizing me following questions: 

1. Under what circumstances do simple measurements of sys
ten1ic variables, such as blood pressure, tl1e pa1tial pressures 
of carbon dioxide (Paco2) and oxygen (Pao2), and body 
temperature fail to provide sufficient information about tl1e 
adequacy of cerebral oxygen delive1y? 

2. Under what circumstances does more precise information 
about the adequacy of cerebral oxygen delivery direct 
tl1erapeutic interventions that in1prove outcome of patients 
at risk? 

3. In what situations is the proportion of patients that 
develop avoidable injury sufficiently large to justify the 
risk and cost of the application of the neurologic monitor
ing device? 

Goals of Brain Monitoring 
Monitoring devices cannot independently improve outcome. 
Instead, they contribute physiologic data that can be integrated 
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into a care plan that, despite adding any risks mat are entailed 
by the monitoring device , may lead to an overall decrease in 
morbidity and mortality. The risks inherent in the monitoring 
technique cannot be overemphasized. Consider me flow
directed, pulmonary arterial cameter as a paradigm of risk ver
sus benefit. The pul.mona1y arterial catheter provides real-time 
hemodynamic data in critically ill patients and can readily be 
used to guide fluid replacement and inotropic infusions, yet has 
failed to improve overall morbidity and mortality [l] . Perhaps 
the potential benefits of me monitor are counterbalanced by 
inadequate physician training, poor data interpretation, and the 
inherent risks of central cameterization. As a result, improved 
patient selection, clinician education, and ongoing research are 
required to improve results [2,3]. Sinillar concerns, le s exten
sively studied, apply to neurologic monitoring. 

Neurologic monitoring falls into two general categories: qual
itative measurements [e.g . ,  electroencephalographic (EEG) and 
evoked-potential (EP) monitoring] and quantitative/semiquanti
tative monitors [e.g. ,  intracranial pressure (ICP), transcranial 
Doppler ultrasonography, jugular bulb venous oxygen satura
tion (Sjvo2), and brain tissue oxygen tension (Pbto2)]. Qualita
tive monitoring provides information as to the integrated 
functioning of the brain/nervous system, whereas quantitative 
monitoring provides specific measurements that may be useful 
in directing specific therapeutic interventions and gauging ther
apeutic effectiveness. 

Nonneurologic examples of qualitative and quantitative 
monitors include peripheral nerve stimulation for assessing 
neuromuscular blockade and continuous electrocardiography 
(ECG), respectively. Peripheral nerve stimulation ass sses the 
qualitative function of the neuromuscular junction by depolar
izing a peripheral nerve and evaluating the muscle response. 
It provides information about overall function, but does not 
uniquely identify or quantify the nature of abnormalities. Con
tinuous ECG provides specific and quantitative inf rmation 
about heart rate and rhythm and facilitates evaluation of inter
ventions, such as beta-blocker adn1inistration for the treat
ment of sinus tachycardia, but does not provide inf rmation 
about the adequacy of cardiac function with respect to sys
temic needs. For each example, the limitations of the device 
are well known and information can be interpreted within the 
context of the monitor. Failure to appreciate these limitations 
can interfere with patient management. Indeed, few clinicians 
would assess cardiac we being based only on the ECG. In 
the same way, care must be taken when applying information 
gathered from neurologic monitoring. 

Cerebral Ische1nia 
Virtually all neurologic monitors detect actual or possible 
cerebral ischemia, defined as cerebral delivery of oxygen 
(CDo,) insufficient to meet metabolic needs. Cerebral 
ische1nia is traditionally characterized as global or focal and 



Table 22-1. Glossary of 1eurologic Moniror Characteristics 

Term 

Bias 

Precision 

Sensitivity 

Positive predictive value 

Specificity 

Negative predictive 
value 

Threshold value 

Speed 

Definition 

Average difference (positive or negarive) 
between monitored values and "gold 
standard" values 

Standard deviation of the differences 
(bias) between measurements 

Probability that the monitor demonstrates 
cerebral ischemia when cerebral 
ischemia is present 

Probability thar cerebral ischemia is 
present \Vhen the monitor suggests 
cerebral ischemia 

Probability that the monitor will nor dem
onstrate cerebral ischemia when cere
bral ischemia is not present 

Probability that cerebral ischemia is nor 
present when the monitor reflects no 
cerebral ischemia 

The value used to separate acceptable 
(i .e. ,  no ischemia present) from unac
ceptable (i .e . ,  ischemia present) 

The time elapsed from the onset of actual 
ischemia or the risk of ischemia until 
the monitor provides evidence 

complete or incomplete (Table 22-2). Systemic monitors 
readily detect most global cerebral insults, such as hyporen
sion, hypoxemia, and cardiac arrest. Therefore, brain-specific 
monitors can provide additional information primarily in situ
ations, such as stroke, SAH with vasospasm, and TBI, in 
which focal cerebral oxygenation may be impaired despite 
adequate systemic oxygenation and perfusion. 

The severity of ischemic brain damage is proportional to 
the magnitude and duration of reduced CDo2. For monitoring 
to affect long-term patient morbidity and mortality, recogni
tion of reversible cerebral ischemia is one of the prima1y 
goals. In monkeys, potentially reversible paralysis develops if 
regional CBF declines below about 23 mL • lOOg-1 • min- 1 ;  
whereas infarction of  brain tissue generally requires that CBF 
remain below 18 mL • lOOg-1 • min-1 [4] .  The tolerable dura
tion of more profound ischemia is inversely proportional to 
the severity of CBF reduction (Fig. 22- 1 ) .  

When a cerebral monitor detects ischemia, the results must 
be carefully interpreted. Often, all that is known is that cere
bral oxygenation in the region of brain that is assessed by that 
monitor has fallen below a critical threshold. Such information 
does not imply that ischemia will progress to infarction. 
Because more severe ischemia produces neurologic inju1y in 
less time than less severe ischemia, a time and close effect 
must be considered. Therefore, it is impossible to use a 
threshold monitor to predict with certainty whether changes 
in neurologic function will be followed by irreversible cere
bral inju1y. In addition, if regional ischemia involves structures 
that are not components of the monitored variable, then 
infarction could develop without warning. 

Table 22-2. Characteristics of Types of Cerebral Ischemic Insults 

Characteristics 

Global, incomplete 

Global, complete 
Focal, incomplete 

Examples 

Hypotension, hypoxemia, cardiopulmonary 
resuscitation 

Cardiac arrest 
Stroke, subarachnoid hemorrhage with 

vasospasm 
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Fig. 22-1. Schematic representation of ischemic tl1resholds in awake 
monkeys. The threshold for reversible paralysis occurs at local cerebral 
blood flo,v of approximately 23 mL • lOOg-1 • min-1. Irreversible 
inju1y (infarction) is a function of the magnitude of blood flow reduc
tion and the duration of that reduction. Relatively severe ischemia is 
potentially reversible if the duration is sufficiently short. MCA, middle 
cerebral artery. (From Jones TH, JVlorawetz RB, Crowell RM, et al: 
Thresholds of focal cerebral ischemia in avvake monkeys. j Neurosurg 
54:773-782, 198 1 ,  with permission.) 

In healthy persons, CBF is tightly regulated through multiple 
patl1ways such that CDo2 is adjusted to meet the metabolic 
requirements of tl1e brain. In the normal, "coupled" relationship, 
CBF is dependent on tl1e cerebral metabolic rate for oxygen 
(CMRo2), which varies directly with body temperature and witl1 
tl1e level of brain activation (Fig. 22-2A). As CMRo2 increases or 
decreases, CBF increases or decreases to match oxygen require
ments with oxygen clelive1y. Pressure autoregulation maintains 
CBF at a constant rate (assuming unchanged metabolic needs) 
over a wide range of systemic blood pressures (Fig. 22-28). lf 
pressure autoregulation is intact, changes of cerebral perfusion 
pressure (CPP) do not alter CBF over a range of pressures of 50 
to 130 mm Hg [5]. CPP is described by tl1e equation: 

CPP = MAP - ICP 

where MAP = mean arterial pressure. 
After neurologic insults such as TBI , the cerebral vascula

ture may have an impaired ability to increase CBF in response 
to decreasing CPP [6-8]. This failure to maintain adequate 
CDo2 can lead to ischemia and acid to preexisting brain inju1y. 

Normally, Paco2 powerfully regulates cerebral vascular resis
tance over a range of Paco2 of 20 to 80 mm Hg (Fig. 22-2C). CBF 
is acutely halved if Paco2 is halved, and doubled if Paco2 is dou
bled. However, in healtl1y brain, tl1ere are limits to maximal cere
bral vasodilation and vasoconstriction, such that decreases in CBF 
to the point of inadequate CDo2 are countered by local vasodila
tory mechanisms to restore flow and CDo2. In healtl1y brain, 
hype1ventilation does not produce severe cerebral ischemia; 
however, after TB!, hypocapnia can result in inadequate CDo2 as 
reflected in decreased Pbto2 and Sjvo2 [9,10]. Thus, one indication 
for cerebral m .. )'genation monitoring includes tl1e intent to use 
tl1erapeutic hype1ventilation, in which case monitoring can influ-
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Fig_ 22-2. A: The normal relationship between the cerebral metabolic rate of oxygen consumption (CMR02) and 
cerebral blood flow (CBF) is characterized by closely coupled changes in both variables. Normally, CBF is 50 ml per 
100 g per minute in adults (open triangle). As CMRo2 increases or decreases, CBF changes in a parallel fashion (solid 
line). B: Effect of mean a1terial pressure (MAP) on CBF. Note that changes in MAP produce little change in CBF over a 
broad range of pressures. If intracranial pressure exceeds normal limits, substitute cerebral perfusion pressure on the 
horizontal axis. C: Effect of partial pressure of carbon dioxide (Paco2) on CBF. Changes in Paco2 exe1t powerful effects 
on cerebral vascular resistance across the entire clinically applicable range of values. 

ence the endpoint of hype1ventilation [1 1-13]. If hyperventilation 
is required to acutely reduce ICP, administration of an increased 
inspired oxygen concentration can markedly increase Sjvo2 (Fig. 
22-3) [13]. In response to decreasing aiterial oxygen content 
(Cao2), whether the reduction is secondary to a decrease of 
hemoglobin concentration ([Hgb]) or of aiterial oxygen saturation 
(Sao2), CBF normally increases, although injured brain tissue has 
impaired ability to increase CBF (14-16]. 

Techniques of 
Neurologic Monitoring 
Frequent, accurately recorded neurologic examinations are 
an essential aspect of neurologic monitoring. Neurologic 
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Fig. 22-3. The effect of hyperoxia on percent oxygen saturation of 
jugular venous blood (Sjvo2) at two levels of partial pressure of car
bon dioxide (Paco). Stars indicate p <.001 for Sjvo2 at Paco2, 25 to 30 
mm Hg at each partial arterial pressure of oxygen (Pao2) . The daggers 
indicate p <.001 for Sjvo2 between Pao2 at each Paco2 level. Circles 
indicate Pao2 of 100 to 150 mm Hg. Squares indicate Pao2 of 200 to 
250 mm Hg. (From Thiagarajan A, Goverdhan PD, Chari P et al :  The 
effect of hyperventilation and hyperoxia on cerebral venous oxygen 
saturation in patients with traumatic brain injury. Anestb Analg 
87:850-853, 1998, with permission.) 

examination quantifies three key characteristics: level of con
sciousness, focal brain dysfunction, and trends in neurologic 
function. Recognition of changing consciousness may warn of a 
variety of treatable conditions such as progression of intracra
nial hypeitension, and systemic complications of intracranial 
pathology such as hyponatremia. Focal neurologic findings 
suggest a localized lesion. Comparable levels of consciousness 
imply better prognoses in patients who are improving than in 
those who are deteriorating. When the condition of patient 
deteriorates, or when techniques such as deep sedati n or use 
of muscle relaxants are used, neurologic examination ecomes 
less informative, and other monitoring techniques must be 
used. Even so, changes in the neurologic examination over 
time remain an impoitant aspect of medical care. 

The Glasgow Coma Scale (GCS), originally developed as a 
prognostic tool for patients with TBI [17] ,  has become popular 
as a quick, reproducible estimate of level of consciousness 
(Table 22-3). The scale, which includes eye openin , motor 
responses in the best functioning limb, and verbal responses, 

Table 22-3. Glasgow Coffta Scale 

Component 

Eye opening 

Motor response 
(best extremity) 

Best verbal response 

Response 

Spontaneously 
To verbal command 
To pain 

one 

Obeys verbal command 
Localizes pain 
Flexion-withdrawal 
Flexor (decorticate pos-

curing) 
Extensor (decerebrate 

posturing) 
No response (flaccid) 

Oriented and converses 
Disoriented and con-

verses 
Inappropriate words 
Incomprehensible sounds 
No verbal response 

Score 

4 
3 
2 

Subtotal :  1-4 
6 
5 
4 
3 

2 

1 
Subtotal: 1-6 
5 
4 

3 
2 

Subtotal: 1-5 
Total: 3-15 
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should be supplemented by recording pupillary size and reac
tivity and the status of focal neurologic findings. The scale is 
used to characterize the severity of TBI, with severe TBI 
defined as a GCS score less than or equal to 8, moderate TBI 
as a GCS score of 9 to 12, and mild TBI as that associated with 
a GCS score greater than 1 2  [18] . Lower GCS scores are asso
ciated with poorer long-term outcomes [9). 

Systemic Monitoring 
Monitoring of blood pressure, Sao2, and body temperature 
provides important data about the adequacy of global brain 
oxygenation and the vulnerability of the brain to ischemic 
injury. Perhaps the most important systemic monitor is blood 
pressure, because CPP is a determinant of outcome, especially 
in head-injured patients. Chesnut et al. reported that even 
brief periods of hypotension (systolic blood pressure less than 
90 mm Hg) worsened outcome after TBI [19,20) ,  although 
ideal blood pressure management after TBI has yet to be 
defined [21) .  Proposed treatment protocols include CPP 
greater than 70 mm Hg [22) , CPP greater than 60 mm Hg [23), 
or CPP greater than 50 mm Hg, based on assumptions regard
ing cerebral perfusion maintenance [22,23) or aggravation of 
cerebral edema [21) .  

Another essential step in insuring adequate CDo2 is d1e main
tenance of adequate Cao2, which in turn is dependent on [Hgb) 
and Sao2; d1erefore, hypoxemia and anemia can reduce CDo2, 
which may result in compensato1y increases in CBF. However, 
d1ere is a limit to this compensato1y mechanism. As Sao2 (or 
Pao2) decreases below d1e compensato1y threshold, Sjvo2, a mea
sure of ilie ability of CDo2 to supply CMRo2, and jugular venous 
oxygen content (Cjvo2) decrease (Fig. 22-4A) [24). The correlation 
is most evident below a Pao2 of approximately 60 mm Hg, ilie 
Pao2 at which Sao2 is 90% and below which Sao2 rapidly 
decreases. In conu·ast, as [Hgb) is reduced by normovolemic 
hemodilution, Sjvo2 remains relatively constant (Fig. 22-4B) [24]. 

Monitoring of body temperature is a fundamental aspect of 
care of critically ill neurologic and neurosurgical patients, pri
marily because of experimental evidence that mild hype1ther
mia worsens and mild hypothermia attenuates ischem.ic injury. 
The relationship between brain temperature and CMRo2 is 
expressed as ilie Q10, or change in CMRo2 per 10°C change in 
temperature, as follows: 

QIO = (Rl/R2)10/(Tl-T2) 

where Rl and R2 describe CMRo2 at temperatures Tl and T2, 
respectively. The average Q10 value is 2 ,  which predicts a 7% 
change in CMRo2 per degree Celsius. However, hypoiliermia 
(34°C) decreases the basal component of CMRo2 more than 
the active component by reducing membrane permeability to 
Na•-K+ leak [25). 
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Table 22-4. Outcome at Discharge in Relation to Intracranial Diagnosis (% of Patients) 

Outcome DI l DI II DI III Dl N Evacuated mass onevacuated mass 

Good recovery 270 8.5 3 3  3 . 1  5 . 1  2.8 

Moderate disability 34 6 26.0 1 3 . l  3 . 1  17.7 8.3 

Severe disability 19.2 40.7 26.8 18.8 26.0 19.4 

Persistent vegetative state 9 6  1 1 . 2  22.9 18.8 1 2  3 1 6.7 

Death 9.6 135 34 0 56 2 38.8 52 8 

Total 100 100 100 100 100 100 

DI ,  diffuse injury. DI categories I through IV represent increasingly severe classes of diffuse brain injury. 
From J'vlarshall LF, J'vlarshal l  SB, Klauber MR, et al: A new classification of head inju1y based on computerized tomography.] Neurosurg 75:514-520, 1991, with permc ion. 

The method of temperature monitoring is important. Thermal 
gradients exist throughout the body, and the site of measure
ment influences the diagnosis of hypothermia, normothermia, 
or hyperthermia. Measurements of systemic temperature may 
underestimate brain temperature. In the future, direct brain 
temperature monitoring may be preferable in some patients 
(31-33]. 

Brain protection was once considered to be a dose
dependent function of body temperature, with substantial 
benefit obtained only from reduction to temperatures of 
26° to 28°C, such as have been commonly used during car
diopulmonary bypass. In rats subjected to global ischemic 
[26] or traumatic insults (27] , however, mild hypothermia 
(30° to 33°C) provided substantial protection, whereas 
increases of a few degrees above normal worsened out
come. In experimental global ischemia, mild to moderate 
hypothermia attenuated histopathologic damage, inhibited 
glutamate release during ischemia, and reduced hydroxyl 
radical generation during reperfusion [28] . In head-injured 
patients, a single-center, phase I I ,  randomized clinical trial 
demonstrated that reduction of temperature to 33° to 34°C 
within 10 hours of TBI and continuing for 24 hours signifi
cantly improved outcome in patients with admission GCS 
scores of 5 to 7 [29] . However, in a subsequent multicenter 
trial, mild hyporhermia initiated after TBI failed to improve 
outcome [30]. Although induction of hypothermia failed to 
improve outcome, a subgroup of patients who were hypo
thermic on hospital entry and were rewarmed after ran
domization to normothermic managemenr had particularly 
poor outcomes. 

Neuroimaging 
Cranial computed tomographic (CT) scans, magnetic reso
nance imaging (MRI), positron emission spectroscopy (PET) 
scans, cerebral angiography, and radionuclide scans do not 
function as monitors, per se. Rather, they are indicated in 
response to suspicion of a new or progressive anatomic 
lesion, such as a subdural or intracerebral hematoma or cere
bral arterial vasospasm, that requires altered treatment. Most 
neuroimaging modalities provide static, discontinuous data 
and require moving a critically ill patient from the intensive 
care unit (ICU) to a remote location. Even so, these tech
niques play an important role in the overall management of 
patients with brain inju1y. 

CT scans obtained at the time of admission to the hospital 
can provide valuable prognostic information. Marshall et a l .  
predicted outcome of head-injured patients in relation to 
four grades of increasingly severe diffuse brain injury and 

the presence of evacuated or non-evacuated intracranial 
mass lesions (Table 22-4) [34] . Normal CT scans at  admis
sion in patients with GCS scores less than 8 are associated 
with a 10% ro 1 5% incidence of ICP elevation [35- 7] ; how
ever, the risk of ICP elevation increases in patients older 
than age 40 years, those with unilateral or bilateral motor 
posturing, or those with systolic blood pressure less than 90 
mm Hg [351. In the future, the advent of smaller, portable, 
bedside CT scanners may prompt greater use of imaging for 
monitoring. 

Although MRI often provides better resolution than CT 
scans, powerful magnets are incompatible with ferr us met
als, a ubiquitous component of life-support equipment. To 
address this issue, MRI-compatible ventilators and monitors 
have been developed (38]. Recent advances in MRI technol
ogy, such as diffusion-weighted imaging, magnetic resonance 
spectroscopy (carbon, phosphorus, and nitrogen-labeled), 
and phase-contrast angiography may provide information 
about brain function, oxidative metabolic pathways, cere
bral blood volume, and functional CBF (39-43]. These tech
niques, while undergoing further evaluation and validation, 
may one day prove useful in evaluating brain injury and its 
management. Recent clinical evidence of brain mitochon
drial dysfunction after TBI, despite apparently adequate 
CDo2, suggests that functional cellular evaluation and associ
ated therapy may someday be as important as maintaining 
CDo2 (44] 

Cerebral Blood Flow Monitoring 
The first quantitative clinical method of measuremem of CBF, 
the Kety-Schmidt technique [45], calculated global CBF from the 
difference between the arterial and jugular bulb concentration 
curves of an inhaled, inert gas as it equilibrated with blood and 
brain tissue. Later techniques used extracranial garruna detec
tors to measure regional cortical CBF from washout curves after 
intracarotid injection of a radioisotope such as I33xen n ( 1 33Xe) 
[46]. Carotid puncture was avoided by techniques that measured 
cortical CBF after inhaled [47] or intravenous administration of 
133Xe, using gamma counting of exhaled gas to correct clear
ance curves for recirculation of I33Xe. Among the obstacles to 
wider use of 133Xe clearance is technical complexity, cumber
some regulations governing radionuclides, and the sustained 
inte1val of stability (5 to r minutes) required to perform a sin
gle measurement. 

Because Xe is radiodense, saturation of brain tissue increases 
radiographic density in proportion to CBF. Imagin g of the 
brain after equilibration with stable Xe provides a regional 
estimate of CBF that includes deep brain struct res [48]. 
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Clinical studies of CBF after TB! performed using stable Xe 
CT have prompted a radical revision of conventional under
standing by demonstrating that one-third of patients had 
evidence of cerebral ischemia within 8 hours of trauma [7]. 
However, the requirement for an extended motionless inter
val in the CT scanner has inhibited wider use of this tech
nique in critically ill patients. 

In most patients, cerebral arterial flow velocity can be mea
sured easily in intracranial vessels, especially the middle cere
bral arte1y, using transcranial Doppler ultrasonography. Doppler 
flow velocity uses the frequency shift, proportional to velocity, 
observed when sound waves are reflected from moving reel 
blood cells. Blood moving toward the transducer shifts the 
transmitted frequency to higher frequencies; blood moving 
away, to lower frequencies. Velocity is a function both of blood 
flow rate and vessel diameter. If diameter remains constant, 
changes in velocity are proportional to changes in CBF; how
ever, intersubject differences in flow velocity correlate poorly 
with intersubject differences in CBF [49]. Entirely noninvasive, 
transcranial Doppler measurements can be repeated at fre
quent intervals or even applied continuously. The detection 
and monitoring of post-SAH vasospasm remains the most 
common use of transcranial Doppler (Fig. 22-5) [50-52]. How
ever, further clinical research is necessary to define those situa
tions in which the excellent capacity for rapid trend monitoring 
can be exploited. 

Intracranial Pressure Monitoring 
ICP functions as the outflow pressure for the cerebral circu
lation (see equation in Cerebral Ischemia section) when ICP 
exceeds jugular venous pressure. Because the skull is not 
disrensible, the brain, cerebrospinal fluid (CSF), and cerebral 
blood volume have little room to expand without increasing 
ICP. Although CBF cannot be directly inferred from knowl
edge of MAP and ICP, severe increases in ICP reduce CPP 
and CBF. 

The symptoms and signs of intracranial hypertension are 
neither sensitive nor specific. Usually, the physical findings 
associated with increasing ICP (e .g . ,  Cushing's response and 
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Cushing's triad) become apparent only when intracranial 
hypertension has become sufficiently severe to injure the 
brain. Likewise, papilledema is a late development that 
requires skillful ophthalmoscopy for diagnosis. Because ICP 
cannot otherwise be adequately assessed, direct measure
ment and monitoring of ICP has become a common inter
vention, especially in the management of TBI [53], and less 
commonly after critical illnesses such as SAH or stroke . ICP 
monitoring is recommended for the management of patients 
who are comatose after TBI [23]. Clinically, one of three 
sires-a lateral ventricle, the subdural space, or the brain 
parenchyma-is used for measuring ICP. Because pressure 
gradients may exist among various sites, it may be advanta
geous to monitor in or adjacent to the most severely dam
aged hemisphere [54], though some even recommend 
bilateral ICP monitoring to circumvent this problem [55]. 

ICP monitoring provides temporally relevant, quantitative 
information. Continuing debate centers on the use of this 
information to change patient care and reduce morbidity 
and mortality. The problems associated with ICP monitoring 
fall generally into three categories: direct morbidity (e.g. , 
intracranial hemorrhage, cortical damage, and infection), 
inaccurate measurement, and misinterpretation or inappro
priate use of the data. Ventricular catheterization, when per
formed using strict asepsis, is the method of choice for ICP 
monitoring and CSF drainage in patients with acute intracra
nial hypertension and excess CSF (i .e . ,  acute hydroceph
alus). In contrast, intraventricular catheters may be difficult 
to place if cerebral edema or brain swelling has compressed 
the ventricular system. In addition, gradual loss of calibra
tion ("drift") is an inherent problem with hollow catheters 
that are fluid-coupled to external pressure transducers that 
must be "zeroed. "  Catheters also must be zeroed at the level 
of the external auditory meatus. Intraventricular pressure 
monitoring can also be performed with fiberoptic catheters 
that use a variable reflectance pressure sensing system 
(transducer tip) to measure pressure (Camino Laboratories, 
San Diego, CA). These fiberoptic catheters are less suscepti
ble to short-term malfunction than conventional, fluid-filled 
catheters [56] but may slowly drift over days to weeks. 

ICP monitoring from the subdural space uses fluid-coupled 
bolts (simple transcranial conduits), fluid-coupled subdural 
catheters (or reservoirs), or fiberoptic transducer-tipped cathe
ters. Because subdural bolts are open tubes facing end-on 
against the brain surface, brain tissue may herniate into the 
system, obstructing the system, distorting measurements and 
potentially damaging the cerebral cortex. The fiberoptic sys
tem, when inserted subdurally, cannot be easily recalibrated 
after insertion but demonstrates low drift [56]. Of 46 patients 
monitored with fiberoptic catheters in the intraparenchymal 
(n = 43) or intraventricular (n = 3) positions, 1 2% developed 
broken components, 8 .6% required repositioning for errone
ous readings, and epidural hematomas complicated 3 .4% [57]. 
Other investigators reported a rate of contamination of 13.2% 
and a rate of clinically significant infection 2.9% with fiberop
tic ICP catheters [58] . In comparing ventriculostomy with intra
parenchymal ICP devices, ventriculostomy was associated 
with a higher complication rate ( 12 .4% vs. 1 . 2%) and, when 
complications occurred, was associated with a worse Glasgow 
Outcome Scale score [59l. 

In addition to revealing frankly increased ICP, monitoring 
can also reveal temporal information about normal and 
pathologic pressure waveforms. B waves, cycling at a rate of 
two to four per second with an amplitude of 10 mm Hg, 
warn of possible decompensation of intracranial compliance, 
whereas plateau, or A waves, consisting of cyclic increases 
in ICP, often 50 mm Hg or higher, and lasting as long as 15  
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to 30 minutes, suggest impending intracranial catastrophe 
and poor prognosis (60]. 

Management decisions based on ICP data are the focus of 
ongoing debate and study. Clinical studies after TBI have 
demonstrated that increased ICP is associated with worsened 
outcome (61]. Therefore, control of ICP has been considered 

by some clinicians to be the primary focus of treatment (21] ;  
other clinicians have considered restoration of CPP (by 
increasing MAP) to be the primary goal of medical manage
ment (22,62]. To date, the ideal approach has not been estab
lished by outcome trials; therefore practice patterns remain 
variable [63]. Clinical experience with ICP monitoring of head-



injured patients has resulted in publication of clinical guide
lines that have recently been updated using an evidence
based approach (Fig. 22-6) (23]. 

jugular Bulb Venous 
Oxygen Saturation 
Several measurements of cerebral oxygenation have recently 
been clinically evaluated. The most extensively used is Sjvo2, 
which reflects the adequacy of CDo2 to support CMRo2. In 
contrast to ICP and CPP, which provide only indirect informa
tion concerning the adequacy of CDo2 to support CMRo2, 
Sjvo2 directly reflects the balance between these variables on 
a global or hemispheric level. CBF, CMRo2, Cao2, and Cjvo2 
are modeled by the following equation: 

CMRo2 = CBF (Cao2 - Cjvo2) 

In healthy brain, if CMRo2 remains constant as CBF decreases, 
Sjvo2 and Cjvo2 decrease (Fig. 22-4C) [24]. If flow-metabolism 
coupling is intact, decreases in CMRo2 result in parallel decreases 
in CBF and Sjvo2 and Cjvo2 remain constant (Fig. 22-4D) (24]. 

Mixed cerebral venous blood, like mixed systemic blood, is 
a global average and may not reflect marked regional hypo
perfusion. Abnormally low Sjvo2 (i .e . ,  less than 50%, com
pared to a normal value of 65%) suggests the possibility of 
cerebral ischemia; but normal or elevated Sjvo2 does not 
prove the adequacy of cerebral perfusion. Therefore, the neg
ative predictive value of a normal Sjvo2 is poor. 

After placement, monitoring of hemoglobin saturation can 
be achieved through repeated blood sampling. However, 
repeated blood sampling yields only "snapshots" of cerebral 
oxygenation [ 12] ,  and thus provides discontinuous data that 
may miss rapid changes in saturation. To achieve continuous 
monitoring of Sjvo2, indwelling fiberoptic oximetric catheters 
have been used. Because oxyhemoglobin and deoxyhemo
globin absorb light differently, Sjvo2 can be determined from 
differential absorbance. Oximetric jugular bulb catheters have 
proven somewhat challenging to maintain, requiring frequent 
recalibration, repositioning, and confirmation of measured 
saturation by analyzing blood samples in a CO-oximeter (70]. 
The highest frequency of confirmed desaturation episodes 
occurs in patients with intracerebral hematomas, closely fol
lowed by those with SAH. In patients with TBI, the number of 
jugular desaturations is strongly associated with poor neuro
logic outcome; even a single desaturation episode is associ
ated with a doubling of the mortality rate (Fig. 22-7) [71 ] .  

Clinical application of jugular venous bulb cannulation has 
been limited, perhaps in pa1t because the technique is invasive, 
although the risks of cannulation injury, including hematoma 
and injury to the adjacent carotid, are low [64]. To insert a retro
grade jugular venous bulb catheter, the internal jugular vein can 
be located by ultrasound guidance or by external anatomic 
landmarks and use of a "seeker" needle, namely, the same tech
nique used for antegrade placement of jugular venous catheters. 
Once the vessel is identified, the catheter is directed cephalad, 
towards the mastoid process, instead of centrally. A lateral cra
nial radiograph can confirm the position just superior to the 
base of the skull. The decision to place a jugular bulb catheter 
in the left or right jugular bulb is important. Simultaneous mea
surements of Sjvo2 in the right and left jugular bulb demon
strates differences in saturation (65,66], suggesting that one 
jugular bulb frequently is dominant, carrying the greater portion 
of cerebral venous blood [67]. Differences in the cross-sectional 
areas of the vessels that form the torcula and the manner in 
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Fig. 22- 7. Occurrence of jugular venous desaturation was strongly 
associated with a high mortality rate and a poor outcome. Three
momh Glasgow Outcome Scale: white bars represent percentage of 
patients who had good recovery/moderate disability; striped bars rep
resent percentage of patients who had severe disability/persistent 
vegetative state; black bars represent percentage of patients who 
died. (From Gopinad1 SP, Robertson CS, Contant CF, et al :  Jugular 
venous desaturation and outcome after head injury. j Neural Neuro
surg Psychiatry 57:717-723, 1994, with permission.) 

which blood is distributed to the right and left lateral sinus con
tribute to differences between the two jugular bulbs (67]. Ide
ally, a jugular bulb catheter should be placed on t11e dominant 
side, which can be identified as the jugular vein tlwt, if com
pressed, produces the greater increase in ICP or as the vein on 
the side of the larger jugular foramen as detected by CT [68,69]. 

Several modifications of jugular venous oxygen monitoring 
have been proposed. Cerebral extraction of oxygen, which is 
the difference between Sao2 and Sjvo2 divided by Sao2, is less 
confounded by anemia t11an the cerebral A-VDo2 (72]. Another 
concept, termed cerebral hemodynamic reseroe, is defined as 
the ratio of percent change in global cerebral extraction of 
oxygen (reflecting the balance between CMRo2 and CBF) to 
percent change in CPP (73]. This equation attempts to inte
grate cerebral hemodynamics and metabolism with intracra
nial compliance. Cruz et al. found that cerebral hemodynamic 
reserve decreased as intracranial compliance decreased, even 
as a consequence of minor elevations in ICP (73]. Theoreti
cally, this variable may allow more precise management of 
cerebral hemodynamics in patients with decreased intracranial 
compliance. 

Brain Tissue Oxygen Tension 
Another promising technique for monitoring the adequacy of 
CDo2 is direct assessment of Pbto2. Monitoring of Pbto2 over
comes one important limitation of Sjvo2 monitoring, which is 
that the global saturation measurements provide no information 
about regional or focal tissue O:h.')'genation. Only relatively pro
found focal global ischemia causes Sjvo2 to decrease to less than 
the accepted critical threshold of 50%. Even severe regional 
ischemia may not result in desaturation if venous effluent from 
other regions is normally saturated, in part because the absolute 
flow of poorly saturated blood returning from ischemic regions 
is by definition less per volume of tissue than flow from well-
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perfused regions, resulting in a smaller percentage of poorly 
oxygenated to well-oxygenated blood. Intracranial, intraparen
chymal probes have been developed that monitor only Pbto2 or 
that also monitor brain tissue Pco2 and pH (74]. Modified from 
probes designed for continuous monitoring of a.Iterial blood 
gases, intraparerichymal probes can be inserted through multiple
lumen ICP monitoring bolts. Although these probes provide no 
information about remote regions, they nevertheless provide 
continuous information about the region that is contiguous to 
the probe. They also carry the theoretical risk of hematoma for
mation, infection, and direct parenchymal injury. 

Evaluation of Pbto2 after TBI has shown that low pa1tial pres
sures (Pbto2 less than 10 nun Hg for longer than 30 minutes) 
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* 
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Fig. 22-8. The effect of hype1vencila
tion-induced hypocapnia on changes in 
mean arterial blood pressur (MABP), 
intracranial pressure (ICP), c rebral per
fusion pressure (CPP), end-tidal carbon 
dioxide (ETco2), brain tissue oxygen 
tension (Pbto2), and jugular bulb oxirn
et1y (Sjvo2). •, jJ <.05 before hyperventi
lation versus 10 minutes later. (From 
Unterberg AW, Kiening KL, Haiti R, et 
al: Multi.modal monitoring 111 patients 
with head injury: evaluation of the 
effects of t1·eatmenc on cerebral oxygen
ation. j Trauma 42:S32-S37, 1997.) 

powerfully predict poor outcome [75]. Both Pbto2 and Sjvo2 may 
reflect changes in cerebral oxygenation seconda1y to alterations 
in CBF (Fig. 22-8) (76]. However, comparisons of simultaneous 
Pbto2 and Sjvo2 monitoring suggest that each monitor detects 
cerebral ischemia that the other fails to detect. In 58 patients 
with severe TBI, the tw monitors detected 52 episodes in 
which Sjvo2 decreased to less than 50% or Pbto2 decreased to 
less than 8 mm Hg; of those 52 episodes, both monitored vari
ables fell below the ischemic threshold in 17, only Sjvo2 
reflected ischemia in 19, and only Pbto2 reflected ischemia in 16  
(Fig. 22-9) [77]. Ongoing research will determine the role of 
Pbto2 monitoring and the relationship between Pbto2 monitor
ing and Sjvo2 monitoring in critical neurologic illness. 
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Fig. 22-9. Changes in jugular venous oxygen saturation (Sjvo2) and brain tissue pa1tial pressure of oxygen (Pbto2) 
during 52 episodes of cerebral hypoxia/ischemia. The horizontal line across the box plot represents the median, and 
the lower and upper ends of the box plot are the twenty-fifth and seventy-fifth percentiles, respectively. The error bars 
mark the 10th and 90th percentiles. The closed circles indicate any outlying points. A: Summary of the 17 cases in which 
Sjvo2 and Pbto2 decreased to less than their respective thresholds, as defined in the text. B: "ummary of the 16 cases in 
which Pbt02 decreased to less than the defined threshold; bur Sjvo2, although decreased, did nor decrease to less than 500/o. 
C: Summa1y of the 19 cases in which Sjvo2 decreased to less than the threshold, but Pbto2 remained at greater than 10 
mm Hg. (From Gopinath SP, Valadka AB, Uzura M, et al :  Comparison of jugular ,·enous oxygen saturation and brain tis
sue Po2 as monitors of cerebral ischemia after head injury. Crit Care Med 27:2337-2345, 1999, with permission.) 



90 

70 
..... 0 

0 0 50 

30 
30  

90 

..... 70 
0 
in 0 

50 

30 
3 0  

22: Neurologic and lntracranial Pressure Monitoring 205 

vs 

y = 4.82&4 + 1 .0012x r 2 = 0.992 

80 

70 

ON 60 
00 
() 50 

40 

30 
y = 14.008 + 0.86384x r 2 0.987 

40  50 60 70 80 30 40  so 60 70 80 
C5comb02 

V10 80 T7 
70 

..... 0 60 
in 0 50 

40 
l 

y .,  5.6883 + 0.89405x r .. 0.794 y = 14.790 + 0.71 568x 

30 
40 50  60 7 0  80  3 0  4 0  so 60 7 0  

CScomb02 

Fig. 22-10. Cerebral oximeter signal (Csr 02) and estimated global brain oxygen saturation (Cscomr,Oz, calculated 
from arterial oxygen saturation and jugular venous m.)'gen saturation) are closely correlated for the training group (r2 

= 0.798 to 0.987) for individual subjects. The number in the upper left corner represents the individual subjects' iden
tities. T, training set; V, validation set. The best and worst examples are represented. (from Pollard V, Prough DS, 
DeMelo AE, et al: Validation in volunteers of a near-infrared spectroscope for monitoring brain oxygenation in vivo. 
Anesth Analg 82:269-277, 1996, with permission.) 
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Near-Infrared Spectroscopy 
offer the opportunity to assess the adequacy of brain oxy
genation continuously and noninvasively, although to elate 
the use of the technique has been limited. Near-infrared 
light penetrates the skull and, during transmission through 
or reflection from brain tissue, u ndergoes changes in inten
sity that are proportional to the relative concentrations of 
oxygenated and deoxygenatecl hemoglobin in the arteries, 

Theoretically, the best monitor of brain oxygenation would 
be a noninvasive device that characterizes brain oxygen
ation as pulse oximeter characterizes for systemic oxygen
ation: Near-infrared spectroscopy (NIRS) might eventually 

... 
80 ...19\ ... 
60 

40 

20 

0 20 40 60 

Time (min) 

0 ', 

� � 
�i 0 

80 

0.20 

0. 1 6  

0. 1 2  

0.08 

1 00 

0 ,--..-. "d p:i ....... 
>-t 0 
er PJ ...... . () q 0 p; s:: 
� �-
s:: () 
::J r:/J �· - ·  en (IQ ...__, ::i 

e:... 

Fig. 22-1 1. Optoacoustic signal inten
sity (dashed line) and superior saginal 
sinus hemoglobin saturation (solid line) 
as a function of time. 
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capillaries, and veins within the field (78]. The absorption 
(A) of light by a chromophore (i.e . ,  hemoglobin) is defined 
by Beer's Law: 

A =  abc 

where a is the absorption constant, h is the pathlength of the 
light, and c is the concentration of the chromophore, namely, 
oxygenated and deoxygenated hemoglobin. 

Extensive preclinical and clinical data demonstrate that 
NIRS detects qualitative changes in brain oxygenation (Fig. 
22-10) (79-81].  However, despite promise, many problems 
remain with the technology (82,83]. Brain saturation measured 
using NIRS correlated poorly with continuous Sjvo2 in patients 
with severe closed-head injury (84], although the technique 
seemed more promising for detecting desaturation during 
carotid endarterectomy (85] and cardiopulmonary bypass [86]. 
Technical challenges to quantification of the signal include 
inability to determine the pathlengths of reflected light of dif
ferent wavelengths and inability to determine the relative pro
portions of a1terial, capillary, and venous blood in the field. 
Therefore, validation studies suggest that NIRS may be more 
useful for qualitatively monitoring trends of brain tissue oxy
genation than for actual quantification [81,87,88]. 

An alternative noninvasive monitor of brain oxygenation has 
been proposed [89]. This technique, termed optoacoustic moni
toring, uses near-infrared light to generate miniscule acoustic 
waves in cerebral veins such as the superior sagittal sinus. 
Acoustic waves, unlike reflected light, are transmuted linearly 
through brain tissue and skull. Various characteristics of the 
acoustic signal are directly proportional to hemoglobin satura
tion in a targeted vein such as the superior sagittal sinus. Pre
liminary in vivo validation of this concept has been reported in 
sheep (Fig. 22-11) [89]. 

Laser Doppler Flowmetry 
Laser Doppler flowmetry (LDF) uses the phase shift of laser light 
reflected from red blood cells to mathematically calculate blood 
flow through a tissue of interest. If hematocrit remains constant, 
tl1e change in LDF signal is propoitional to the change in blood 
flow. Changes in CBF in animals have been successfully mea
sured by LDF when compared to other techniques such as 
hydrogen clearance and microspheres (90,91], and LDF evalua
tion of CBF has been used in humans with coma (92] and as a 
technique for evaluating autoregulation of CBF in patients witl1 
TBI [93]. LDF has been used to guide CPP management in the 
presence of altered CBF autoregulation [94,95]. This technique is 
unlikely to become a routine neurologic monitor because of dif
ficulties witl1 signal artifacts; small area of analysis; initial posi
tioning of the probe; necessity for maintaining constant probe 
position; and provision of qualitative, not quantitative data. 

Neurochemical Monitoring 
Neurochemical monitoring via microdialysis allows assessment 
of the chemical milieu of cerebral extracellular fluid, and pro
vides valuable information about neurochemical processes in 
various neuropatl1ologic states [96,97]. In addition, microdialy
sate may reflect the metabolic responses to treatment modali
ties such as hypothermia (98], CSF drainage, and barbiturate 
administration. Cerebral ischemia and trauma are associated 
with substantial increases in energy-related metabolites such as 

lactate, adenosine, inosine, and hypoxanthine; neur transmit
ters such as glutamate, aspartate, dopamine, and gamma-amino 
butyric acid (96]; and alterations in membrane phospholipids by 
oxygen radicals (99]. The magnitude of release of these sub
stances correlates with the extent of ischemic damage (100]. 
The lactate-pyrnvate ratio in dialysate correlates with the 
glutamate concentration (101] .  At lactate-pyrnvate ratios less 
tlian 25 (normal range 15 to 20), glutamate concentrations were 
low, whereas at moderately elevated ratios (greater than 40), 
glutamate levels were increased. This suggests a tlu·eshold rela
tionship between cerebral energy failure and release of 
glutamate into cerebral extracellular fluid and that t11e lactate
pyrnvate ratio can be used as an indicator of disturbed brain 
energy metabolism. The use of incorporating microdialysis data 
in managing patients after TBI is being studied. 

Electroencephalographic Monitoring 
EEG has long been used in neurology for diagnosi , but has 
less frequently been used as a neurologic monitoring tech
nique in critically ill patients. Rather, EEG is indicated in 
response to suspicion of a new or progressive abnormality 
such as cerebral ischemia or new onset of seizures. The corti
cal EEG, which is altered by mild cerebral ischemia and abol
ished by profound cerebral ischemia, can be used to indicate 
potentially damaging cerebral hypoperfusion. Likewise, the 
EEG can document seizures, either convulsive or non-convul
sive, and provide information as to the efficacy of antiseizure 
therapy. Other functions include defining the depth or type of 
coma, documenting focal or lateral intracranial abnormalities, 
and the diagnosis of brain death. 

If the EEG is to be used for monitoring, care must be taken 
and weaknesses of the technique appreciated [102]. In the ICU, 
electrical noise from other electrical equipment may interfere 
with technically adequate tracings. Continuous EEG recording is 
cumbersome owing to the sheer volume of data (300 pages per 
hour of hard copy on as many as 16 channels). Techniques of 
matl1ematical data analysis, such as rapid Fourier analysis, can 
be used to determine t11e relative amplitude in each frequency 
band [delta (less t11an 4 Hz), theta (4 to 8 Hz), alpha (8 to 1 3  
Hz), beta (greater than 13 Hz)], which can then be displayed 
graphically in formats such as the compressed spectral array or 
density spectral airny (103,104]. Recently, analytic software has 
been developed t11at processes the raw EEG signal to assess the 
depth of sedation, namely, the bispectral array (105-107]. 

Evoked Potentials 
Sensory evoked potentials (EPs), which include somatosensory 
evoked potentials (SSEPs), brainstem auditory EPs, and visual 
EPs, can be used as qualitative threshold monitors to detect 
severe neural ischemia. Whereas the EEG records the c ntinuous, 
spontaneous activity of the brain, EPs evaluate the responses of 
tlie brain to specific stimuli. To record SSEPs, stimuli are applied 
to a peripheral nerve, usually tlie median nerve at tl1e wrist, by a 
low-amplitude current of approximately 20 milliseconds in dura
tion. The resultant sensory (afferent) nerve stimulation and a 
measured co1tical response to t11e stimulus are recorded at tlie 
scalp. Repeated identical stimuli are applied and signal averaging 
is used to remove tlie highly va1iable background EEG and oilier 
environmental electrical noise and tliereby visualize re roducible 
evoked responses (Fig. 22-12) [108]. 
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EPs are described in terms of the amplitude of individual 
peaks and the conduction delay (latency) between the stimu
lus and the appearance of response waveform. Because 
peripheral nerve stimulation can be uncomfortable, SSEPs are 
usually obtained on sedated or anesthetized patients. SSEPs 
are unaffected by neuromuscular blocking agents but are 
influenced by sedative, analgesic, and anesthetic agents [1 09-
1 1 1] .  In general, however, the doses of drugs required to 
influence EPs produced are sufficient to produce general 
anesthesia, and are not usually clinically impo1tant in the ICU. 
If a patient is undergoing EP monitoring and requires large 
doses of analgesic or sedative agents, potential impairment of 
monitoring should be considered. 

Motor EPs represent a method of selectively evaluating 
descending motor tracts. Stimulation of proximal motor tracts 
(cortical or spinal) and evaluation of subsequent responses 
yields information that can be used for intraoperative and early 
postoperative neurosurgical management. Different induction 
strategies influence the effectiveness of the technique 
[116,1 17] , and transcranial magnetic stimulation has been asso
ciated with seizure induction in susceptible populations [1 18]. 
Finally, motor EP induction and interpretation is exquisitely 
sensitive to sedative, analgesic, and anesthetic drugs [1 19], 
making clinical use difficult when drugs are given concur
rently. Despite these limitations, motor EP evaluation has been 
successfully used for the management of neuro-ICU patients, 
and may become more common as techniques and equipment 
improve [1 20, 121 ] .The sensitivity of EP monitoring is similar to 
that of EEG monitoring. EPs, especially brainstem audito1y EPs, 
are relatively robust, although they can be modified by trauma, 
hypoxia, or ischemia. Because obliteration of EPs occurs only 
under conditions of profound cerebral ischemia or mechanical 
trauma, EP monitoring is one of the most specific ways in 
which to assess neurologic integrity in specific monitored 
pat11ways. However, as with the discussion of cerebral 
ischemia, there is a dose-time interaction ultimately determin
ing the magnitude of cerebral injury. As a result, neurologic 
deficits occur that have not been predicted by changes in EPs 
[112] ,  and severe changes in EPs may not be followed by neu
rologic deficits [ 1 13] .  Even so, loss of cortical SSEPs remains a 
strong indicator of poor outcome [114, 1 1 5] .  

Extensive use o f  electrophysiologic techniques i n  the ICU 
has been limited by three factors: expensive equipment, the 
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Fig. 22-12. Averaging reduces back
ground noise. After 100 trials, this visual 
evoked potential is relatively noise-free. 
The same evoked potential is hard to 
distinguish after only ten trials and 
would be impossible to find in the origi
nal unaveraged data. (From Nuwer MR: 
Evoked Potential Monitoring in the Oper
ating Room. New York, Raven Press, 
1986, p 29, with permission.) 

requirement for highly trained technicians, and the need for 
clinical sophistication in the art of pattern recognition. Never
theless, some research centers have used electrophysiologic 
monitoring as an integral part of a battery of monitors in criti
cally ill patients with severe intracranial hypertension [122] .  

Summary 
Appropriate use of neurologic monitoring techniques requires 
a thorough understanding of the indications, risks, benefits, 
and limitations of the techniques used. Monitoring in isolation 
is not associated with improved outcome after TBI and as 
such, represents only one component in tl1e treatment of the 
patient. In the future, new modalities will undoubtedly 
emerge that will help guide the management of this difficult 
patient population. 
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23 . Percutaneous Suprapubic Cystostomy 

Percutaneous suprapubic cystotomy is used to divert urine 
from the bladder when standard urethral catheterization is 
impossible or undesirable [1-7). The procedure for placement 
of a small diameter catheter is rapid, safe, and easily accom
plished at the bedside under local anesthesia. 

Urethral Catheterization 
Urethral catheterization remains the principal method for 
bladder drainage. The indications for the catheter should be 
clarified, as they influence the type and size used. A histo1y 
and physical examination with particular attention to the 
patient's genitourinary system is important. 

Catheterization may be difficult with male patients in sev
eral instances. Patients with lower urina1y tract symptoms 
(e.g. ,  urina1y urgency, frequency, nocturia, decreased stream, 
and hesitancy) may have hypertrophied lateral lobes of the 
prostate. These patients may require a larger bore catheter, 
such as a 20 or 22 French (Fr). Patients with a history of prior 
prostatic surgery such as transurethral resection of the pros
tate, open prostatectomy, or radical prostatectomy may have 
an irregular bladder neck as a result of contracrure after sur
ge1y. The use of a coude-tip catheter, which has an upper 
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deflected tip, may help in negot1atmg the altered anatomy 
after prostate surgery. The presence of a high-riding prostate 
or blood at the urethral meatus suggests urethral trauma. In 
this situation, urethral integrity must be demonstrated by ret
rograde urethrogram before urethral catheterization is 
attempted. 

Urethral catheterization for gros hemaruria requires large 
catheters such as the 22 or 24 Fr, which have larger holes for 
irrigation and removal of clots. Alternatively, a three-way ure
thral catheter may be used to provide continuous bladder irri
gation to prevent clotting. Large catheters impede excretion of 
urethral secretions, however, and can lead to urethritis or epi
didymitis if used for prolonged periods. 

TECHNIQUE. In males, after the patient is prepared and 
draped, 10 mL of a 2% lidocaine hydrochloride jelly is injected 
retrograde into the urethra. Anesthesia of the urethral mucosa 
requires 5 to 10 minutes after occluding the urethral mearus 
either with a penile clamp or manually to prevent loss of the 
jelly. The balloon of the catheter is tested, and the catheter tip 
is covered with a water-soluble lubricant. After stretching the 
penis upward perpendicular to the body, the c theter is 
inserted into the urethral meatus. The catheter is advanced up 
to the hub to ensure its entrance into the bladder. The balloon 
is not inflated until urine return occurs to prevent urethral 



Table 23-1. Indications for Percutaneous Cystotomy 

Unsuccessful urethral catheterization in the setting of acute urina1y 
retention 

After prostatic surgery 
Presence of urethral trauma 
After antiincontinence procedures 
Prostatic bilobar hyperplasia 
Urethral stricture 
Severe hypospadias 
Periurethral abscess 
Presence of severe urethral, epididymal, or prostate infection 

trauma. Irrigation of the catheter with normal saline helps ver
ify the position. A common site of resistance to catheter pas
sage is the external urinary sphincter within the membranous 
urethra, which may contract involuntarily. Any other resis
tance may represent a stricture necessitating urologic consul
tation. In patients with prior prostate surgery, an assistant's 
finger placed in the rectum may elevate the urethra and allow 
the catheter to pass into the bladder. 

In females, short, straight catheters are preferred. Typically, 
a smaller amount of local anesthesia is used. Difficulties in 
catheter placement occur after urethral surge1y, vulvectomy, 
vaginal atrophy, or with morbid obesity. In these cases, the 
meatus is not visible and may be retracted under the symphy
sis pubis. Blind catheter placement over a finger located in 
the vagina at the palpated site of the urethral mean.is may be 
successful .  

When urologic consultation can be readily obtained, other 
techniques for urethral catheterization can be used. Filiforms 
and fo!Jowers are useful for urethral strictl.1res. Flexible cystos
copy may be performed to ascertain the reason for difficult 
catheter placement and for insertion of a guidewire. A urethral 
catheter then can be placed over the guidewire by a Seldinger 
technique. 

Indications 
On occasion, despite proper technique (as outlined previ
ously), urethral catheterization is unsuccessful. These are the 
instances when percutaneous suprapubic cystotomy is neces
saiy. Undoubtedly the most common indication for percuta
neous suprapubic cystotomy is for the management of acute 
urinary retention in men. Other indications for a percutaneous 
suprapubic cystotomy in the intensive care unit are listed in 
Table 23-1 .  

Contradictions 
The contraindications to percutaneous suprapubic cystotomy 
are listed in Table 23-2. An inability to palpate the bladder or 

Tabk 23-2. Contraindications to Percutaneous Cystotomy 

Nonpalpable bladder 
Previous lower abdominal surge1y 
Coagulopathy 
Known bladder tumor 
Clot retention 

23: Percutaneous Suprapuhic Cystostomy 2 1 1  

distortion o f  the pelvic anatomy from previous surgery or 
trauma make percutaneous entry of the bladder difficult. In 
these situations, the risks of penetrating the peritoneal cavity 
become substantial. The bladder may not be palpable if the 
patient is in acute renal failure with oliguria or anuria, has a 
sma!J contracted neurogenic bladder, or is incontinent. When 
the bladder is not palpable, it can be filled in a retrograde man
ner with saline to distend it. In men, a 14-Fr catheter is placed 
in the fossa navicularis just inside the urethral mean.is, and the 
ba!Joon is filled with 2 to 3 ml of sterile water to occlude the 
urethra. Saline is injected slowly into the catheter until the blad
der is palpable; then, the suprapubic tube may be placed. In 
patients with a contracted neurogenic bladder, it is impossible 
to adequately distend the bladder by this approach. For these 
patients, ultrasonography is used to locate the bladder and 
allow the insenion of a 22-gauge spinal needle. Saline is 
instilled into the bladder via the needle to distend the bladder 
enough for supra pubic tube placement. 

In patients with previous lower abdominal surgery, ultra
sonographic guidance is often necessa1y before a percutane
ous cystotomy can be safely performed. Previous surgery 
can lead to adhesions that can hold a loop of intestine in the 
area of insertion. Other relative contraindications include 
patients with coagulopathy, a known history of bladder 
tumors, or active hematuria and retained clots. In patients 
with bladder tumors, percutaneous bladder access should be 
avoided because tumor cell seeding can occur along the per
cutaneous tract. Suprapubic cystotomy tubes are a small cal
iber and therefore do not function effectively with severe 
hematuria and retained clots. Instead, open surgical place
ment of a large caliber tube is necessary if urethral catheter
ization is impossible. 

Technique 
There are two general types of percutaneous cystotomy tubes 
that range in size from 8 to 14 Fr. The first type uses an obtura
tor with a preloaded catheter. Examples include the Stamey 
catheter (Cook Urological, Spencer, IN) and the Bonanno cath
eter (Beckton Dickinson and Co., Franklin Lakes, NJ) [8]. The 
Stamey device is a polyethylene malecot catheter with a luer 
lock hub that fits over a hollow needle obturator (Fig. 23-lA). 
When the obtl.1rator is locked to the hub of the catheter, the 
malecot flanges are pulled inward (closed), and the system is 
ready for use. The Bonanno catheter uses a flexible 14-Fr 
Teflon tube, which is insened over a hollow 18-gauge obturator 
(Fig. 23-lB). The obtl.irator locks into the catheter hub and 
extends beyond the catheter tip. When the obtl.1rator is with
drawn, the tube pigtails in the bladder. One advantage to the 
Stamey catheter is that the flanges provide a secure retaining 
system. The Bonanno catheter generally induces fewer bladder 
spasms, however, and is better tolerated. 

The second type of percutaneous cystotomy tube consists 
of a trocar and sheath, which are used to penetrate the 
abdominal wall and bladder. One of the most popular systems 
is the Lawrence suprapubic catheter (Rusch, Dulith, GA). This 
system allows a standard Foley catheter to be placed after 
removal of the trocar (Fig. 23-lC). 

The patient is placed in the supine position; a towel roll 
may be placed under the hips to extend the pelvis. The 
bladder is palpated to ensure that it is distended. The supra
pubic region is shaved, prepared with 10% povidone-iodine 
solution, and draped with sterile towels. The insertion site is 
several centimeters above the symphysis pubis in the mid
line: This approach avoids the epigastric vessels. In obese 
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Fig. 23-1. A: Stamey suprapubic cystostomy rrocar set (A is the obtu
rator, B is the malecot catheter, and C is the drainage tube). B: Bonanno 
catheter set (A is the obturator and B is the catheter). C: Lawrence supra
pubic catheter (A is the trocar and B is the sheath). 

patients with a large abdominal fat pad, the fold is elevated. 
The needle should be introduced into the suprapubic 
crease, where the fat thickness is minimal. One percent 
liclocaine is used to anesthetize the skin, subcutaneous tis
sues, rectus fascia, and retropubic space. A 22-gauge spinal 
needle with a 5-mL syringe is directed vertically and 
advanced until urine is aspirated. If the bladder is smaller or 
if the patient had previous pelvic surgery, the needle is 
directed at a 60-clegree caudal angle. Insertion of the cystot
omy tube is predicated on the feasibility of bladder puncture 
and after the angle and depth of insertion is established with 
the spinal needle (Fig. 23-2). 

At the site of bladder puncture, a small 2-mm incision is 
made with a No. 1 1  blade. The catheter mounted on the obtu
rator is advanced in toward the bladder. Two hands are used 
to grasp the system to provide a forceful, but controlled, 
thrust through the abdominal wall. One hand can be posi
tioned on the obturator at a site marking the depth of the 
bladder. A syringe attached to the encl of the obturator is used 
to aspirate urine and confirm obturator placement. Once the 
bladder is penetrated, the entire system is advanced 2 to 3 cm: 
This prevents the catheter tip from withdrawing into the retro
pubic space when the bladder decompresses. After unlocking 
the obturator from the catheter, the obturator acts as a guide 
while the catheter is advanced into the bladder. When using a 
Stamey catheter, the catheter can be gently withdrawn until 
the malecot flanges meet resistance against the anterior blad
der wall. The Stamey catheter is then advanced 2 cm back into 
the bladder to allow for movement. This maneuver pulls the 
catheter away from the bladder trigone and helps reduce 
bladder spasms. 

The same general technique applies to placement of the 
Lawrence suprapubic catheter system. After the bladder is 
penetrated, urine appears at the hub of the suprapubic cathe
ter introducer (u·ocar plus sheath). The trocar is then removed, 
and a Foley catheter is inserted. The Foley catheter balloon is 
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Fig. 23-2. Technique of suprapubic trocar placement. A: Area to 
be shaved, prepared, and draped before trocar placement. B: Posi
tion of the Stamey trocar i the bladder. The angle, distance from 
the pubis, and position of the catheter in relation to the bladder wall 
are demonstrated. 

inflated to secure it in the bladder. Pulling the tab at the top of 
the peel-away sheath allows the remaining portion of the 
sheath to be removed away from the catheter. 

The patency of the catheter is assessed by irrigating the 
bladder after decompression. The catheter can be fixed with a 
simple nylon suture and sterile dressing. The Bonanno cathe
ter contains a suture disc. The Lawrence suprapubi catheter 
does not require extra fixation, because the balloon on the 
Foley catheter secures it in place. 

Suprapubic Catheter Care 
Bladder spasms occur commonly after suprapubic catheter 
placement. When using a Stamey catheter or a Foley catheter, 
bladder spasms can be prevented by withdrawing the tube 
until it meets the anterior bladder wall and then advancing 2 
cm back into the bladder. Persistent bladder spas1 s can be 
treated with anticholinergic therapy (e.g. ,  Ol\.')'bu nin and 
hyoscyamine). This medication should be discontinued before 
removing the suprapubic tube to prevent urina1y re1ention. 

Table 23-3. Complications of Percutaneous Cystotomy 

Peritoneal and bowel perforation 
Hematuria 
Retained or calcified catheter 
Bladder stones 
Postobstructive diuresis 
Hypotension 
Bladder perforation 



A suprapubic tube that ceases to drain is usually caused by 
kinking of the catheter or displacement of the catheter tip into 
the retropubic space. If necessa1y, suprapubic catheters may be 
replaced using either an exchange set (available for Stamey 
catheters) or by dilating the cystotomy tract. Closure of the per
cutaneous cystotomy tract is generally prompt after the tube is 
removed. Prolonged suprapubic tube use can lead to a man1re 
tract, which may take several clays to close. If the tract remains 
open, bladder decompression via a uretlu·al catl1eter may be 
required. 

Complications 
Placement of suprapubic cystotomy tubes is generally safe 
with infrequent complications. Possible complications are 
listed in Table 23-3. Bowel complications are severe but rare 
with this procedure [9]. Penetration of the peritoneal cavity or 
bowel perforation produces peritoneal or intestinal symptoms 
and signs. This complication can be avoided by attempting 
the procedure only on well-distended bladders and using a 
midline approach no more than 4 cm above the pubis. 

In patients who have had previous lower abdominal or pel
vic surge1y, an ulu·asouncl should be used to properly place the 
suprapubic tube and rule out enu·appecl bowel (Figure 23-3). 
Patients who develop peritoneal symptoms and signs require a 
full evaluation of not only the location of the suprapubic tube 
(by a cystogram) but also of the cystotomy u-act. A kiclney-ureter
blaclcler and computed tomography scans may be required. 

Hematuria is the most common complication after supra
pubic tube placement. Rarely, it requires open cystotomy for 
placement of a large caliber tube for irrigation. Hematuria can 
occur seconda1y to laceration of a submucosal vessel or rapid 
decompression of a chemically distended bladder. It can be 
avoided by gradual bladder decompression. 

Complications associated witl1 tl1e catheter include loss of a 
portion of tl1e catl1eter in tl1e bladder, calcification of tl1e catheter, 
or bladder stone formation. These complications can be avoided 
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Fig. 23-3. Placement of the suprapu
bic tube can perforate entrapped bowel. 

by preventing prolonged catl1eter use. Beyond 4 weeks, evalua
tion and replacement or removal must be considered. 

When chronically distended bladders are decompressed, 
patients are at risk for postobstructive diuresis. Patients who 
are at greatest risk include those witl1 azotemia, peripheral 
edema, congestive heart failure, and mental status changes. 
Patients with postobstructive diuresis (i .e. ,  urine outputs 
greater then 200 mL per hour) require frequent monitoring of 
vital signs and intravenous fluid replacement. 

Hypotension rarely occurs after suprapubic tube placement. 
It may be caused by a vasovagal response or relief of pelvic 
veins compressed by bladder distention. Fluid administration 
alleviates this complication. 

Another rare but possible complication is a through-and
through bladder perforation. This is treated conservatively 
with bladder decompression. 
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24. Aspiration of the Knee 
and Synovial Fluid Analysis 

Arthrocentesis is a safe and relatively simple procedure that 
involves the introduction of a needle into the joint space to 
remove synovial fluid. It constitutes an essential part of the 
evaluation of any arthritis of unknown cause, frequently with 
the intent to rule out a septic process [1-3]. 

Ropes and Bauer first categorized synovial fluid as inflam.
matO'ly or noninflam.m.atO'ly in 1953 [4],  terms that are still 
used today. Hollander et al. coined the term synovianalysis to 
describe the process of joint fluid analysis in 1 961 [5] . Hol
lander et al. were instrumental in establishing the critical role 
of synovial fluid analysis to diagnose certain forms of arthritis 
(6,7] . Septic arthritis and crystalline arthritis can be diagnosed 
by synovial fluid analysis alone: They may present similarly 
but require markedly different treatments, thus necessitating 
early artl1rocentesis and prompt synovial fluid analysis. 

Indications 
Arthrocentesis is performed for diagnostic and therapeutic 
purposes (8,9]. The main indication for arthrocentesis is to 
assist in the evaluation of arthritis of unknown cause. In the 
intensive care unit, it is most commonly performed in the 
setting of acute monoarthritis or oligoarthritis (presenting 
with one to three inflamed joints) to rule out septic arthritis. 
Many types of inflammato1y arthritis mimic septic arthritis. 
Synovial fluid analysis is useful in differentiating the various 
causes of inflammatory arthritis (4, 10] (Table 24-1) .  There
fore, patients presenting with monoarthritis or oligoarthritis 
of recent onset require prompt arthrocentesis with subse
quent synovial fluid analysis, preferably before initiation of 
treatment. 

Arthrocentesis is also used for therapeutic purposes. In a 
septic joint, serial joint aspirations are required to remove 
accumulated inflammatory or purulent fluid. This allows serial 
monitoring of the total white blood cell count, Gram's stain, 
and culture to assess response to treatment and accomplishes 
complete drainage of a closed space. Inflammato1y fluid con
tains many destructive enzymes that contribute to cartilage 
and bony degradation; removal of the fluid may slow this 
destructive process ( 15 , 16] .  Additionally, arthrocentesis allows 
for injection of long-acting corticosteroid preparations into the 
joint space, which may be a useful treatment for various 
inflammato1y and noninflammatory forms of arthritis (17-19]. 

Before performing arthrocentesis, it must be ascertained 
that the true joint is inflamed and an effusion is present. This 
requires a meticulous physical examination to differentiate 
artl1ritis from periarticular inflammation. Bursitis, tendinitis, 
and cellulitis all may mimic arthritis. In the knee, the examina
tion begins with assessment of swelling. A true effusion may 
cause bulging of the para patellar gutters and the supra patellar 
pouch ( 11 ] .  The swelling should be confined to the joint 
space. To check for small effusions, the bulge test is per
formed ( 12] .  Fluid is stroked from the medial joint line into the 
suprapatellar pouch and then from the suprapatellar pouch 
down along the lateral joint line. If a bulge of fluid is noted at 
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tl1e medial joint line, a small effusion is present (Fig. 24-1) .  If 
a large effusion is suspected, a patellar tap is performed (13] . 
The left hand is used to apply pressure to the suprapatellar 
pouch while the right hand taps the patella against the femur 
with sharp downward pressure. If the patella is ballottable, an 
effusion is probably present. Comparison with the opposite 
joint is helpful. Many texts describe joint examination and 
assessment for fluid in the knee and other joints (1 1-14]. 

Contraindications 
Absolute contraindications to arthrocentesis, in general, include 
local infection of t11e overlying skin or otl1er periartic lar struc
tures and severe coagulopathy (1-3,20]. If coagulopathy is 
present and septic anhritis is suspected, eve1y effort should be 
made to correct tl1e coagulopathy (with fresh-frozen plasma or 
alternate factors) before joint aspiration. Therapeutic anticoagu
lation is not an absolute contraindication, but every effort 
should be made to avoid excessive trauma during aspiration in 
tl1is circumstance. Known bacteremia is a contraindication 
because inserting a needle into the joint space disrupts capilla1y 
integrity and t11us allows joint space seeding [21]. If septic 
a1thritis is strongly suspected, however, joint aspirati n is incli
cated. The presence of a1ticular instability (e.g., that seen witl1 
badly damaged joints) is a relative contraindication, altl1ough 
the presence of a large presumed inflammato1y fluid may still 
warrant joint aspiration. 

Complications 
The major complications of arthrocentesis are iatr genically 
induced infection and bleeding, both of which are extremely 
rare [l ] .  The risk of infection after arthrocentesis has been esti
mated to be less than 1 in 1 0,000 (22] . Hollander reported an 
incidence of less than 0.005% in 400,000 injections (23]. Owen 
reported an incidence of 0.002% to 0.004% in more than 
50,000 injections (24]. Strict adherence to aseptic t dmique 
reduces the risk of posta.rthrocentesis infection. Significant 
hemorrhage is also extremely rare. Correction of prominent 
coagulopathy before arthrocentesis reduces this risk. 

Another potential complication of arthrocentesis is direct 
inju1y to the articular cartilage by the needle. This is not 
quantifiable, but any injury to cartilage could be associated 
with degenerative change over time. To avoid cartilaginous 
damage, the needle should be pushed in only as far as neces
sary to obtain fluid; excessive movement of the needle during 
the procedure and aggressive complete drainage s. ould be 
avoided. 

A rare complication is eparation of the hypodermic needle 
from its hub during arthr centesis (25]. A hemostat >:hould be 
available to remove a separated needle from the soft tissue if 
necessa1y. 



Table 24-1. Common Causes of Noninflamrnato1y and 
Inflanu11ato1y Arthritides 

Noninflammatory 

Osteoarthritis 
Trauma/internal derangement 
Avascular necrosis 
Hemarthrosis 
Malignancy 
Benign tumors 

Osteochondroma 
Pigmented villonodular syno

vitis 

Inflamrnato1y 

Rheumatoid arthritis 
Sponclyloarthropathies 

Psoriatic arthritis 
Reiter's syndrome/reactive 

arthritis 
Ankylosing sponclylitis 
Ulcerative colitis/regional 

enteritis 
C1ystal-inclucecl arthritis 

Monosodium urate (gout) 
Calcium pyrophosphate clihy

clrate (pseuclogout) 
Hyclroxyapatite 

Infectious arthritis 
Bacterial 
Mycobacterial 
Fungal 

Connective tissue diseases 
Systemic lupus erythematosus 
Vasculitis 
Scleroclerma 
Polymyositis 

Hypersensitivity 
Serum sickness 

Finally, other complications include discomfort from the 
procedure itself; allergic reactions to the skin preparation or 
local anesthetic [26]; and, in the case of steroid injection, local 
soft tissue atrophy from the glucocorticoid [ 14] .  

Technique 
Joint aspiration is easily learned. A sound knowledge of the 
joint anatomy, including the bony and soft tissue landmarks 
used for joint ent1y, is needed. Strict aseptic technique must 
be followed to minimize risk of infection, and relaxation of 
the muscles surrounding the joint should be encouraged, 
because muscular contraction can impede the needle's enny 
into the joint. 
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Most physicians i n  the intensive care unit can aspirate the 
knee, as it is one of the most accessible joints. Other joints 
should probably be aspirated by an appropriate specialist, 
such as a rheumatologist or an orthopedic surgeon. Certain 
joints are quite difficult to enter blindly and are more appro
priately entered using radiologic guidance, such as with fluo
roscopy or computed tomography: These include the hip, 
sacroiliac, and temporomandibular joints. Many texts describe 
in detail the aspiration technique of other joints [3,7, 14 ,23]. 
The technique for knee aspiration is as follows: 

1 .  Describe the procedure to the patient, including the possi
ble complications, and obtain written informed consent. 

2.  Collect all items needed for the procedure (Table 24-2). 
3. With the patient supine and the knee fully extended, 

examine the knee to confirm the presence of an effusion, as 
described previously. 

4. Identify landmarks for needle entry. The knee may be 
aspirated from a medial or lateral approach. The medial 
approach is more commonly used and is preferred when 
small effusions are present. Identify the superior and inferior 
borders of the patella. Enny should be halfway between the 
borders just inferior to the undersurface of the patella (Fig. 24-
2) .  The enuy site may be marked with pressure from the end 
of a ballpoint pen with the writing tip retracted. An indenta
tion mark should be visible. 

5 .  Cleanse the area with an iodine-based antiseptic solution, 
such as povidone-iodine (Betadine). Allow the area to dry, then 
wipe once with an alcohol swab. Practice universal precau
tions: Wear gloves at all times while handling any body fluid, 
although they need not be sterile for routine knee aspiration. 
Do not touch the targeted area once it has been cleaned. 

6 .  Apply local anesthesia. The authors prefer ethyl chloride, 
which is sterile and provides superficial anesthesia. Spray 
ethyl chloride directly onto tl1e designated area; stop when 
the first signs of freezing are evident so as not to cause any 
skin damage. As an alternative, a local anesthetic ( 1  % 
lidocaine) may be instilled with a 25-gauge needle into the 
subcutaneous skin. Once numbing has occurred, deeper 
instillation of the local anesthetic (to the joint capsule) can be 
performed using a 22-gauge, 1 . 5-in. needle. 

7. To erner the knee joint, use an 1 8-gauge, 1 . 5-inch needle 
with a 20- to 60-mL syringe, depending on the size of the effu
sion. Use a quick thrust through the skin and on through the 
capsule to minimize pain. Avoid hitting periosteal bone, 

Fig. 24-1. The bulge test. 
A: Milk fluid from the 
suprapatellar pouch into the 
joint. B: Slide hand clown 
the lateral aspect of the joint 
line and watch for a bulge 
medial to the joint. 
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Table 24-2. Arthrocentesis Equipment 

Procedure 

Skin preparation and local 
anesthesia 

A1throcentesis 

Collection 

Equipment 

Iodophor solution 
Alcohol swab 
Ethyl chloride spray 
For local anesthesia-1% l idocaine; 

25-gauge, 1-in. needle; 22-gauge, 
1 .5-in. needle; 5-mL syringe 

Sterile sponge/cloth 
Gloves 
10- to 60-mL syringe (depending on 

size of effusion) 
18- to 20-gauge, 1 .5-in. needle 
Sterile sponge/cloth 
Sterile clamp 
Sterile bandage 
1 5-rnL anticoagulated tube (with 

sodium heparin or ethylenedi
amine tetraacetic acid) 

Sterile tubes for routine cultures 
Slide, cover slip 

which causes significant pain, or cartilage, which causes carti
laginous damage. Aspirate fluid to fill the syringe. If the fluid 
appears purulent or hemorrhagic, uy to tap the joint d1y, 
which will remove mediators of inflammation that may per
petuate an inflammatory or destructive process. If the syringe 
is full and more fluid remains, the sterile hemostat may be 
used to clamp the needle, thus stabilizing it, while switching 
syringes. When the syringes have been switched, more fluid 
can be withdrawn. The syringes must be sterile. 

Conversely, effusions are sometimes difficult to aspirate. 
Reasons for this include increased fluid viscosity, fibrin and 
other debris impeding flow through the needle, too small of a 
needle as well as loculated fluid. Additionally, the fluid may 
not be accessible by the approach being used (271. Nonethe
less, if even only a drop of blood or tissue fluid is aspirated, 
this should be sent for crystal analysis, Gram's stain, or culture 
(27]. 

8. When the fluid has been obtained, quickly remove tJ1e 
needle and apply pressure to the needle site with a piece of 
sterile gauze. When bleeding has stopped, remove the gauze, 
clean tJ1e area with alcohol, and apply an adhesive bandage. 
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Fig. 24-2. Technique of aspirating the knee joint. The needle 
enters halfway between the superior and inferior borders of the 
patella and is directed just inferior to the patella. 

If tJ1e patient is rece1vmg anticoagulation therapy or has a 
bleeding diathesis, apply prolonged pressure. 

9. Document tJ1e amount of fluid obtained. Perform gross 
examination, noting me color and clarity. A su·ing sign may be 
performed at the bedside to assess fluid viscosity (see tJ1e fol
lowing section). Send fluid for cell count wim differential;  
Gram's stain; routine culture; specialized cultures for Gonococ
cus, Mycobacterium, and fungus, if indicated; and polarized 
microscopic examination for crystal analysis. Omer tests, such 
as glucose and complement deterrninations, are generally not 
helpful. Use an anticoagulated tube to send fluid for cell count 
and crystal analysis. Sodium heparin and ethylenediamine tet
raacetic acid are appropriate anticoagulants. Lithium heparin 
and calcium oxalate should be avoided because tJ1ey can pre
cipitate out of solution to form c1ystals, thus potentially giving a 
false-positive assessment for c1ystals (6,28]. Fluid may be sent 
for Gram's stain and culture in me syringe itself or in a sterile 
red-top tube. 

Synovial Fluid Analysis 
Synovial fluid analysis is identical for all joints and begins witJ1 
bedside observation of the fluid. The color, clarity, a d viscos
ity of tJ1e fluid are characterized. Synovial fluid is divided into 
noninflanunatory versus inflanm1atory types based on the total 
nucleated cell count. A hite blood cell count Jes" than or 
equal to 2,000 per nm13 is defined as a noninjlammatoiy fluid, 
and a count greater than 2,000 per nm13 is defined as an 
inflammatory fluid. Table 24-3 shows how fluid is divided into 
major categories based on appearance and cell count. Table 
24-1 lists etiologies for noninflammatory and inflammatory 
effusions. 

GROSS EXAMINATION 

Color. Color and clarity hould be tested using a clear glass 
tube. Translucent plastic, as used in most disposable syringes, 
interferes witJ1 proper assessment [1] .  

Normal synovial fluid is colorless. Noninflammatory and 
inflammatory synovial fluid appears yellow or su·aw-colored. 
Septic effusions frequently appear purulent and whitish. 
Depending on the number of white blood cells present, pure 
pus may be extracted from a septic joint. Hemorrhagic effu
sions appear red or brown. If the fluid looks like pure blood, 
tJ1e tap may have aspirated venous blood. The needle i 
removed, pressure applied, and tJ1e joint reentered from an 
alternate site. If the same bloody appearance is noted. me fluid 
is a hemorrhagic effusion probably not related to me ·auma of 
tJ1e aspiration. If any que tion remains, the hematocrit of tJ1e 
effusion is compared wim mat of peripheral blood. The hemat
ocrit in a hemorrhagic effusion is typically lower th n mat of 
peripheral blood. In me case of a u·aumatic tap, the hematocrit 
of the fluid should be equal to tJ1at of peripheral blood. For 
causes of a hemorrhagic effusion, refer to Table 24-4. 

Clarity. The clarity of synovial fluid depends on the number 
and types of cells or particles present. Clarity is teste · by read
ing black print on a white background mrough a glass tube 
filled with the synovial fluid. If the print is easily read. the fluid 
is transparent. This is typical of normal and noninfl mmato1y 
synovial fluid. If me black print can be distinguished from the 
white background, but is not clear, me fluid is translucent: This 
is typical of inflanunatory effusions. If nothing can be seen 
tlu·ough the fluid, it is opaque: This occurs with grossly inflam
matory, septic, and hemorrhagic fluids (Table 24-3). 
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Characteristic Normal Noninflammato1y Inflanunato1y Septic 

Color Clear Yellow 

Clarity Transparent Transparent 
Viscosity Very high High 
Mucin clot Firm Firm 
White blood cell count per 1T1m3 200 200-2,000 

Polymorphonuclear cells (%) <25 <25 
Culture Negative Negative 

Viscosity. The viscosity of synovial fluid is a measure of the 
hyaluronic acid content. Hyaluronic acid is one of the major 
substances in synovial fluid that gives it a viscous quality. 
Degraclative enzymes such as hyaluroniclase are released in 
inflammato1y conditions, thus destroying hyaluronic acid and 
other proteinaceous material, resulting in a thinner, less 
viscous fluid. Highly viscous fluid, on the other hand, can be 
seen in myxedematous effusions/hypothyroid effusions. 

Viscosity can be assessed at the bedside using the string 
sign [l] .  A drop of fluid is allowed to fall from the encl of the 
needle or syringe and the length of the continuous string that 
forms estimated. Normal fluid typically forms at least a 6-cm 
continuous string. Inflammato1y fluid does not form a string; 
instead, it drops off the encl of the needle or syringe like water 
dropping from a faucet. Again, universal precautions should 
always be used when handling synovial fluid. 

The mucin clot, another measure of viscosity, estimates the 
presence of intact hyaluronic acid and hyaluronic acid-protein 
interactions. This test is performed by placing several drops of 
synovial fluid in 5% acetic acid and then mixing with a stirring 
stick. A good mucin clot forms in normal, noninflammato1y 
fluid. The fluid remains condensed in a clot resembling 
chewed gum. A poor mucin clot is seen with inflammatory 
fluid; the fluid disperses diffusely within the acetic acid. 

CELL COUNT AND DIFFERENTIAL. The cell count should 
be obtained as soon as possible after arthrocentesis, as a delay 
of even several hours may cause an artificially low white 
blood cell count [29]. The total white blood cell count of syn
ovial fluid differentiates noninflammatory from inflammatory 
fluid, as noted previously. In general, the higher the total 
white blood cell count, the more likely the joint is to be 
infected. This is not absolute, however, and there is consider
able overlap. For instance, a total white cell count above 
100,000 per mm3 may be seen in conditions other than infec
tion [30], whereas a total white blood cell count of 50,000 per 
mm3 may be owing to infection, crystalline disease, or a sys
temic inflammatory arthropathy [26]. The technique for the 
cell count is identical to that used with peripheral blood. The 
fluid may be diluted with normal saline for a manual count, or 
an automated counter may be used. Viscous fluid with exces-

Tab/,e 24-4. Causes of a Hemorrhagic Effusion 

Trauma (with or without fracture) 
Hemophilia and other bleeding disorders 
Anticoagulant therapy 
Tumor (metastatic and local) 
Hemangioma 
Pigmented villonodular synovitis 
Ehlers-Danlos syndrome 
Scurvy 

Yellow or opalescent Variable-may be 
purulent 

Translucent Opaque 
Low Typically low 
Friable Friable 
2,000-100,000 >50,000, usually 

>100,000 
>50 >75 
Negative Usually positive 

sive debris may clog a counter or give falsely elevated results, 
thus making the manual procedure somewhat more accurate. 

The differential white blood cell count is also performed 
using the technique used for peripheral blood, typically using 
Wright's stain. The differential is calculated based on direct 
visualization. The differential count includes cells typically 
seen in peripheral blood, such as polymorphonuclear cells, 
monocytes, and lymphocytes, as well as cells localized to the 
synovial space. In general, the total white blood cell count 
and the polymorphonuclear cell count increase with inflam
mation and infection [30]. Septic fluid typically has a differen
tial of greater than 75% polymorphonuclear cells (Table 24-3). 

In addition to distinguishing polymorphonuclear cells from 
monocytes and lymphocytes. Wright's stain can detect other cells 
in synovial fluid that can be useful in establishing a diagnosis. 
For instance, iron-laden chonclrocytes, which are seen in hemo
chromatosis, may be picked up by Wright's stain, as may be fat 
droplets and bone maITow spicules, which are suggestive for 
trauma or a fracture into the joint [27,381. 

CRYSTALS. All fluid should be assessed for the presence of 
crystals. As with cell count, c1ystal analysis should be performed 
as soon as possible after a1throcentesis. A delay is associated 
with a decreased yield [29]. One drop of fluid is placed on a 
slide and covered with a cover slip; this is examined for crystals 
using a compensated polarized light microscope. The presence 
of intracellular monosoclium urate (MSU) or calcium pyrophos
phate clihyclrate (CPPD) crystals confirms a diagnosis of gout or 
pseuclogout, respectively. MSU c1ystals are typically long and 
needle shaped: They may appear to pierce through a white 
blood cell. The c1ystals are negatively birefringent, appearing 
yellow when parallel with the plane of reference. Typically, 
CPPD crystals are small and rhomboid. The crystals are weakly 
positively birefringent, appearing blue when oriented parallel to 
the plane of reference. Rotating the stage of the microscope by 
90 degrees and thereby the orientation of the crystals (now per
pendicular to the plane of reference) changes their color: MSU 
c1ystals turn blue and CPPD c1ystals yellow. Refer to Tables 
24-5 and 24-6 for a classification of hyperuricernia and CPPD 
deposition disease. 

In addition to MSU and CPPD c1ystals, other less common 
crystals may induce an inflanunato1y arthropathy: Basic cal
cium crystals (e.g. ,  hyclroxyapatite) and oxalate c1ystals are 
two such types. Hyclroxyapatite crystals can incite acute articu
lar and periarticular inflammation, much like MSU crystals in 
gout. Clinically, this is difficult to distinguish between septic 
arthritis and cellulitis, respectively [31] .  On light microscopy, 
however, crystals appear as clumps of shiny nonbirefringent 
globules and with Alizarin red S stain, the clumps appear red
orange [3 1 ,321. If hydroxyapatite is suspected, Alizarin red S 
stain must be requested specifically from the laboratory, as it is 
not a routine component of the c1ystal analysis. Calcium 
oxalate oystals can also induce an inflanunatory arthritis: This 
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Table 24-5. Classification of Hyperuricemia 

Prima1y hyperuricemia 
Idiopathic 
Enzymatic defects (e.g., hypoxanthine guanine phosphoribosyl

transferase deficiency) 
Seconda1y hyperuricemia 

Increased production of uric acid 
Increased de nova purine synthesis 
Excessive dietary purine intake 
Increased nucleic acid turnover (myeloproliferative/lymphopro

liferative disorders, psoriasis, hemolytic anemia, ethyl alcohol 
abuse) 

Decreased renal excretion of uric acid 
Medications 

Diuretics 
Low-close salicylates 
Pyrazinamide 
Ethambutol 
Cyclosporine 

Chronic renal failure 
Hyperacidemia (lactic acidosis, ketoacidosis, starvation, ethyl 

alcohol abuse) 
Lead nephropathy 

is generally seen in patients on long-term hemodialysis [33-35] 
but may also be seen in young patients with prima1y oxalosis 
[31] .  Clinically, arthritis secondary to calcium oxalate deposi
tion often presents like the other crystalllne arthropathies [35] 
and therefore can only be differentiated by synovianalysis. In 
this case, synovial fluid typically reveals characteristic bipyra
midal c1ystals as well as polymorphic forms [31] .  

The yield for al l  c1ystals can be increased by spinning the 
specimen and examining the sediment. If the fluid cannot be 
examined immediately, it should be refrigerated to preserve 
the c1ystals. It is important to note that even in the presence of 
crystals, infection must be considered, since c1ystals can occur 
concomitantly with a septic joint. Other c1ystals include c1y
oimmunoglobulins in patients with multiple myeloma and 
essential c1yoglobulinemia [36]. Cholesterol c1ystals may be 
seen in patients with chronic inflammato1y arth.ropathies, such 
as rheumatoid arthritis, but this is a nonspecific finding. These 
crystals appear as plate-like structures with a notched corner. 

GRAM'S STAIN AND CULTURE. The Gram's stain is per
formed as with other body fluids. It should be performed as 
soon as possible to screen for the presence of bacteria. It has 
been reported that the sensitivity of synovial fluid Gram's stain 
in septic arthritis ranges between 50% and 75% for nongono
coccal infection and less than 10% for gonococcal infection 
[26]. Specificity is much higher; this suggests that a positive 
Gram's stain, despite a negative culture, should be considered 
evidence of infection [26]. In fact, it is not uncommon for only 
the Gram's stain to be positive in the setting of infection [26]. 
This being said, the absence of bacteria by Gram's stain does 
not rule out a septic process [27]. 

Synovial fluid in general should be cultured routinely for 
aerobic and anaerobic bacterial organisms. A positive culture 
confirms septic arthritis. In certain circumstances (e.g. ,  in 
chronic monoarticular arthritis) , fluid may be cultured for the 
presence of mycobacteria, fungus, and spirochetes. If dissemi
nated gonorrhea is suspected, the laboratory must be notified, 
as the fluid should be plated directly onto chocolate agar or 
Thayer-Martin medium. Just as Gram's stain of synovial fluid in 
gonococcal infection is often negative, so too is synovial fluid 
culture [37l . Synovial fluid culture is positive approximately 
10% to 50% of the time, versus 75% to 95% of the time for non
gonococcal infection [26]. However, cultures of genitourina1y 

Table 24-6. Conditions Associated wid1 Calcium Pyroph sphate 
Dihydrate Deposition Disease 

Hereditary 
Sporadic (idiopad1ic) 
Aging 
Metabolic diseases 

Hyperparathyroidism 
Hypothyroidism 
f-lypophosphatemia 
Hypomagnesemia 
Hemochromatosis 

Amyloiclosis 
Trauma 

sites and mucosa! sites in gonococcal infection are positive 
approximately 80% to 90% of the time [38,39] . Therefore, when 
suspicion of gonococcal artlu-itis is high (e.g . ,  in a young, 
healthy, sexually active individual with a dermatitis-anhritis 
syndrome), the diagnosis must often be confirmed by a posi
tive culture from the urethra, ce1vix, rectum, or pha1ynx [37]. 

In addition to documenting infection and identifying a spe
cific organism, synovial fluid culture can be useful in deter
mining antibiotic sensitivities and subsequent eatment. 
Furthermore, serial synovial fluid cultures can help in assess
ing response to therapy. For example, a negative follow-up 
culture associated with a decrease in synovial fluid polymor
phonuclear cell count is highly suggestive of improYement. 

Other studies on synovial fluid (e.g. ,  glucose, protein, lac
tate dehydrogenase, complement, immune complex s) gener
ally are not helpful. Specifically, in a study by Shmerling et al . ,  
the investigators observed that synovial fluid glucose and pro
tein were "highly inaccurate": The synovial fluid glucose and 
protein misclassified effusions as inflammatory ver us nonin
flanm1ato1y 50% of the time [40] . In contrast, synovial fluid cell 
count and differential were found to be reliable and comple
mentary: Sensitivity and pecificity of cell count was 84% for 
both and for the differential was 75% and 92%, respectively 
[40] . Although synovial fluid lactate dehydrogenase was also 
found to be accurate, it did not offer any additional informa
tion above and beyond the cell count and differemial; there
fore, it is not recommended as part of the routine synovial 
fluid analysis [40]. Other studies such as rheumatoid factor, 
antinuclear antibodies, immune complexes, and co1 plements 
are generally considered unnecessa1y and unhelpful.  

Of note, there are special stains for synovial fluid that can 
be helpful when the clinical picture correlates; these include 
Congo red staining for amyloid arthropathy. Amyloid deposits 
display an apple-green birefringence with polarized light 
[41 ,42]. Prussian blue stain for iron deposition may reveal iron 
in synovial lining cells in hemoclu-omatosis [27]. However, 
neither of these studies should be considered a ro tine com
ponent of synovial fluid analysis. 
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25. Anesthesia for Bedside Procedures 

When a patient in an intensive care unit (ICU) requires a bed
side procedure, it is usually the attending intensivist, as 
opposed to a consultant anesthesiologist, who directs the 
administration of the necessa1y hypnotic, analgesic, or paralytic 
drugs. Funhermore, unlike in the operating room, the ICU usu
ally has no equipment for the administration of gaseous (e .g. ,  
nitrous oxide) or volatile (e .g. ,  isoflurane) anesthetics. Anesthe
sia for bedside procedures in the ICU is thus accomplished via 
a technique involving total intravenous anesthesia (TIVA). 

Mark Dershwitz, Laurence Landow, 
and Wandana Joshi-Ryzewicz 

Common Pain Management 
Problems in Intensive Care 
Unit Patients 

DOSING OF AGENT. Selecting the proper dose of an analge
sic to administer is problematic for several reasons, including 
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difficulty in assessing the effectiveness of pain relief, pharmaco
kinetic (PK) differences between the critically ill and other 
patients, and normal physiologic changes associated with aging. 

Assessing the Effectiveness of Pain Relief. Critically ill 
patients often are incapable of communicating their feelings 
because of delirium, obtunclation, or endotracheal intubation. 
This makes psychological evaluation quite difficult, because 
surrogate markers of pain intensity (e.g. ,  tachycardia, hyper
tension, and diaphoresis) are inherent in the host response to 
critical illness. 

Pharmacokinetic Considerations. Most of the pressors and 
vasoclilators administered in the ICU by continuous intravenous 
(IV) infusion have relatively straightfo1warcl PK behavior: They 
are water-soluble molecules that are bound ve1y little to plasma 
proteins. In contrast, the hypnotics and opioids used in TIVA 
have high lipid solubility, and most are extensively bound to 
plasma proteins, causing their PK behavior to be far more com
plex. Figure 25-1 shows the disappearance curves of fentanyl 
and nitroprusside after bolus injection. The fentanyl curve has 
three phases: a ve1y rapid phase (with a half-life of 0.82 minutes) 
lasting approxin1ately 10 minutes, during which the plasma con
centration decreases more than 90% from its peak value; an 
intermediate phase (with a half-life of 17 minutes) lasting from 
approxin1ately 10 minutes to an hour; and, finally, a terminal, 
very slow phase (with a half-life of 465 minutes) beginning 
approximately an hour after bolus injection. After a single bolus 
injection of fentanyl, the terminal phase occurs at plasma con
centrations below which there is no pharmacologic effect. How
ever, after multiple bolus injections or a continuous infusion, this 
latter phase occurs at therapeutic plasma concentrations. Thus, 
fentanyl behaves as a short-acting drug after a single bolus injec
tion but as a very long-lasting drug after a continuous infusion of 
more than 1 hour in duration (i.e., fentanyl accumulates). Thus, 
it is inappropriate to speak of the half-life of fentanyl. 

The disappearance curve of nitroprusside has two phases: a 
very rapid phase (with a half-life of 0.89 minutes) lasting 
approximately 10 minutes, during which the plasma concen
tration decreases more than 85% from its peak value, and a ter
minal phase (with a half-life of 14 minutes). It may be slightly 
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Fig. 25-2. The context-sensitive half-times for propofol, alfentanil, 
sufentanil, and remifentanil as a function of infusion duration. (Adapted 
from Shafer A, Doze VA, Shafer SL: Pharmacokinetics and p armacody
namics of propofol infusions during general anesd1esia. Anestbesiology 
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dose requirements wid1 age. A simultaneous pharmacokinetic and 
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Hudson RJ, Bergstrom RG, Thomson IR, et al: Pharmacokinetics of 
sufentanil in patients undergoing abdominal aoritc surgery. Anesthesiol
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slower in offset as compared with fentanyl during the initial 1 0  
minutes after a bolus injection, but i t  does not accumulate a t  all 
even after a prolonged infusion. 

The PK behavior of the lipid-soluble hypnotics a cl analge
sics given by infusion can be described by their context
sensitive half-times (CSHT). This concept can be efinecl as 
follows: When a drug is given as an IV bolus follo ed by an 
IV infusion designed to maintain a constant plasma drug con
centration, the time required for the plasma concentration to 
fall by 50% after termination of the infusion is the CSHT [1) .  
Figure 25-2 depicts the CSHT curves for the medications that 
are most likely to be used for TIVA in ICU patients. 

PK behavior in critically ill patients is unlike tl1at in normal 
subjects for several reasons. Because ICU patients frequently 
have renal or hepatic dysfunction, or both, drug excretion is 
significantly impaired. Hypoalbuminemia, common in critical 
illness, decreases protein binding and increases free drug con
centration [2) . Because free drug is tl1e only moiety available 
to tissue receptors, decreased protein binding increases the 
pharmacologic effect for a given plasma concentration. It is, 
therefore, more impo1tant in the ICU patient that the closes of 
medications used for TIVA are individualized for a particular 
patient. 

Physiologic Changes Associated with Aging. Persons 65 years 
of age and older comprise the fastest-growing segment of 
the population and constitute the majority of patients in 
many ICUs. Aging leads to (a) a decrease in total body 
water and lean body mass; (b) an increase in body fat and, 
hence, an increase in the volume of distribution of lipid
soluble drugs; and (c) a decrease in drug clearance rates, 
clue to reductions in liver mass, hepatic enzyme activity, 
liver blood flow, and renal excretory function. A progres
sive, age-dependent increase in pain relief and electroen
cephalographic suppression occurs among elderly patients 
who receive the same dose of opioid as younger patients. 
Central nervous system (CNS) depression is also increased 
in elderly patients after administration of identical closes of 
benzocliazepines. 



Table 25-1. Bedside Procedures and Associated Levels of Discomfo1t 

Mildly to moderately uncomfortable 
Transesophageal echocarcliography" 
Transtracheal aspiration 
Thoracentesis" 
Paracentesis" 

Moderately to severely uncomfortable 
Enclotracheal intubation" 
Flexible bronchoscopy" 
Thoracostomy" 
Bone marrow biopsy 
Colonoscopy 
Peritoneal dialysis catheter insertion" 
Peritoneal lavage" 
Percutaneous gastrostomy" 
Percutaneous intraaortic balloon insertion" 

Extremely painful 
Rigid bronchoscopy 
Debriclement of open wounds 
Dressing changes 
Onhopeclic manipulations 
Tracheostomy" 
Pericarcliocemesis/pericarclial window" 
Open lung biopsy 
Venu·iculostomy" 

"Procedures in which the level of discomfort may be significantly mitigated by 
the use of local anesthesia. 

SELECTION OF AGENT. Procedures performed in ICUs today 
(Table 25-1) span a spectrum that extends from those associ
ated with mild discomfort (e.g. ,  esophagogastroscopy) to 
those that are quite painful (e.g. ,  orthopedic manipulations, 
wound debridement, tracheostomy) . Depending on their tech
nical difficulty, these procedures can last from minutes to 
hours. To provide a proper anesthetic, medications should be 
selected according to the nature of the procedure and titrated 
according to the patient's response to surgical stimulus. In 
addition, specific disease states should be considered so that 
safety and effectiveness are maximized. 

Head Trauma. Head-injured patients require a technique that 
provides effective yet brief anesthesia so that the capacity to 
assess neurologic status is not lost for extended periods of time. 
1n addition, the technique must not adversely affect cerebral 
perfusion pressure. If the effects of the anesthetics dissipate too 
rapidly, episodes of agitation and increased intracranial pressure 
(ICP) may occur that jeopardize cerebral perfusion. In contrast, 
if the medications last too long, there may be difficulty in mak
ing an adequate neurologic assessment following the procedure. 

Coronary Artery Disease. Postoperative myocardial ische
mia following cardiac and noncardiac surge1y strongly pre
dicts adverse outcome [3] . Accordingly, sufficient analgesia 
should be provided during and after invasive procedures to 
reduce plasma catecholamine and stress hormone levels. 

Renal or Hepatic Failure. The association between sepsis 
and acute renal failure has been recognized for many years . 
The risk of an adverse drug reaction is at least three times 
higher in azotemic patients than in those with normal renal 
function. This risk is magnified by excessive unbound drug or 
drug metabolite(s) in the circulation and changes in the target 
tissue(s) induced by the uremic state. 

Liver failure alters many drugs' volumes of distribution by 
impairing synthesis of the two major plasma-binding proteins, 
albumin and a1-acid glycoprotein. In addition, reductions in 
hepatic blood flow and hepatic enzymatic activity decrease 
drug clearance rates. 
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Table 25-2. Characteristics of Intravenous Hypnotic Agents" 

Propofol Etomiclate Ketamine Miclazolam 

Bolus close 1-2 0 2-0.3 1-2 0.05-0.10 
(mg/kg) 

Onset Fast Fast Fast Intermedi-
ate 

Duration Short Shon Intermecli- Intermediate 
ate 

Carcliovascu- J, None i Minimal 
lar effects 

Respiratory J, J, Minimal J, 
effects 

Analgesia None None Profound None 
Amnesia Mild Mild Profound Profound 

"The listed doses should be reduced 50% in elderly patients. Entries in bold type 
indicate noteworthy differences among the drugs. 

Characteristics of Specific Agents 
Used for Bedside Procedures 

HYPNOTICS. The characteristics of the hypnotics are listed 
in Table 25-2. When rapid awakening is desired, propofol or 
etomidate is the hypnotic agent of choice. Ketamine may be 
useful when a longer duration of anesthesia is needed. Micla
zolam is rarely used alone as a hypnotic; however, its pro
found anxiolytic and amnestic effects render it useful in 
combination with other agents. 

Propofol 
DESCRIPTION. Propofol is a hypnotic agent associated with 

pleasant emergence and little hangover. It has essentially 
replaced thiopental for induction of anesthesia, especially in 
outpatients. It is extremely popular because it is readily titratable 
and has more rapid onset and offset kinetics than miclazolam. 
Thus, patients emerge from anestl1esia more rapidly after propo
fol than after miclazolam, a factor that may make propofol the 
preferred agent for sedation and hypnosis in general, and in par
ticular for patients with altered level of consciousness. 

The CSHT for propofol is approximately 10 minutes following 
a 1-hour infusion, and the CSHT increases approximately 5 min
utes for each additional hour of infusion for tl1e first several 
hours, as shown in Figure 25-2. Thus, tl1e CSHT is approximately 
20 minutes after a 3-hour infusion. 111e CSHT plateaus for infu
sions longer than a clay; patients sedated for weeks may be 
expected to wake up within a few hours after the propofol infu
sion is stopped [4]. This rapid recovery of neurologic status 
makes propofol a good sedative in ICU patients, especially those 
with head trauma, who may not tolerate mechanical ventilation 
without pharmacologic sedation. 

Even though recove1y after termination of a continuous 
infusion is faster with propofol than with midazolam, a com
parative trial showed that the two drugs were roughly equiva
lent in effectiveness for overnight sedation of ICU patients [5]. 
For long-term sedation (e.g. , more than 1 clay), however, 
recove1y is significantly faster in patients given propofol. 

1n spontaneously breathing patients sedated with propofol, res
pirato1y rate appears to be a more predictable sign of adequate 
sedation than hemoclynamic changes. The ventilato1y response to 
rebreathing carbon dioxide during a maintenance propofol infu
sion is similar to that induced by other sedative drugs (i.e., propo
fol significantly decreases tl1e slope of tl1e carbon dioxide 
response cu1ve). Neve1theless, spontaneously breathing patients 
anestl1etizecl with propofol are able to maintain n01mal end-tidal 
carbon dioxide values during minor surgical procedures. 
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Bolus doses of propofol in the range of 1 to 2 mg per kg 
induce loss of consciousness within 30 seconds. Maintenance 
infusion rates of 1 00 to 200 pg per kg per minute are adequate 
in younger subjects, whereas doses should be reduced by 
20% to 50% in elderly individuals. 

ADVERSE EFFECTS 
Cardiovascular. Propofol depresses ventricular systolic func
tion and lowers afterload but has no effect on diastolic function 
[6,7). Vasoclilation results from calcium channel blockade. In 
patients undergoing corona1y artery bypass surgery, propofol 
(2 mg per kg IV bolus) produced a 23% fall in mean arterial 
blood pressure, a 20% increase in heart rate, and a 26% 
decrease in stroke volume. In pigs, propofol caused a dose
related depression of sinus node and His-Purkinje system func
tions but had no effect on atrioventricular node function or on 
the conduction properties of atrial and ventricular tissues. In 
patients with coronary artery disease, propofol administration 
may be associated with a reduction in coronary perfusion pres
sure and increased myocardial lactate production [8). 
Neurologic. Propofol may improve neurologic outcome and 
reduce neuronal damage by depressing cerebral metabolism. 
Propofol decreases cerebral oxygen consumption, cerebral 
blood flow, and cerebral glucose use in humans and animals to 
the same degree as reported for thiopental and etomidate [9). 
Metabolic. The emulsion used as the vehicle for propofol con
tains soybean oil and lecithin and supports bacterial growth; 
iatrogenic contamination leading to septic shock is possible. Cur
rently available propofol preparations contain eit11er ethylenedi
aminetetraacetic acid or sulfite as a bacteriostatic agent. Because 
ethylenecliaminetetraacetic acid chelates trace metals, particularly 
zinc, serum zinc levels should be measured daily during continu
ous propofol infusions. Hyperlipiclemia may occur, particularly in 
infants and small children. Accordingly, triglyceride levels should 
be monitored daily in this population whenever propofol is 
administered continuously for more man 24 hours. 

Etomidate 
DESCRIPTION. Etomiclate has onset and offset PK characteristics 

sinlliar to propofol and an unrivaled cardiovascular profile, even 
in t11e setting of cardiomyopamy [10) .  Not only does etomidate 
lack significant effects on myocardial contractility, but baseline 
sympatl1etic output and baroreflex regulation of sympametic 
activity are well preserved. Etom.iclate depresses in a close
relatecl manner cerebral oxygen metabolism and blood flow 
wit110ut changing tl1e intracranial volume-pressure relationship. 

Etomiclate is particularly useful (rat11er man tl1iopental or pro
pofol) in certain patient subsets. These include hypovolemic 
patients, multiple trauma victims witl1 closed-head injwy, and 
t11ose wit11 low ejection fraction, severe aortic stenosis, left main 
coronary artery disease, or severe cerebrovascular disease. 

ADVERSE EFFECTS: METABOLIC. Etomiclate, when given by pro
longed infusion, may increase mortality associated with low 
plasma cortisol levels [ 1 1 ) .  Even single doses of etomiclate can 
produce aclrenocortical suppression that lasts for 24 hours or 
more in normal patients undergoing elective surgery [ 12) .  
These effects are more pronounced a s  t11e dose i s  increased or 
if continuous infusions are used for sedation. Etomiclate
incluced aclrenocortical suppression occurs because the drug 
blocks a key step in the metabolic pathway in adrenal ste
roiclogenesis. Because etomidate does not affect t11e response 
of tissue cortisol receptors, supplementation with exogenous 
steroids in physiologic closes should prevent the adverse 
effects of aclrenocortical suppression and allow clinical use of 
etomiclate for brain protection or anesmetic induction. It is 
also noteworthy that etomiclate causes the highest incidence 
of postoperative nausea and vomiting of any of the IV anes
thetic agents. 

Ketamine 
DESCRIPTION. Ketamine induces a state of sedation, amnesia, 

and marked analgesia in which the patient experiences a 
strong feeling of dissociation from the environment. It is 
unique among the hypnotics in that it reliably induces uncon
sciousness by tl1e intramuscular route. Ketamine is rapidly 
metabolized by the liver to norketamine, which is pharmaco
logically active. Ketamine is slower in onset and offset as 
compared wim propofol or etomidate following IV infusion. 

Many clinicians consider ketamine to be tl1e analgesic of 
choice in patients witl1 a histo1y of bronchospasm. In tl1e usual 
dosage, it decreases ai.Jway resistance, probably by blocking 
norepi.J1ephrine uptake, which in turn stimulates �-adrenergic 
receptors in the lungs. In contrast to many �-agonist bronchodi
lators, ketamine is not arrhyt11mogenic when given to astl1matic 
patients who are receiving aminophylline. 

Ketamine may be safer than other hypnotics or opioicls in 
unintubated patients because it depresses airway reflexes 
and respiratory drive to a lesser degree. It may be particu
larly useful for procedure near the airway, where physical 
access and ability to secure an ai1way is limited (e.g . ,  gun
shot wounds to the face). Because ketamine increases sali
vary and tracheobronch..ial secretions, an anticholinergic 
(e.g . ,  0.2 mg glycopyrrolate) should be administered before 
its administration. In patients with borderline h . poxemia 
despite maximal therapy. ketamine may be the drug of 
choice, because it does not inhibit hypoxic pulmonary vaso
constriction . 

Another major feature that distinguishes ketamine from 
most otl1er IV anesthetics is tl1at it stimulates the cardiovascu
lar system (i .e . ,  raises heart rate and blood pressure). This 
action appears to result from direct stimulation of the C S, 
with increased sympat11etic nervous system outflow and from 
blockade of norepinephrine reuptake in adrenergic erves. 

Because pulmonary hype1tension is a characteristic feature of 
acute respiratory distress syndrome, drugs tl1at increase right 
ventricular afterload should be avoided. In infants itl1 either 
normal or elevated pulmonary vascular resistance, ketamine 
does not affect pulmonary vascular resistance as long as constant 
ventilation is mai.J1tained, a finding also confirmed in adults. 

Cerebral blood flow does not change when ketamine is 
i.J1jected into cerebral vessels. In mechanically ventilate pigs witl1 
a1t.ificially produced intracranial hypertension in which ICP is on 
tl1e shoulder of t11e compliance curve, 0.5 to 2.0 mg per kg IV 
ketamine does not raise ICP; likewise, in mechanically ventilated 
preterm infants, 2.0 mg per kg IV ketamine does n t increase 
anterior fontanel pressure, an indirect monitor of ICP [13, 14) .  

ADVERSE EFFECTS 
Psychological. Emergence phenomena of ketamine have been 
described as floating sensations, vivid dreams (pl asant or 
unpleasant), hallucination , and delirium. These effect:E are more 
common in patients older than 16 years, in female pa ents, after 
short operative procedures, after large closes (greater than 2 mg 
per kg IV), and after rapid administration (greater man 40 mg per 
mi.Jrnte). Pre- or concurrent treatment witl1 benzodiazepines or 
propofol usually prevents mese phenomena [15) .  
Cardiovascular. Because ketamine increases myocardial oxy
gen consumption, using ketamine alone risks precipitating 
myocardial ischemia in patients wim coronary artery disease. 
On the other hand, combinations of ketamine plus diazepam, 
ketamine plus midazolam, or ketamine plus sufemanil are 
well tolerated for induction i.J1 patients undergoing coronary 
arte1y bypass surgery. Repeated bolus doses are often associ
ated witl1 tachycardia. This can be reduced by ad1 inistering 
ketamine as a constant infusion. 

Ketamine produces myocardial depression in the isolated 
animal heart. Hypotension has been reported following ket-



amine administration in hemoclynamically compronlisecl 
patients with chronic catecholamine depletion. 
Neurologic. Ketamine does not lower the minimal elec
troshock seizure threshold in mice. When it is administered 
with aminophylline, however, a clinically apparent reduction 
in seizure threshold is observed. 

Midazolam 
DESCRIPTION. Although capable of inducing unconscious

ness in high closes, miclazolam is more commonly used as a 
sedative. Along with its sedating effects, miclazolam produces 
anxiolysis, amnesia, and relaxation of skeletal muscle. 

Anterogracle amnesia following miclazolam (5 mg IV) peaks 
2 to 5 minutes after IV injection and lasts for 20 to 40 minutes. 
Because miclazolam is highly (95%) protein bound (to albu
min), drug effect is likely to be exaggerated in ICU patients. 
Recovery from miclazolam is prolonged in obese and elderly 
patients and after continuous infusion because it accumulates 
to a significant degree. In patients with renal failure, active con
jugated metabolites of miclazolam may accumulate and delay 
recovery. Although flumazenil can be used to reverse excessive 
sedation or respirato1y depression from miclazolam, its duration 
of action is only 1 5  to 20 minutes. In addition, flumazenil may 
precipitate acute anxiety reactions or seizures, particularly in 
patients who are receiving chronic benzocliazepine therapy. 

Miclazolam causes close-dependent reductions in cerebral 
metabolic rate and cerebral blood flow, suggesting that it may 
be beneficial in patients with cerebral ischemia. Due to its 
combined sedative, anxiolytic, and amnestic properties, micla
zolam is ideally suited for brief, relatively painless procedures 
(e.g. ,  endoscopy) as well as for prolonged sedation (e.g. , dur
ing mechanical ventilation). 

ADVERSE EFFECTS 
Respiratory. Miclazolam (0. 1 5  mg per kg IV) depresses the 
slope of the carbon dioxide response curve and increases the 
dead space-tidal volume ratio and partial arterial pressure of 
carbon dioxide. Respirato1y depression is even more marked 
and prolonged in patients with chronic obstructive pulmona1y 
disease. Miclazolam also blunts the ventilato1y response to 
hypoxia. 
Cardiovascular. Small Oess than 10%) increases in hean rate 
and small decreases in systemic vascular resistance are frequendy 
obse1vecl after administration of miclazolam. It has no significant 
effects on coronary vascular resistance or autoregulation. 
Neurologic. Because recovery of cognitive and psychomotor 
function may be delayed for up to 24 hours, miclazolam as the 
sole hypnotic may not be appropriate in situations in which 
rapid return of consciousness and psychomotor function is a 
high priority. 

OPIOIDS 

Morphine 
DESCRIPTION. Pain relief by morphine and its surrogates is 

relatively selective in that other sensory modalities (touch, 
vibration, vision, hearing) are not obtunclecl. Opioicls blunt 
pain by (a) inhibiting pain processing by the dorsal horn of 
the spinal cord, (b) decreasing transmission of pain by activat
ing descending inhibitory pathways in the brain stem, and 
(c) altering the emotional response to pain by actions on the 
limbic cortex. 

Various types of opioid receptors (denoted by Greek letters) 
have been discovered in the spinal cord, brain stem, thalamus, 
limbic system, and cerebral cortex. Their stimulation causes d1e 
subject to experience emotions that can be described as pleas
ant [analgesia (p) and sedation (K)] or unpleasant [hallucina
tions (o)]. Morphine is an agonist at each of these receptors. 
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Transmission of impulses from these receptors to other centers 
is modulated by many substances, including substance P, neu
rotensin, vasoactive intestinal peptide, serotonin, cholecystoki
nin, gamma-aminobutyric acid, and norepinephrine. 

PK data suggest that differences in lipid solubility affect the 
ease with which opioicls cross the blood-brain barrier and reach 
the target-effector site. Morphine emers the brain and spinal 
cord with difficulty. Peak analgesic effects may not occur for 
more than an hour after IV injection; hence, the plasma profile 
of morphine does not parallel its clinical effects [16] .  

Morphine is unique among the opioicls in causing significant 
histamine release after IV injection that occurs almost i=ecli
ately. The beneficial effect of giving morphine to a patient with 
acute pulmona1y edema is far more related to this hemocly
namic effect than to its analgesic and sedating effects. 

ADVERSE EFFECTS 
Gastrointestinal. Constipation, nausea, and vomiting are well
clescribecl side effects of morphine administration. Reduced 
gastric emptying and bowel motility (small and large intes
tine), often leading to aclynamic ileus, appear to be mediated 
peripherally (by opioid receptors located in the gut) and cen
trally (by the vagus ne1ve). 
Cardiovascular. Hypotension is not unusual after morphine 
administration, especially if it is given rapidly (i.e . ,  5 to 10 mg 
per minute). In patients who are pretreated with H1- and H2-
receptor antagonists, the hypotensive response following 
morphine administration is significantly attenuated, despite com
parable increases in plasma histamine concentrations. These data 
strongly implicate histamine as tl1e mediator of these changes. 
Respiratory. Morphine administration is followed by a close
clepenclent reduction in responsiveness of brain stem respirato1y 
centers to carbon dioxide. Key features of this phenomenon 
include a reduction in the slope of the ventilat01y and occlu
sion pressure responses to carbon dioxide, a rightward shift 
of the minute ventilato1y response to hypercarbia, and an 
increase in resting end-tidal carbon dioxide and the apneic 
threshold ( i .e . ,  the partial pressure of carbon dioxide value 
below which spontaneous ventilation is not initiated without 
hypoxemia). The duration of these effects often exceeds the 
time course of analgesia. In addition to blunting the carbon 
dioxide response, morphine decreases hypoxic ventilatory 
drive. Morphine administration in patients with renal failure 
has been associated with prolonged respiratory depression 
secondary to persistence of its active metabolite, morphine 
6-glucuronicle [ 1 7] .  

The practice o f  administering small closes o f  I V  naloxone 
(40 µg) to patients to reverse the respiratory depression of 
excessive morphine effects is risky and inadvisable for a num
ber of reasons. Anecdotal reports describe the precipitation of 
vomiting, delirium, arrhythmias, pulmona1y edema, cardiac 
arrest, and sudden death subsequent to naloxone administra
tion in othe1wise healthy patients after surge1y. Furthermore, 
naloxone levels decline rapidly, whereas morphine levels may 
remain elevated for much longer. Recurring respirato1y depres
sion, therefore, remains a distinct possibility and, in the unintu
bated patient, is a source of potential morbidity. 

Reversal wid1 a mixed opioid agonist-antagonist such as nal
buphine or butorphanol appears to be safer tl1an witl1 naloxone. 
Mixed opioid agonist-antagonist agents may eid1er increase or 
decrease d1e opioid effect, depending on the close administered, 
d1e particular agorlist already present, and d1e amount of agonist 
remaining. For bedside procedures in d1e ICU, many of d1ese 
problems can be obviated by using a sho1ter-acting opioid. 
Neurologic. Morphine has little effect on cerebral metabolic 
rate or cerebral blood flow when ventilation is controlled. It 
may affect cerebral perfusion pressure adversely by lowering 
mean arterial pressure. 
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Fentanyl and Its Congeners 
DESCRIPTION. Fentanyl, alfentanil, sufentanil, and remifentanil 

enter and leave the CNS much more rapidly than morphine, 
thereby causing a much faster onset of effect after IV adminis
tration. These medications are also more selective opioid ago
nists in that they are active only at µ-opioid receptors. The only 
significant difference among these agents is their PK behavior. 

Fentanyl may be useful when given by intermittent bolus 
injection (50 to 100 µg), but when given by infusion, its dura
tion becomes prolonged (18) .  Alfentanil, originally marketed 
as an "ultra-short"-duration medication, is not; Figure 25-2 
shows that its CSHT is almost 1 hour after a 2-hour infusion. 
Thus, for TIVA in ICU patients in whom rapid emergence is 
desirable, sufentanil or remifentanil is the preferred choice for 
continuous infusion. When the procedure is expected to be 
followed by postoperative pain, sufentanil is preferred. Figure 
25-2 shows that its CSHT is similar to that of propofol for inh1-
sions of up to 1 0  hours. When the procedure is expected to 
be followed by minimal postoperative pain (e.g. ,  bronchos
copy), remifentanil is preferred.  Its CSHT is approximately 4 
minutes regardless of the duration of the inh1sion. 

Remifentanil owes its extremely short duration to rapid 
metabolism by tissue esterases, primarily in skeletal muscle 
(19). Its PK behavior is unchanged in the presence of severe 
hepatic [20] or renal [21] failure. 

Sufentanil infusion for TIVA can be initiated with a 0 .5- to 
1 . 5-µg per kg bolus followed by an infusion at 0.01 to 0.03 µg 
per kg per minute. If given with a propofol infusion, the two 
infusions can be stopped simultaneously as governed by the 
curves in Figure 25-2. Remifentanil infusion for TIVA can be ini
tiated with a 1- to 2-µg per kg bolus followed by an infusion at 
0.25 to 1 µg per kg per minute. The remifentanil infusion 
should be continued until after the procedure is completed; if 
the patient is expected to have postoperative pain, another opi
oid must be given because the remifentanil effect dissipates 
within a few minutes. 

ADVERSE EFFECTS 
Cardiovascular. Although fentanyl, sufentanil, alfentanil, and 
remifentanil do not affect plasma histamine concentrations, 
bolus doses can be associated with hypotension, especially 
when they are infused rapidly (i.e. ,  less than 1 minute). This 
action is related to medullary vasomotor center depression 
and vagal nucleus stimulation. 
Neurologic. Fentanyl and sufentanil have been reported to 
increase ICP in ventilated patients after head trauma. Fentanyl, 
sufentanil, and alfentanil may adversely affect cerebral perfu
sion pressure by lowering mean arterial pressure. All of the 
fentanyl derivatives may cause chest wall rigidity when a large 

Tabl,e 25-3. Characteristics of the Neuromuscular Blocking Agents 

Drug 

Succinylcholine 

I ndication 

Romine intubation 
Rapid-sequence inrubation 

bolus is given rapidly. This effect may be mitigated by neuro
muscular blocking (!\MB) agents as well as by coa ministra
tion of a hypnotic agent. 

NEUROMUSCULAR BLOCKING AGENTS. The two phar
macologic classes of NMB agent are depolarizing agents 
(e.g. ,  succinylcholine) and nondepolarizing agents (e.g. , vecu
ronium, cisatracurium). Succinylcholine is an agonist at the 
nicotinic acetylcholine receptor of the neuromuscular junc
tion. Administration of succinylcholine causes an initial 
intense stimulation of skeletal muscle, manifested as fascicula
tions, followed by paraly is due to continuing depolarization. 
Nondepolarizing agents are competitive antagonists of acetyl
choline at the neuromuscular junction; they preve t acetyl
choline, released in response to motor nerve impulses, from 
binding to its receptor and initiating muscle contraction. Dis
tinctions among the nondepolarizing agents are made based 
on PK differences as well as by their cardiovascular effects. 
Table 25-3 summarizes the NMB agents. 

NMB agents are used to facilitate endotracheal intubation 
and to improve surgical conditions by decreasin skeletal 
muscle tone. Before intubation, the administration of an 
NMB agent results in paralysis of the vocal cords, increasing 
the ease with which the endotracheal tube can be inserted 
and decreasing the risk of vocal cord trauma. D ring sur
gery, the decrease in skeletal muscle tone may aid in surgical 
exposure (as during abdominal surge1y), decrease the insuf
flation pressure needed during laparoscopic procedures, and 
make joint manipulation easier during orthopedic surge1y. 
NMB agents should not be used to prevent patient move
ment, which is indicative of inadequate anesthesia. Dosing 
of NMB agents should be based on monitoring evoked 
twitch response; ablation of two to three twitches of the 
train-of-four is sufficient for the majority of surgical proce
dures and permits easy reversal. 

Succinylcholine 
DESCRIPTION. Succinylcholine has the fastest o set and 

shortest duration of the !\MB agents. A dose of 1 mg per kg 
succinylcholine results in fasciculations within sec nds and 
excellent intubating conditions in less than 1 minute. Succi
nylcholine is usually considered the drug of choice when the 
airway must be quickly secured, such as when the patient 
has a full stomach or has symptomatic gastroe ophageal 
reflux. 

A small dose (e.g., 0.5 mg vecuronium) of a nonde_ olarizing 
agent given before succinylcholine prevents the fasc iculations 
caused by succinylcholine. When succinylcholine is given after 

Dose Onset Time to 25% 
(mg/kg) (min) recove1y (min) 

1 .0  0.7 1 0  

Rocuronium Rapid-sequence innibarion in a patient in whom succinylcholine is contraindicated 0.6 1 . 5  40 

Cisatracurium 

Vecuronium 
Pancuronium 

Pipecuronium 

Doxacurium 

Intubation and/or maintenance for a case of up to several hours in duration 

Intubation and/or maintenance for a case of up ro several hours in duration 
Maintenance of long-term muscle paralysis by infusion at a rare of 0.025-0.050 mg/ 

kg/h 
Maintenance of long-term muscle paralysis by infusion at a rate of 0.02-0.04 mg/kg/ 

h in a patient requiring strict hemodynamic stability 
Maintenance of long-term muscle paralysis by infusion at a rate of 0.01-0.02 mg/kg/ 

h in a patient requiring strict hemodynamic stability 

1 . 2  
0 . 1  
0.2 
0 . 1  
0 . 1  

0.09 

0.05 

1 . 1  70 
3 40 
2 60 
2 50 
3 90 

3 1 10 

6 90 



a small dose of a nondepolarizing agent, there is a delay in 
onset (to approximately 1 . 5  minutes) of its peak effect. 

Succinylcholine is metabolized by plasma cholinesterase, 
a circulating enzyme. In most people, its duration of action 
is approximately 5 to 10 minutes. A number of inherited 
abnormalities of plasma cholinesterase may prolong the 
duration of succinylcholine. If a patient is deficient in plasma 
cholinesterase but has normal renal function, succinylcho
line is eliminated unchanged with a half-life of approxi
mately 20 to 30 minutes. 

ADVERSE EFFECTS 
Neurologic. Succinylcholine may trigger malignant hyperther
mia in genetically susceptible persons. Its use in the pediatric 
population is controversial because of the possibility that a 
child may have a genetically determined myopathy that has 
not yet become symptomatic but that is associated with malig
nant hyperthermia. 

Succinylcholine may cause a malignant rise in the extracellu
lar potassium concentration in patients with major acute burns, 
upper or lower motor neuron lesions, prolonged immobility, 
massive crush injuries, and various myopathies. Although the 
usual doses of succinylcholine cause a transient increase in the 
plasma potassium concentration of approximately 0.5 mEq per 
L, preexisting hyperkalemia is generally not a contraindication 
to its use. 
Cardiovascular. Succinylcholine often causes transient tachy
cardia as a result of its vagolytic effect. Interestingly, a second 
dose of succinylcholine, given before the complete dissipation 
of the first close, may cause bradycarclia or asystole. Preceding 
such a second dose with a dose of atropine or glycopyrrolate 
prevents this vagomi.metic effect. 

Nondepolarizing Neuromuscular Blocking Agents 
DESCIUPTION. Vecuronium, rocuronium, and cisatracurium 

are commonly used to facilitate intubation in persons in 
whom succinylcholine is contraindicated. They are also used 
for maintenance of muscle paralysis for surgical procedures 
lasting up to several hours. These three agents are essentially 
devoid of cardiovascular effects, and the choice among them 
is usually made on the basis of desired PK parameters as 
listed in Table 25-3. Vecuronium and rocuronium are metab
olized by the liver; their durations may be increased in per
sons with hepatic dysfunction or decreased in persons who 
take medications that induce hepatic cytochrome P450 (e.g. , 
phenytoin) . Cisatracurium is metabolized enzymatically (by 
plasma cholinesterase) and by nonenzymatic ester hydroly
sis, which occurs at physiologic pH; the drug is supplied at 
an acidic pH and kept refrigerated before use to prevent this 
nonenzymatic degradation. The PK of cisatracurium are thus 
affected less by coexisting disease (e.g. , hepatic or renal dys
function) or by interaction with concomitantly administered 
medications. 

Pancuronium, pipecuronium ,  and cloxacurium are longer
lasting NMB agents. In the ICU, they are commonly used for 
longer-term therapy to facilitate mechanical ventilation. Pan
curonium has a vagolytic effect that may cause tachycardia, 
which may persist throughout its administration. Pipecuro
nium and doxacurium are devoid of cardiovascular effects. 
Doses of these medications are listed in Table 25-3 . 

ADVERSE EFFECTS. Any patient who receives NMB agents 
should be properly sedated. Longer-term therapy with NMB 
agents may cause muscle weakness that persists for months 
afterward. The risk factors for developing such a myopathy 
are coadministration with a glucocorticoid and long dura
tion of NMB therapy [22). It is controversial as to whether 
NMB agents in the steroidal class (pancuronium, vecuro
nium, rocuronium, pipecuronium) have a higher propensity 
of causing myopathy than the NMB agents in the benzyliso-
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quinoline class (atracurium, cisatracurium, mivacurium, and 
doxacurium). 

Reversal of Muscle Paralysis. When there is no longer any 
need for muscle paralysis, it is reasonable to permit the 
agent to wear off as long as the patient remains properly 
sedated until muscle strength has recovered. Adequate 
recovery of muscle strength is indicated by the absence of 
fade using the double-burst mode of the evoked twitch 
response. 

Alternatively, pharmacologic reversal of muscle paralysis 
can be achieved by the administration of an anticholinesterase 
such as neostigmine, 0.04 to 0.06 mg per kg. To counter the 
parasympathomimetic effects of neostigmine, glycopyrrolate, 
0.008 to 0.012 mg per kg, is given concomitantly. 

Practical Considerations for 
Total Intravenous Anesthesia 
Electing to perform common procedures (e.g. ,  tracheostomy, 
percutaneous gastrostomy) in the ICU instead of the operating 
room represents a potential cost savings of tremendous scope. 
Not only does this strategy eradicate costly operating room 
time and support resources, it eliminates misadventures that 
sometimes occur in hallways and on elevators. Cost analyses 
estimate an average overall cost reduction of 50% or more 
compared with traditional operative procedures [231. TIVA 
represents the most cost-effective method of facilitating this. 

In most patients, safe and effective TIVA can be achieved 
via the infusions of propofol plus sufentanil or propofol plus 
remifentanil. Premedication with midazolam decreases the 
required propofol doses and decreases the likelihood of recall 
for intraoperative events. Bolus doses should not be used in 
hemodynamically unstable patients, and lower bolus closes 
should be used in elderly individuals. NMB agents are also 
given if needed. 

The opioid infusion rate is titrated to minimize signs of 
inadequate analgesia (e .g . ,  tachycardia, tachypnea, hyper
tension, sweating, myclriasis). The propofol infusion rate is 
titrated to the endpoint of loss of consciousness; the new 
depth of anesthesia monitors (bispectral index or patient 
state index) facilitate locating this endpoint more accurately. 
Loss of consciousness should be achieved before the initia
tion of muscle paralysis. It is possible for patients to be com
pletely aware of intraoperative events at times when there is 
no change in hemodynamics or any manifestation of 
increased sympathetic activity [24, 25) .  Hence, administering 
an opioid to blunt incisional pain without inducing loss of 
consciousness with a hypnotic is inappropriate. 

The following additional points deserve consideration in 
this context: 

1 .  In subhypnotic closes, propofol is less effective than 
midazolam in producing amnesia. In the absence of 
coadministration of a benzodiazepine, propofol must 
cause unconsciousness to reliably prevent recall. Prompt 
treatment of patient responses (movement, tachycardia, 
hypertension) is important. 

2.  Medications infused for TIVA should be given via a carrier 
IV fluid running continuously at a rate of at least 50 mL per 
hour. This method not only helps deliver medication into 
the circulation, but it also serves as another monitor of 
occlusion of the drug delivery system. Occlusion of the 
infusion line for more than a few minutes may lead to 
patient awareness. 
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3. To take advantage of the known CSHT values for the 
TIVA agents, communication with the surgeon during the 
procedure is irnportant to anticipate the optimum time 
for stopping the infusions. The sufentanil and propofol 
infusions are stopped in advance of the end of the proce
dure, whereas remifentanil is infused until the procedure 
is complete. 

4 .  To maintain reasonably constant propofol and sufentanil 
blood concentrations, the maintenance infusion rates 
should be decreased during the procedure because the 
plasma concentrations increase over time at constant infu
sion rates. An approximate guideline is a 1 0% reduction in 
infusion rate eve1y 30 minutes. 

5 .  Strict aseptic technique is especially impo1tant during the 
handling of propofol. 
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26. Routine Monitoring of 
Critically Ill Patients 

When intensive care units (ICUs) came into being in the late 
1950s, vital signs were monitored intermittently by a nurse, 
and continuous measurement either was unavailable or neces
sitated invasive procedures. The explosion in the use of com
puters and other technology over the past few decades has 
significantly changed critical care. In no part of the hospital is 
the patient more intensively and continuously monitored, 
with the possible exception of the operating room, than in the 
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ICU. All vital signs can now be monitored accurately, nonin
vasively, and continuously. 

Over die past several years, die trend ir1 monicormg systems 
has been to become multipurpose. 11-Us means diat one system 
monitors a variety of parameters. Corrunercial systems now have 
d1e ability to monitor multiple mvasive and noninvasive blood 
pressures, core temperature, respiration, oxygenation, end-tidal 
carbon dioxide, mixed venous oxygen saturation, elec ·ocarclio-



graphic (ECG) rhythm, and ST segments. A multipurpose system 
eliminates the need for multiple, freestanding devices and makes 
it easier to coordinate the monito1ing of different parameters. It 
may also manage data from other sources such as a ventilator or 
infusion pump or work in conjunction with a bedside clinical 
information system that provides data management. 

Monitoring systems for ICUs may be either configured or 
modular. Configured systems have all of their functions hard
wired directly into the system. Modular systems have remov
able modules that interface with the monitor. These modules 
contain the information for each parameter to be monitored. 
Modular systems have gained popularity as the physiologic 
parameters being monitored have changed and expanded. 
This allows a system to be upgraded more easily. It is an 
axiom in critical care monitoring that systems typically become 
clinically obsolete before tl1ey are technically obsolete. 

This chapter deals witl1 the routine, predominantly noninva
sive monitoring tl1at should be clone for most patients in critical 
care units. It also examines the indications for, the fundamental 
technology of, and the problems encountered in the routine 
monitoring of temperature, blood pressure, ECG rhythm and ST 
segments, respiratory rate and pattern, oxygenation and carbon 
dioxide levels, and gastric intramucosal pH (pHi). 

Temperature Monitoring 
Abnormal temperature is common in critically ill patients. In 
the surgical ICU in one study, rectal temperatures on admis
sion were normal in only 30% of patients, were above 37.6°C 
in 37.6%, and were below 36.8°C in 32.3% (1 ] .  Recognition of 
abnormal temperature is clinically important. Abnormal tem
perature is frequently the earliest clinical sign of infection, 
inflammation, central nervous system dysfunction, or drug 
toxicity. Hypothermia and hyperrhermia are associated with a 
significant morbidity and mortality (see Chapters 65 and 66). 
Accurate measurement of temperature depends on the type of 
thermometer used and the site of temperature measurement. 

lYPES OF THERMOMETERS. A mercwy-in-glass thermome
ter has been the type in most common clinical use. Due to 
environmental concerns regarding mercu1y, however, tllese 
thermometers are gradually being phased out. Mercury remains 
the clinical gold standard. Falsely low measurements may result 
from failure to leave the thermometer in place for a minimum 
of 3 minutes' equilibration time. Falsely high temperatures 
result from failure to shake tl1e mercury clown. Because of prac
tical limitations in length, different models of mercu1y ther
mometers are used for the hypothermic temperature range. 

Liquid crystal display (LCD) thermometers usually involve 
liquid ciystals embedded in thin adhesive strips that are 
directly attached to the patient's skin. The c1ystals may be sen
sitive to temperature changes as small as 0 .2°C, but the dis
plays usually limit discrimination of temperature changes to 
no more than 0.5°C. LCD thermometers can be applied to any 
area of the skin but are most conunonly applied to the fore
head for ease of use and steady perfusion. Like all skin tem
perature measurements, they poorly reflect core temperature 
when the skin is hypoperfusecl. Forehead skin temperature is 
typically lower than core temperatures by 2.2°C [2] , and 
changes in LCD forehead temperature lag behind changes in 
core temperature by more than 12 minutes [3]. The LCD strip 
can be left in place for several hours without skin irritation but 
must be discarded after use [4]. LCD skin thermometry is 
probably best used in patients with stable, normal hemocly
namics who are nor anticipated to experience major tempera-
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ture shifts and in whom the trend of temperature change is 
more important than the accuracy of the measurement. 

Thermocouples and thermistors are frequently used as 
probes in electric thermometers that conve1t the electrical tem
perature signal into analog or digital displays. Thermocouples 
consist of a tight junction of two dissimilar metals. The voltage 
change across the junction can be precisely related to temper
ature. The measuring thermocouple must be calibrated against 
a second constant-temperature junction for absolute tempera
ture measurements. The measured voltage changes are on the 
order of 50 µV per degree Celsius and must be amplified to 
generate a usable temperature display. In the range of 20° to 
50°C, thermocouples may have a linearity error of less than 0 .1  
[4]. Thermocouples are faster and cheaper but less sensitive 
than thermistors and semiconductors. 

Thermistors consist of semiconductor metal oxides in which 
the electrical resistance changes inversely witl1 temperature. A 
linearity error of up to 4°C may occur over the temperature 
range of 20° to 50°C, but tllis can be substantially reduced by 
making mathematical adjustments or placing a fixed resistance 
in parallel witl1 the thermistor, which decreases its sensitivity 
and usable temperature range [4]. Thermistors are more sensi
tive, faster responding, and less linear and costly tl1an tl1ermo
couples or semiconductors (4,5]. Semiconductors measure 
temperature by taking advantage of the fact that the base-to
emitter voltage change is temperature dependent, whereas tl1e 
collector current of the silicon resistor is constant. Thermocou
ples and thermistors can be fashioned into thin wires and 
embeclclecl in flexible probes that are suitable for placing in 
body cavities to measure deep temperature. 

Zero-hear-flow thermomeny involves placing a thermistor, 
a hear-flow sensor, and a heater immediately adjacent to the 
skin. Hear loss from the skin is clerectecl by the flow sensor 
and is compensated for by the heater. In this manner, the 
skin beneath the probe is isolated from ambient temperature 
changes and more directly reflects deep body temperature or 
core temperature (6,7]. Response time to changes in core 
temperature is approximately 10 minutes [7] but may be sub
stantially longer in obese patients (5]. Inaccuracies during 
hypoperfusion have been reported (51 .  Despite its conve
nience, this type of thermometer remains infrequently used 
in the clinical setting because of its cost, 30-minute warm-up 
time, and inadequate data on local variation of deep body 
temperature at different sites. 

Radiotelemeuy thermometers have been made in the form 
of ingestible pills. The temperature sensor in the pill is an 
inductor and functions in such a way that temperature
depenclent changes in inductance result in changes in racliof
requency. Changes in racliofrequency can then be detected by 
a remote unit and translated electronically into a digital dis
play of temperature. These thermometers have little applica
tion in the ICU because temperature differences of up to 2°C 
may occur simply as a result of the pill's transit in the intestine 
[8]. 

Infrared emission detection tympanic thermometers [9] are 
probably now most commonly used in the hospital setting. 
These thermometers use an infrared sensor that detects infra
red energy emitted by tl1e core-temperature tissues behind the 
tympanic membrane. The infrared emissions through the tym
panic membrane va1y linearly with core temperature. The ther
mometer's sensor sends a signal to a microprocessor, which 
converts the signal into a digitally displayed temperature. Mea
surements are most accurate when the measuring probe 
blocks the entrance of ambient air into the ear canal and when 
the midposterior external ear is tugged posterosuperiorly so as 
to direct tl1e probe to the anterior, inferior third of the tym
panic membrane. Operator error clue to improper calibration, 
setup, or poor probe positioning can significantly alter temper-
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atures [10]. Mathematical corrections are available so that tym
panic temperature can be compared with that at other sites. 

SITES OF MEASUREMENT. Core temperature refers to the 
deep body temperature that is carefully regulated by the hypo
thalamus so as to be independent of transient small changes in 
ambient temperature. Core temperature exists more as a phys
iologic concept than as the temperature of an anatomic loca
tion. Ideal sires of temperature measurement would be 
protected from heat loss, painless, and convenient to use and 
would not interfere with the patient's ability to move and com
municate. No one location provides an accurate measurement 
of core temperature in all clinical circumstances. Rectal, blad
der, and tympanic temperatures are in general the most reli
able sites for measuring approximate core temperatures. 

Sublingual temperature measurement is convenient but suf
fers numerous l imitations. Although open- versus closed
mouth breathing [ 1 1] and use of nasogastric tubes do not alter 
temperature measurement [12],  oral temperature is obviously 
altered if measured during or immediately after the patient has 
consumed hot or cold drinks. Falsely low oral temperatures 
may occur because of cooling from tachypnea [13] .  Sixty per
cent of sublingual temperatures are more than 1°F lower than 
simultaneously measured rectal temperatures; 53% differ by 1° 
to 2°F, and 6% differ by more than 2°F. Continuous sublingual 
measurement interferes with the patient's ability to eat and 
speak, and it is difficult to maintain a good probe position. 
Sublingual measurement is best suited for intermittent moni
toring when highly accurate measurement of core tempera
ture is unnecessary. 

Axillary temperatures have been used as an index of core 
temperature and can be taken with a mercury-in-glass ther
mometer or a flexible probe.  Temperatures average 1 .5° to 
1 .9°C lower than tympanic temperatures [14]. Positioning the 
sensor over the axillary ane1y is thought to improve accuracy. 
The accuracy and precision of axillary temperature measure
ment are less than at other sites [14], perhaps in pan because 
of the difficulty of maintaining a good probe position.  

Rectal temperature is conveniently measured with a mercu1y
in-glass thermometer or a flexible temperature sensor. It is 
clearly the most widely accepted standard of measuring core 
temperature in clinical use. Before a rectal thermometer is 
inserted, a digital rectal examination should be performed 
because feces can blunt temperature measurement. Readings 
are more accurate when the sensor is passed more than 10 
cm (4 in.) into the rectum [5].  Rectal temperature correlates 
well in most patients with distal esophageal, bladder, and 
tympanic temperatures [14, 1 5].  Because of thermal inertia in 
the rectum, it is typically the slowest of the central measure
ment sites to respond to induced changes in temperature 
[16, 17] .  

Esophageal temperature is  usually measured with an elec
tric, flexible temperature sensor and varies greatly with the 
position of the sensor in the esophagus. In the proximal 
esophagus, as well as in the midportion near the trachea and 
bronchi, temperature is influenced by that of the ambient air 
[18]. During hypothermia, temperatures in different portions 
of the esophagus may differ by up to 6°C [18] .  Stable, more 
accurate temperatures are reached when the sensor is 45 cm 
from the nose [18, 19] .  Esophageal temperatures on average 
are 0.6°C lower than rectal temperatures [20]. Because of the 
proximity of the distal esophagus to the great vessels and 
heart, distal esophageal temperature responds rapidly to 
changes in core temperature [5]. Changes in esophageal tem
perature may inaccurately reflect changes in core temperature 
when induced temperature change occurs because of tl1e 
inspiration of heated air, warm or cold gastric lavage, or car-

diac bypass or assist [5]. Complications apart from mild dis
comfort and epistaxis are rare. 

Tympanic temperature must be measured with a specifically 
designed thermometer and correlates well with rectal and dis
tal esophageal temperature [5]. In clinical practice, tympanic 
measuremems correlate poorly with traditional oral measure
ments [21]. Tympanic temperature measurement shout always 
be preceded and followed by an otoscopic examination. Cur
rent tl1ermometers do not permit continuous measurement, 
which limits their utility in tl1e ICU. Accuracy depends on 
operator experience, and even when trained, experienced ICU 
nurses use tympanic tl1ermometers tl1e variability in repeated 
measurements is more tl1an 0. 5°F in 20% of patients [22]. Perfo
ration of tl1e tympanic membrane [23] and bleeding from the 
external canal due to trauma from tl1e probe have been 
reported. One series had a 1 .25% complication rate [17] .  

Urina1y bladder temperature can b e  easily measured with a 
specially designed temperature probe embedded in a Foley 
catheter [14-17]. In patients undergoing induced hypothermia 
and rewarming, bladder temperatures correlate well with 
great vessel and rectal temperatures and less well wi esoph
ageal temperatures [1 5-17]. Bladder temperature under 
steady-state conditions is more reproducible than tl1at taken at 
other sites [15] .  

Central venous temperature can be easily measured with a 
thermistor-equipped pulmonary artery catheter. The tempera
ture sensor is located at tl1e distal tip and can record accurate 
great vessel temperatures when the tip of the catheter is in the 
distal vena cava. Temperatures would differ from c re tem
peratures when heated air was breathed or warm or cold 
intravenous fluids were infused. 

Temperature measured on the medial aspect of the great toe 
varies witl1 core temperature and toe perfusion [l] .  The gradient 
between toe and core temperature is merefore an index of per
fusion. A normal rectal-to-toe temperature difference of 3° to 
7°C occurs once patient hemodynamics have been o tin'lized. 
Abnormal toe-to-rectal temperature gradients occur during 
hypovolen'lia, low cardiac output, pain, and hypoxem.ic acido
sis [1 ,24]. The absolute value of great toe temperature has been 
predictive of monality in some populations. Great toe tempera
tures of less tlrnn 27°C that persist for more than 3 hours after 
admission are associated itl1 death in 67% of adults [24], and 
temperatures less tl1an 32°C that last for 4 hours after cardiac 
surgery predicted significantly increased mortality in children 
[25]. Toe temperature is an unreliable indicator of core temper
ature because it is so greatly affected by perfusion. It should be 
used only to assess peripheral circulatory flow in comparison 
wim other measurements of core temperature. 

The choice of site used to monitor temperature must be 
individualized, but certain generalizations can be ma e. Tym
panic, bladder, and es phageal temperatures in general 
appear to be most accurare and reproducible [26] . In a study 
of 56 patients undergoing general anesthesia, esophageal, 
bladder, and rectal temperatures were more accurate than 
forehead and axilla1y measurements, and esophageal and 
bladder temperatures were more precise than rectal, axilla1y, 
and forehead temperature when compared with tympanic 
temperature [ 15 .27]. Because bladder, esophageal, tympanic, 
and rectal sites appear comparable, convenience r::iay help 
dictate appropriate site selection. Routine measurement of 
esophageal temperatures would necessitate insertion of a 
nasal probe in all patients. In addition, accuracy varies greatly 
with small changes in position. Therefore, routine esophageal 
temperature measurement is probably of benefit only in 
patients undergoing u·eatment for hyperthern'lia or hypother
mia. Tympanic temperature measurement requires physician 
involvement for otoscopy and decreases the patient's ability to 
hear. Placement of probes may also be traumatic. Rectal 



probes are frequently extruded and may be refused by 
patients. Reusable, electronic, sheath-covered rectal thermom
eters have been associated with the transmission of Clostrid
ium difficile and vancomycin-resistant Enterococcus [28,29]. 
Because of the risk of infecting other patients, all rectal ther
mometers should be used only once. Patients with a 
thermistor-tipped pulmonary arte1y catheter already in place 
require no additional monitoring, but insertion of a central 
venous thermistor to monitor temperature is probably war
ranted only in hyperthermia or hypothermia. Because most 
critically ill patients have an indwelling Foley catheter, bladder 
temperature could be easily measured at a cost of less than 
$10 per thermistor-equipped catheter. Continuous tempera
ture monitoring is in general probably best accomplished by 
measurement of bladder, great vessel, or rectal temperature 
[30,31] .  Intermittent measurements for reasons of accuracy 
should probably be rectal rather than sublingual. 

INDICATIONS FOR TEMPERATURE MONITORING. Tem
perature monitoring was identified as an essential service for 
critical care units by the Task Force on Guidelines of the Soci
ety of Critical Care Medicine recommendations for services 
and personnel for delive1y of care in a critical care setting [32]. 
Critically ill patients are at high risk for temperature disorders 
because of debility, impaired volunta1y control of tempera
ture, frequent use of sedative drugs, and high predisposition 
to infection. All critically ill patients should have core temper
ature measured at least eve1y 4 hours. Because the morbidity 
and mortality associated with hypothermia and hyperthermia 
vaiy with the severity and duration of the abnormality, 
patients with temperatures above 39°C or below 36°C should 
have their temperature continuously monitored. Patients who 
are undergoing active interventions ro airer temperature, such 
as breathing heated air or using a cooling-warming blanket, 
should have continuous monitoring to prevent overtrearmenr 
or undertreatment of temperature disorders. 

Arterial Pressure Monitoring 
Arterial pressure has traditionally been measured with a mer
cury sphygmomanometer and a stethoscope. Techniques of 
direct blood pressure measurement by intraarterial catheter 
were initially developed in the 1930s and popularized in the 
1950s [33,34]. These measurements were soon accepted as 
representing true systolic and diastolic pressures. 

Since that time, a variety of alternative indirect methods 
have been developed that equal and even surpass ausculta
tion in reproducibility and ease of measurement. This section 
examines the advantages and disadvantages of the various 
methods of arterial pressure monitoring and provides recom
mendations for their use in the ICU. 

INDIRECT BLOOD PRESSURE MEASUREMENT. Several 
methods of indirect blood pressure monitoring can be per
formed [35-39], most of which describe the external pressure 
applied when flow is observed in an artery distal to the occlu
sion. Therefore, what is actually detected is blood flow, not 
inrraarterial pressure [35J. One method describes the pressure 
required to maintain a distal artery with a transmural pressure 
of zero. These differences in what is actually measured are the 
major points of discrepancy between direct and indirect mea
surements and are discussed further later. 

Indirectly measured pressures vary depending on the size 
of the cuff used. Cuffs of inadequate width and length can 
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provide falsely elevated readings. Bladder width should equal 
40% and bladder length at least 60% of the circumference of 
the extremity measured [40]. Anyone who makes indi..rect 
pressure measurements must be aware of these factors and 
carefully select the cuff to be used. 

Manual Methods 
AUSCULTATORY (RIYA-ROCCI) PRF.5SURF.S. The traditional method 

of blood pressure measurement involves inflating a sphygmo
manometer cuff around an extremity and auscultating over an 
arte1y distal to the occlusion. Sounds from the vibrations of 
the arte1y under pressure (Korotkoff sounds) indicate systolic 
and diastolic pressures [38]. The level at which the sound first 
becomes audible is taken as the systolic pressure. The point at 
which there is an abrupt diminution in or disappearance of 
sounds is used as diastolic pressure [39l. This method contin
ues to be used commonly in the ICU and yields an acceptable 
value in most situations. Its advantages include low cost, rime
honored reliability, and simplicity. Disadvantages include 
operator variabil ity and the absence of Korotkoff sounds 
when pressures are ve1y low. 

Auscultatory pressures also correlate poorly with directly 
measured pressures at the extremes of pressure [35,41 ] .  The 
tendency is for pressures obtained by auscultation to fall 
increasingly below those measured directly as the pressure 
increases. However, the difference between these values is 
unpredictable, and at times the indirectly measured value can 
exceed its direct counterpart by as much as 20 nun Hg [35]. 
Therefore, auscultatory pressures must be interpreted with full 
knowledge of their limitations in the critically il l .  

OSCILLATION METHOD. The oscillation method has served as 
the basis for the development of several automated blood 
pressure monitoring devices. The first discontinuity in the 
needle movement of an aneroid manometer indicates the 
presence of blood flow in the distal arte1y and is taken as 
systolic pressure [35l. This oscillation is caused by vibration 
of the walls of the arte1y when blood begins to flow through 
it. Diastolic pressure is not measured by this technique. The 
advantages of the oscillation method are low cost and sim
plicity. The disadvantages include the inability to measure 
diastolic pressure, poor correlation with directly measured 
pressures [35], and lack of utility in situations in which Riva
Rocci measurements are also unobtainable. In one study, 
34% of all aneroid manometers in use in one large medical 
system gave inaccurate measurements, even when more 
lenient standards were used than those advocated by the 
National Bureau of Standards and the Association for the 
Advancement of Medical Instrumentation [42]. In the same 
survey, 36% of the devices were found to be mechanically 
defective. This points out the need for regular maintenance 
of these devices. Although the manometers tl1emselves can 
also be used for auscultatory measurements, oscillomerric 
readings probably provide no advantage over auscultation in 
the ICU. 

PALPATION METHOD. Palpatory systolic pressures are obtained 
by detecting the pulse in the radial arte1y as tl1e cuff is slowly 
deflated. This resembles the oscillation method because it 
does nor measure diastolic pressure. Palpation is most useful 
in emergency situations in which Korotkoff sounds cannot be 
heard and an arterial line is nor in place. The inability to mea
sure diastolic pressure makes the palpation method less valu
able for continuous monitoring. In addition, palpation obtains 
no better correlation with direct measurements than tl1e previ
ously described techniques. In one study, variation from 
simultaneously obtained direct pressure measurements was as 
high as 60 nun Hg [4 1] .  Like other indirect methods, palpation 
tends to underestimate actual values to greater degrees at 
higher levels of arterial pressure. 
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Automated Methods. Automated indirect blood pressure 
devices provide measurements of arterial blood pressure with
out manual inflation and deflation of the sphygmomanometer 
cuff. They operate on one of seven principles: Doppler flow, 
in.frasound, oscillomeuy, volume clamp, arterial tonomeuy, 
Doppler echocardiography, and pulse wave arrival time. 

DOPPLER Flow. Doppler systems operate on the Doppler 
principle, which takes advantage of the change in frequency of 
an echo signal when there is movement between two objects. 
These devices emit brief pulses of sound at a high frequency 
that are reflected back to the u·ansducer [43]. The compressed 
a1tery exhibits a large amount of wall motion when flow first 
appears in the vessel distal to the inflated cuff. This ca uses

. 
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change in frequency of the echo signal, called a Doppler shift. 
The first appearance of flow in the distal arte1y represents sys
tolic pressure. In an uncompressed arte1y, the small amount of 
motion does not cause a change in frequency of the reflected 
signal. Therefore, the disappearance of the Doppler shift in the 
echo signal represents diastolic pressure [44,45]. 

INFRASOUND. Infrasound devices use a microphone to detect 
low-frequency (20 to 30 Hz) sound waves associated with the 
oscillation of the arterial wall [37,46]. These sounds are pro
cessed by a minicomputer, and the processed signals are usu
ally displayed in digital form [47]. 

OscILLOMETRY. Oscillomeu-ic devices operate on the same 
principle as manual oscillomeu·ic measurements. The cuff 
senses pressure fluctuations caused by vessel wall oscillations in 
the presence of pulsatile blood flow [37,48]. Maximum oscilla
tion is seen at mean pressure, whereas wall movement greatly 
decreases below diastolic pressure [49]. As with the other auto
mated methods described, tl1e signals produced by the system 
are processed electronically and displayed in digital form. 

VOLUME CLAMP TECHNIQUE. The volume clamp metl10d avoids 
the use of an arm cuff. A finger cuff is applied to the proximal 
or middle phalanx to keep the arte1y at a constant size (50] . The 
pressure in the cuff is changed as necessa1y by a servocontrol 
unit su-apped to the wrist. The feedback in tl1is system is pro
vided by a light source and detector that measure absorption at 
a frequency specific for arterial blood. The pressure needed to 
keep the a1te1y at a constant size is always equal to the inu-aar
terial pressure, thereby creating a u-ansmural pressure of zero 
(51]. 

ARTERIAL Toi OMETRY. Arterial tonomet.Iy provides continu
ous noninvasive measurement of a1terial pressure, including 
pressure waveforms. Essentially, it involves flattening a superfi
cial arte1y against a bone to remove any force clue to wall ten
sion and then placing a pressure u-ansducer on the skin over 
the flattened arte1y. The resultant force sensed by the pressure 
transducer is thought to measure intraarterial pressure only 
(52,53]. This metl10cl is being researched actively, although 
studies have come to differing conclusions regarding its accu
racy (54,55]. It has been reported tl1at tonomeu-ically measured 
pressures can be made to describe accurately cenu-al aortic 
pressure waveforms by mathematically adjusting them (56]. The 
clinical value of tl1is practice is unknown. 

ECHOCARDIOGRAPHY. The Doppler echocardiogram has been 
used occasionally to estimate aortic pressures. This is prin1arily of 
value for tl1e rare patient in whom peripheral pressures cannot 
be obtained. This measurement takes advantage of the Bernoulli 
equation, which describes the relationship between pressure gra
dient and flow (V). In its modified form, tl1is relationsl1ip is (57] 

Pressure gradient = 4 V2 

In patients who demonstrate regurgitation across the aortic 
valve, the pressure gradient measured is that seen across tl1e 
valve. This can give an estimation of systolic pressure that is 
accurate only to within the wide range of variation of the left 

ventricular diastolic pressure. Therefore, this method should 
be used only when all other methods have failed. 

PULSE WAVE ARRIYAL TIME. The time interval between the R 
wave of tl1e ECG and the arrival of the pulse wave peripher
ally has been reported to be a measure of blood pressure 
change. This theory was tested in 1 5  critically ill infants and 
cl1ildren. The relationsl1ip between systolic blood pressure 
and 1/pulse wave arrival time was not found to be close 
enough to be clinically useful [58]. 

Utility of Noninvasive Blood. Pressure Measurements. 
Only four of the method described previously (mfrasouncl, 
oscillomeuy, Doppler flow, volume clamp) are a sociatecl 
with significant clinical experience. Of these, methods using 
infrasouncl technology correlate least well with direct mea
sures, obtaining correlation coefficients of 0 .58 to 0.84 com
pared with arterial lines (36,37,591. Therefore, infrasound is 
rarely used in systems designed for critical care. Oscillometric 
metl1ocls can correlate to within 1 mm Hg of the directly mea
sured group average value (37,60,61] ,  but they have t1·adition
ally varied greatly from predicting intraa1terial pre� sures in 
individual subjects. 

Studies have shown improved correlation with sunulated 
arterial pressures (62], although individual variation from 
simultaneously measured intraarterial pressures is still fre
quently beyond accepted standards [63]. Doppler sensing 
devices offer a slightly better correlation but still vaiy suffi
ciently to be clinically suspect. Correlation coefficients range 
from 0.83 to 0.99 for systolic pressures and 0.71 for diastolic 
pressures [36]. More than 30% of systolic measurements may 
va1y from a simultaneously measured direct pre sure by 
greater than 10 mm Hg, although only 2.7% vary y more 
than 20 mm Hg (62] .· Volume clamp using a finger cuff has 
been compared witl1 standard methods in multiple studies 
(39,62-67]. These devices respond rapidly to ch nges in 
blood pressure and give excellent correlation in group aver
ages. In one study looking at a large number of measure
ments, 95% of all meas rements using this method were 
within 10 mm Hg of the directly measured values (68]. There
fore, this technique may be more appropriate for use in criti
cally ill patients. 

Although they have not beeri consistently accurate, auto
mated methods have the potential to yield as accurate a value 
as pressures derived by auscultation [68-70]. One study 
revealed as good a correlation witl1 directly measured pres
sures as Riva-Rocci pressures have traditionally obtained (37]. 
Studies by Aitl<en et al. [64] and Hirschi et al. (39] demon
strated acceptable correlation of volume clamp technique 
with systolic pressures measured directly. Another study dem
onstrated that mean arterial pressures (MAPs) determined by 
auscultation were exu-emely close to those measured by auto
mated devices [69]. 

One of the proposed advantages of automated no invasive 
monitoring is patient safety [71 ] .  The incidence of vessel 
occlusion and hemorrhage is thought to be reduced when 
arterial lines are avoided. Automated methods have c mplica
tions of their own, however. Ulnar ne1ve palsies have been 
reported witl1 frequent inflation and deflation of a cuff (72]. 
Decreased venous return from the limb and eventually 
reduced perfusion to that ext1·emity can also be seen when 
tl1e cuff is set to inflate and deflate eve1y minute (71-73]. 

In summa1y, automated noninvasive blood pressu e moni
tors have improved in recent years. Volume clamp devices are 
probably acceptable for use in critically i l l  patients with mod
erate severity of illness. Oscillomeu-ic and Doppler-based 
devices are adequate for frequent blood pressure c eeks in 
essentially stable patients, in patient transport situations in 
which arterial lines cannot be easily used, and in the severely 



burned patient, in whom direct arterial pressure measurement 
may lead to an unacceptably high risk of infection [74]. Auto
mated noninvasive blood pressure monitors have a role in fol
lowing trends of pressure change [75] and when group 
averages, not individual measurements, are most important. In 
general, they are of little value in situations in which blood 
pressure is likely to fluctuate rapidly. Also, they exhibit such 
divergence from directly obtained values that critical patient 
management decisions should not be made based on informa
tion derived from automated monitors unless confirmation 
using a more reliable method is not possible. 

DIRECT INV AS IVE BLOOD PRESSURE MEASUREMENT. 
Direct blood pressure measurement is performed with an 
intraarterial catheter. The techniques of insertion and care of 
arterial lines are covered thoroughly in Chapter 3. Here, we 
discuss the advantages and disadvantages of invasive monitor
ing compared with noninvasive means. 

Arterial catheters contain a fluid column that transmits the 
pressure back through the tubing to a u-ansducer. A low
compliance cliaplu·agm in the transducer creates a reproducible 
volume change in response to the applied pressure change. 
The volume change alters the resistance of a Wheatstone bridge 
and is thus converted into an electrical signal [76]. In most sys
tems, tl1e pressure is displayed in wave and in digital forms. 

Problems in Direct Pressure Monitoring 
PATIENT-RELATED PROBLEMS. Several technical problems can 

affect the measurement of arterial pressure with the arterial 
line. Transducers must be calibrated to zero at the level of the 
heart. Improper zeroing can lead to erroneous interpretation 
of essentially accurate measurements. Thrombus formation at 
the catheter tip can cause occlusion of the catheter, making 
accurate measurement impossible. This problem can be 
largely eliminated by using a 20-gauge polyurethane catheter, 
rather than a smaller one, with a slow, continuous heparin 
flush [77,78]. Because movement of the limb may interrupt the 
colunm of fluid and prevent accurate measurement, it should 
be immobile during readings. 

SYSTEM-RELATED PROBLEMS. Direct pressure values are also 
affected by several factors specific to the measurement system 
itself. For example, effective transducer design must take into 
account the natural frequency of the transducer system. The 
natural frequency is the frequency at which the system oscil
lates independent of changes in the measured variable. Sig
nals that approach the natural frequency in wavelength 
become amplified and may result in an exaggerated reported 
pressure [79]. This phenomenon is referred to as overshoot. 
Above the natural frequency, the signal is attenuated and an 
erroneously low pressure can be reported. Accurate recording 
systems require a natural frequency at least five times greater 
than the fundamental frequency (i.e . ,  the range of expected 
heart rates) [80,81] .  This is necessary to account for the multi
ple harmonic frequencies produced along with the main (fun
damental) frequency. 

The frequency response of the system is a phenomenon not 
only of transducer design but of the tubing and the fluid in it. 
The length, width, and compliance of the tubing all affect the 
system's response to change. Tubing shorter than 60 cm 
should be used [82] . Small-bore catheters are preferable to 
minimize the mass of fluid that can oscillate and amplify tl1e 
pressure [81]. The compliance of the system (change in vol
ume of the tubing and the transducer for a given change in 
pressure) should be low [81] .  In addition, bubbles in the tub
ing can affect measurements in two ways. Large amounts of 
air in the measurement system clamp the system response and 
cause underestimation of pressure (83]. This is usually easily 
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detectable. Small air bubbles cause an increase in the compli
ance of the system and can lead to significant amplification of 
the reported pressure (81-83]. 

SITE-RELATED PROBLEMS. Other problems arise in relation to 
the location of catheter placement. The radial arte1y is the 
most conunon site of arterial cannulation for pressure mea
surement. This site is accessible and easily inm10bilizecl for 
protection of the catheter and the patient. The major alterna
tive site is the femoral artery. Both sites are relatively safe for 
insertion [77,84,85]. Other available sites include the brachia!, 
dorsalis peclis, and axilla1y arteries (85,86]. Site-specific prob
lems with arterial lines center on whether pressures measured 
directly at one site can be compared with pressures measured 
at another site. Although it was tl10ught that upper extremity 
pressures were different from those measured in the leg, this 
probably reflects the location of measurement rather tl1an the 
extremity. Systolic pressure is augmented toward the periph
e1y by reflection of the pressure from the distal vessels clue to 
impedance discontinuity (87], the abrupt increase in resistance 
due to the narrowing of peripheral vessels. Changes in the 
pressure-pulse contour as it approaches the periphe1y are 
manifestations of this. This waveform becomes narrower and 
more peaked as it proceeds distally (74] . In practice, this 
means that systolic pressures measured in the radial arte1y 
are, on average, 6 mm Hg higher than those in the brachia! 
artery (87] . Similarly, in the absence of a significant arterial 
obstruction, dorsalis pedis pressures are higher than femoral 
pressures. These differences are less significant in older 
patients and those with noncompliant vessels. The elevation 
of central systolic pressures in these situations eliminates the 
increase seen along the course of the vessels in young, 
healthy people. One way of avoiding these problems is to use 
the MAP for decision making in the ICU. The MAP varies less 
along the course of the arterial tree, making it a more accurate 
indication of the pressure in the aorta. In addition, the MAP is 
the driving pressure for blood flow in the periphery. Despite 
this, comparisons between pressures measured at different 
sites should be avoided. 

Advantages. Despite technical problems, direct arterial pres
sure measurement offers several advantages. Arterial lines 
actually measure the encl-on pressure propagated by the arte
rial pulse. This is in contrast to indirect methods, which report 
the external pressure necessa1y either to obstruct flow or to 
maintain a constant transmural vessel pressure. A.tterial lines 
can also detect pressures at which Korotkoff sounds are either 
absent or inaccurate (72] . Arterial lines provide a continuous 
measurement. They provide an immediate report of changes 
in blood pressure without the need for repeated inflation and 
deflation of a cuff. In situations in which frequent blood draw
ing is necessary, indwelling arterial lines eliminate the need 
for multiple percutaneous punctures. 

CONCLUSIONS. Indirect methods of blood pressure moni
toring report the external pressure necessa1y to obstruct flow 
or to maintain a constant transmural vessel pressure. Arterial 
lines measure the end-on pressure propagated by the arterial 
pulse. Direct arterial pressure measurement offers several 
advantages. A.tterial lines provide a continuous measurement, 
can detect pressures at which Korotkoff sounds are either 
absent or inaccurate, and provide an immediate report of 
changes in pressure without the need for repeated inflation 
and deflation of a cuff. In situations in which frequent blood 
drawing is necessaiy, arterial lines eliminate the need for mul
tiple percutaneous punctures. Regardless of the method used, 
the MAP should be the basis for decision making in most crit
ically ill patients. 
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Electrocardiographic Monitoring 
Continuous ECG monitoring is performed routinely in almost 
all ICUs in the United States. It combines the principles of ECG, 
which have been known since 1903, with the principles of bio
telemeuy, first put into practical application in 1921 (88,89). 
Here we review the principles of arrhythmia monitoring and 
the problems associated with it. We also discuss the automatic 
detection of arrhythmias and the role of automated ST segment 
analysis. Although telemeuy is not usually used in ICUs, it is a 
useful adjunct in the advancement of recuperating patients to 
more routine levels of care and is briefly discussed here. 

ECG monitoring in most ICUs is done over hard-wired 
apparatus. Skin electrodes detect cardiac impulses and trans
form them into an electrical signal, which is transmitted over 
wires directly to the signal converter and display unit. This 
removes the problems of interference and frequency restric
tions seen in telemet1y systems, at the cost of reduced mobil
ity for the patient. Most often, mobility is not an immediate 
concern for this group of individuals. 

Arrhythmia monitoring was shown to improve the prognosis 
of patients admitted to the ICU for acute myocardial infarction 
(AMI) many years ago (90-92]. It has been a standard of care in 
the United States since that time. In coronary care, arrhythmia 
monitoring is necessa1y for the following reasons: First, up to 
95% of patients with AMI have some disturbance of their rate or 
rhythm within 48 hours of admission (93) . Ventricular premature 
beats are the most conunon arrhythmia, present in up to 100% 
of patients (92-94). Monitoring allows the recognition and treat
ment of minor arrhytlunias such as frequent venu·icular prema
ture beats, which may be entirely asymptomatic but also may 
predict sudden cleatl1 (95). Second, ventricular tachycardia (VT) 
occurs in approximately one-tl1ircl of patients with AMI. Otl1er 
serious arrhythmias are seen less frequently. Monitoring 
enables the rapid detection of ventricular fibrillation or VT, 
increasing tl1e likelil1oocl of successful resuscitation. Arrhytlm1ia 
monitoring has been shown to improve prognosis in tl1e post
myocardial infarction period when combined with an aggres
sive, formalized approach to tl1e treatment of arrhythmias (92). 
It also can demonsu·ate tl1e response to tl1erapy so tl1at alterna
tive treatments can be begun, if necessa1y. Thrombolytic tl1er
apy for AMI leads to a slight increase in arrhyt11mias within 8 to 
12 hours after successful reperfusion [96-98). This can be used 
as one indicator of successful reperfusion. Arrhythmia monitor
ing also allows the measurement of heart rate variability, wl1ich 
may be useful in postinfarction risk stratification (99). 

The impact of monitoring in a general medical or surgical 
ICU is less ceitain. One study demonstrated a 23.9% incidence 
of atrial fibrillation and a 17.4% incidence of VT in a medical 
ICU (100). Twenty-five percent of the episodes of VT were not 
detected by an experienced ICU staff. It is not known whether 
assigning a dedicated monitor watcher would change this find
ing (101) .  The effect of monitoring on tl1e prognosis of these 
patients is also not known. However, tl1ere is a growing body 
of evidence tl1at myocardial ischemia is a barrier to weaning 
from mechanical ventilation (102) . If this proves to be m1e, 
ischen1ia monitoring may become a standard of care in medi
cal, surgical, and respiratory ICUs. 

EVOLUTION OF ARRHYTHMIA MONITORING SYSTEMS 
FOR CLINICAL USE. After continuous ECG monitoring in 
ICUs was begun, some deficiencies witl1 tl1e systems were recog
nized. Initially, tl1e responsibility for aIThytlunia detection was 
assigned to specially trained coronary care nurses. Despite this, 
several studies documented tl1at manual metl10ds of aIThythmia 
detection failed to identify aIThythmias, including salvos of VT, in 

up to 77% of cases (94,103,104). This failure was probably clue to 
an inadequate number of staff nurses to watch tl1e monitors, 
inadequate staff education, and faulty monitors (103). Subse
quently, monitors equipped witl1 built-in rate ala1ms tl1at 
sounded when a preset maximum or minimum rate was 
detected proved inadequate because some runs of VT are too 
brief to exceed the rate lin1it for a given time interval (94,104). 
Ultimately, computerized aIThytlunia detection systems were 
incorporated into tl1e monitors. The software in these systems is 
capable of diagnosing arrhythmias based on recognition of heart 
rate, variability, rhytl11n, inte1vals, segn1ent lengths, complex 
widtl1, and morphology (105,106). These systems have been vali
dated in coronaiy care and general medical ICUs (104,107). Com
puterized aiThytlm1ia detection systems are well accepted by 
nursing perso1mel, who must work most closely witl1 them (108). 

ISCHEMIA MONITORING. Just as episodes of VT and ven
tricular fibrillation are missed with simple monitoring systems, 
significant episodes of myocardial ischemia often go ndetec
ted [109). Tl1is is either because the episode is asymptomatic 
or because the patient's ability to co1111nunicate is impaired 
owing to intubation or a ltered mental status. ECG monitoring 
systems with automated T segment analysis have been 
devised to attempt to deal with this problem. 

In most ST segment monitoring systems, the computer ini
tially creates a template of tl1e patient's normal QRS com
plexes. It then recognizes the QRS complexes and the ] points 
of subsequent beats and compares an isoelectric point just 
before tl1e QRS with a portion of the ST segment 60 to 80 mil
liseconds after the ] point (1 10). It compares this relationship 
to that of the same points in the QRS complex template. The 
system must decide whether the QRS complex in question 
was generated and conducted in standard fashion or whether 
the beats are aberrant, which negates the validity of compari
son. Therefore, an arrhythmia detection system :nust be 
included in all ischemia monitoring systems designed for use 
in the ICU. In standard sy terns, three leads can be monitored 
simultaneously. These leads are usually chosen to represent 
the three major axes (anteroposterior, left-right, and cranio
cauclal). They can be displayed individually, or the ST seg
ment deviations can be summed up and displayed in a graph 
over time (1 10). 

Automated ST segment analysis has gained widespread 
popularity among cardiologists. The American Heart Associa
tion Task Force has recommended since 1989 that ischemia 
monitoring be included in new monitoring systems developed 
for use in the coronary care unit ( 1 1 1) .  Informatio is now 
available tl1at demonstrates its value. Early detection of 
ischemic episodes could lead to early interventions, such as 
rate control or thrombolysis, to prevent further damage ( 1 1 2) .  
Continuous ST segment monitoring can lead t o  the treatment 
of an expanded group of patients with tluombolytic therapy, 
including patients whose initial 1 2-lead ECG may not have 
demonstrated changes characteristic of AMI ( 1 13).  The degree 
of ST segment resolution after thrombolytic therapy may be a 
marker for prognosis after AMI (1 14). 

Newer Techniques. Some authors now advocate the use of 
continuous 12-lead ECG systems in the care of acute coronary 
syndromes [ 1 1 3, 1 1 5) .  The actual value of the broad clinical 
application of this is unknown. Signal-averaged ECG for the 
detection of heart rate variability has also been reported to 
predict outcomes in coronary and surgical critical care 
[1 16, 1 17) . A great deal more study is needed before recom
mendations for its use can be made. Within the next several 
years, noninvasive cenu·al hemoclynamic monitoring may be 
conunercially available. Although this technology has the 



potential to revolutionize critical care, the accuracy and utility 
of such systems have yet to be proved. 

lECHNICAL CONSIDERATIONS. As with any other bio
medical measurement, technical problems can arise in the 
monitoring of cardiac rhythm. Standards have been devised to 
guide manufacturers and purchasers of ECG monitoring sys
tems ( 1 1 1 , 1 18]. 

Whenever a patient is directly connected to an electrically 
operated piece of equipment by a low-resistance path, the 
possibility of electrical shock exists. This would most com
monly occur with improper grounding of equipment when a 
device such as a pacemaker is in place. Precautions that are 
necessa1y to avoid this potential catastrophe include (a) peri
odic checks to ensure that all equipment in contact with the 
patient is at the same ground potential as the power ground 
line; (b) insulation of exposed lead connections; and (c) use 
of appropriately wired three-prong plugs ( 1 19 , 120] . 

The size of the ECG signal is important for accurate recogni
tion of cardiac rate and rhythm. Several factors may affect sig
nal size. The amplitude can be affected by mismatching 
between skin-electrode and preamplifier impedance. The com
bination of a high skin-electrode impedance, usually the result 
of poor contact between the skin and electrode with low-input 
impedance of the preamplifier can result in a decrease in the 
size of the ECG signal [121] .  Low skin-electrode impedance can 
be promoted by good skin preparation, site selection, and con
ducting gels. A high preamplifier input impedance or the use 
of buffer amplifiers can also improve impedance matching and 
thereby improve the signal obtained. 

Another factor that affects complex size is critical clamping, 
the system's ability to respond to changes in the input signal. 
An underdamped system responds to changes in input with 
displays that exaggerate the signal, called overshoot. An over
damped system responds slowly to a given change and may 
exhibit a complex that underestimates the actual amplin1de. 
The ECG signal can also be affected by the presence of inher
ent, unwanted voltages at the point of input into the ECG. 
These include the common mode signal, a response to sur
rounding electromagnetic forces; the direct current skin 
potential produced by contact between the skin and the elec
trode; and a potential caused by internal body resistance. 
Finally, the ECG system must have a frequency response that 
is accurate for the signals being monitored. Modern, conuner
cially available systems have incorporated features to deal 
with each of these problems. 

PERSONNEL. The staff's ability to interpret the information 
received is crucial to the effectiveness of ECG monitoring 
(1 1 1] .  Primary interpretation may be by nurses or technicians 
under the supervision of a physician. All personnel responsi
ble for interpreting ECG monitoring must have formal training 
developed cooperatively by the hospital's medical and nurs
ing staffs. At a minimum, this training should include basic 
ECG interpretation skills and arrhythmia recognition. Formal 
protocols for responding to and verifying alarms should be 
established and adhered to. Finally, a physician should be 
available in the hospital to assist with interpretation and make 
decisions regarding therapy. 

PRINCIPLES OF lELEMETRY. Intensive care patients fre
quently continue to require ECG monitoring after tl1ey are 
released from tl1e ICU. At tl1is point, increased mobility is impor
tant to allow physical and occupational tl1erapy as well as otl1er 
rehabilitation services. Telemet:Jy systems can facilitate tl1is. 
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Telemetiy means measurement at a distance [1 22] . Biomedi
cal telemetry consists of measuring various vital signs, includ
ing heart rhythm, and transmitting them to a distant terminal 
[ 123] . Telemetry systems in the hospital consist of four major 
components ( 123] : (a) A signal transducer detects heart activity 
through skin electrodes and converts it into electrical signals; 
(b) a radio transn1itter broadcasts the electrical signal over 
ultrahigh frequencies or very high frequencies; (c) the radio 
receiver detects the transmission and converts it back into an 
electrical signal; and (cl) the signal converter and display unit 
present the signal in its most familiar format. 

Telemet1y can be continuous or intermittent. Post-ICU 
patients, when monitored, are almost always followed contin
uously. Continuous telemet1y requires an exclusive frequency 
so the signal can be transmitted without interruption from 
other signals [1 24], which means the hospital system must 
have multiple frequencies available to allow monitoring of 
several patients simultaneously. The telemetry signal may be 
received in one location or simultaneously in multiple loca
tions, depending on staffing practices. The signal transducer 
and display unit should also be equipped with an automatic 
arrhythmia detection and alarm system to allow rapid detec
tion and treatment of arrhythmias. 

SUMMARY. Continuous ECG monitoring for the detection of 
arrhythmias is and should be ubiquitous in the ICU because it 
has been shown to improve the prognosis in post-AMI 
patients. Because a large percentage of arrhythn1ias .can be 
missed by ICU staff when monitors without computerized 
arrhythmia detection systems are used, these computerized 
systems should be standard equipment in ICUs that care for 
patients with AMI. It appears that computerized monitoring 
devices can detect a significant number of arrhythmias not 
noted manually in noncardiac patients as well. A large per
centage of these lead to an alteration in patient care. There
fore, it seems wise to include them as standard equipment in 
all medical and surgical ICUs. Automated ST segment analysis 
facilitates the early detection of ischemic episodes. Telemetry 
provides close monitoring of recuperating patients while 
allowing them increased mobility. 

Respiratory Monitoring 
The primary respiratory parameters that must be monitored in 
critically ill patients include respiratory rate, tidal volume or 
minute ventilation, and oxygenation. Routine monitoring of 
carbon dioxide levels and pH would be desirable, but the 
technology for monitoring these parameters is not yet devel
oped enough to consider continuous monitoring mandatory. 
In mechanically ventilated patients, many physiologic func
tions can be monitored routinely and continuously by the 
ventilator. This section does not discuss monitoring by the 
mechanical ventilator (see Chapter 58) but exan1ines devices 
that might be routinely used to monitor continuously and 
noninvasively the aforementioned parameters. 

RESPIRATORY RATE, TIDAL VOLUME, AND MINUTE 
VENTILATION. Clinical suspicion of a new respiratory prob
lem in a critically ill patient may lead to furtl1er evaluation wim 
anerial blood gases (ABG), a chest radiograph, or otl1er testing. 
Visual inspection of the patient frequently is inadequate to detect 
changes in respirato1y rate or tidal volume. Physicians, nurses, 
and hospital staff frequently repon inaccurate respirato1y rates, 
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possibly because they underestimate the importance of the mea
surement [1 25]. Two studies in which physicians and staff were 
asked to assess tidal volume and minute ventilation indicate that 
tidal volume is (a) assessed poorly, (b) frequently overestimated, 
and (c) not reproducible on repeat assessment [126,127]. In 
another study, ICU staff had a greater than 20% eITor more than 
one-third of the tin1e when the recorded respiratory rate was 
compared with objective m1cings [1 28]. Objective monitoring 
must be used because clinical evaluation is inaccurate. 

Impedance Monitors. Impedance monitors are conunonly 
used to measure respiratory rates and approximate tidal vol
ume in JCUs and home apnea alarms. These devices typically 
use ECG leads and measure changes in impedance generated 
by tl1e change in distance between leads as a result of the tl10-
racoabdominal motions of breathing. To obtain a quality sig
nal, leads must be placed at points of maximal change in 
thoracoabdominal contour, or sophisticated computerized 
algorithms must be used. Alarms can then be set for a high and 
low rate or for a percentage drop in the signal that is thought 
to correlate with a decrease in tidal volume. 

In clinical use, impedance monitors suffer confounding 
problems. They have failed to detect obstructive apnea when 
it has occurred and falsely detected apnea when it has not 
[100, 1 29,130]. Altl10ugh computerized impedance monitors 
may falsely report bradypnea in up to 17% of patients, they 
detect tachypnea more accurately [100] . Detection of obstruc
tive apnea by impedance monitors is poor because chest wall 
motion may persist and be counted as breaths by these moni
tors as the apneic patient struggles to overcome airway 
obstruction [ 129,130]. Tidal volume estimates may be artifactu
ally affected by changes in patient position or patient move
ment. Impedance monitors offer the advantage of being ve1y 
inexpensive when ECG is already in use but lack accuracy 
when precise measurements of tidal volume, change in tidal 
volume, or bradypnea-apnea are required. 

Respiratory Inductive Plethysmography. The most com
monly used respiratory inductive plethysmograph (RIP) mea
sures changes in the cross-sectional area of the chest and 
abdomen that occur with respiration and processes these sig
nals into respirato1y rate and tidal volume. Two 3- to 10-cm
wide bands consisting of elastic fabric containing a wire sewn 
in a zigzag fashion are placed around tl1e patient's upper chest 
and around the abdomen below the ribs. As the cross-sectional 
area of the bands changes witl1 respiration, tl1e self-inductance 
of the coils changes me frequency of attached oscillators. The 
signals from the oscillator pass through a demodulator, yield
ing a voltage signal. The voltage signals may be calibrated by 
numerous metl10ds to witl1in 10% of spiromeuy or may be 
internally calibrated so that furtl1er measurements reflect a per
centage change from baseline. RIP can accurately measure res
pirato1y rate and tl1e percentage change in tidal volume as well 
as detect obstructive apnea [1 31-1331. These measurements are 
more accurate than impedance measurements [ 130]. 

In addition to displaying respirato1y rate and percentage 
change in tidal volume, RIP can provide continuous measure
ment of asynclu-onous and paradoxical breathing and signal 
an alarm for predetermined changes in these values. Studies 
of patients during weaning have demonstrated that asynchro
nous and paradoxic movements are common during early 
weaning and may be helpful in predicting respiratory failure 
[134,135].  However, as a single parameter, an increase in res
pirato1y rate is more predictive of imminent failure to wean 
[136]. The noninvasive nature of the tidal volume measure
ment may be extremely helpful in patients in whom direct 
measurement of expired volume is confounded because of 
technical problems or leaks (e.g., patients with bronchopleu-

ral fistulas, undergoing ventilation witl1 nasal ventilators, or on 
nasal constant positive airway pressure). In addition, RIP can 
display changes in functional residual capacity, which permits 
rapid assessment of the effect of changing positi e end
expirato1y pressure (PEEP). Determinations of the presence 
and estimation of the amount of auto (intrinsic) PEEP can be 
made by obse1ving the effect of applied (extrinsic) PEEP on 
functional residual capacity [137] . 

RIP systems are available with cenu·al station config rations 
designed specifically for ICU use. Routine use of RIP has 
resulted in decreased IC length of stay and reduced hospital 
cost [138] . Compared with inductance methods, RIP is more 
accurate and offers a variety of other useful measurements but 
is slightly less convenient and more expensive. It is useful for 
the careful monitoring of patients with obstructive apnea. 

Other Methods. Although respirato1y rate can be measured 
accurately witl1 a pneumotachometer, capnographs, or elec
u·omyography, none of tl1e e metl10ds has achieved a level of 
popular usage in tl1e ICU. A pneumotachometer requires com
plete collection of exhaled gas and, tl1erefore, either intubation 
or use of a tight-fitting face mask. Because of ti-Us incon eilience 
and difficulties witl1 calibration and maintenance, pneumo
tachometers are infrequently used routinely in tl1e ICU. Surface 
elecu·omyography of respiratrny muscles can be used to calcu
late respiratory rate accurately [139] but cannot detect obsuuctive 
apnea or provide a measure of tidal volume. Electromyography 
works well in infants but presents difficulties in adults, e pecially 
in obese adults and tl10se witl1 edema. Capnography works 
exceedingly well as a respiratrny rate monitor, does not require 
intubation or a face mask, and is a useful tool in many circum
stances. Capnography is di ussed in more detail later. A pneu
motachometer can assess tidal volume but suffers from 1J1e same 
linlitations as those discussed for respirato1y rate. 

Measurements of Gas Exchange 

PULSE OXIMETRY. Medical professionals poorly estimate 
oxygen saturation when forced to rely on clinical criteria 
[140, 141] .  Oxin1eters offer a noninvasive meiliod of determining 
whether oxygen supplementation is needed and, once deliv
ered, whetl1er supplementation is adequate. Cooxin1eters per
form measurements on whole blood obtained from an arte1y or 
a vein. They frequently measure absorbance at multiple wave
lengtl1s and compute the percentage of oxyhemoglobin, deoxy
hemoglobin, metl1emoglobin, and carbm .. 'Yhemoglobin (COHB) 
in total hemoglobin. They are mostly free of tl1e artifacts that 
limit tl1e accuracy of tissue oxirneters and are regarded as tl1e 
gold standard by wllich o er metl10ds of assessing saturation 
are measured. Noninvasive tissue oximeters usually measure 
only the percentage of m .. ')'hemoglobin of total he1 oglobin. 
Early oximeters tended to be bulky and inconvenient, in tl1at 
tl1ey required exposed ve sels, heat, or histamine to induce 
vasodilation, arterial occlusion to render a tissue bloodless for 
calibration, or multistep calibration procedures [142]. Because 
pulse oximeters circumvent most of these problems wi no sig
nificant loss of accuracy, they have supplanted vim1ally all older 
types of oximeters in clinical use. Pulse oximeters me sure tl1e 
saturation of hemoglobin in the tissue during tl1e arterial and 
venous phases of pulsation and mathematically derive arterial 
saturation. However, up to 97% of physicians and nurses who 
use pulse oximeters do not understand tl1e fundamental princi
ples of use [143]. Tllis section reviews tl1e fundamental teclmol
ogy involved in pulse oxil euy, practical problems tl1at linlit its 



use, and indications for the use of ox.imeters in critically ill 
patients. 

More than 20 manufacturers now market pulse oximeters. 
Because of the variety of manufacturers, the numerous algo
ritluns used, and the diverse patient populations studied, it is 
difficult to generalize the studies performed with one particu
lar instrument, with its specific version of software, in one 
defined group of patients to critically ill patients in general .  
The reader should always check with an oximeter's manufac
turer before generalizing the following discussion to his or her 
oximeter and patient population. 

Technology. Oximeters distinguish between oxyhemoglobin 
and reduced hemoglobin on the basis of their different absorp
tion of light. Oxyhemoglobin absorbs much less reel (±660 nm) 
and slightly more infrared (±910 to 940 nm) light than reduced 
hemoglobin. OA)'gen saturation tl1ereby determines the ratio of 
red to infrared absorption. When reel and infrared light are 
directed from light-emitting diodes (LEDs) to a photodetector 
across a pulsatile tissue bed, the absorption of each wavelengtl1 
by tl1e tissue bed varies cyclically witl1 pulse. During diastole, 
absorption is due to me nonvascular tissue components (e.g., 
bone, muscle, and interstitium) and venous blood. During sys
tole, absorption is determined by all  of tl1ese components and 
anerializecl blood. The pulse amplitude accounts for only 1 % to 
5% of me total signal ( 144). Thus, the difference between 
absorption in systole and diastole is in theo1y clue to the pres
ence of anerializecl blood. The change in ratio of absorption 
between systole and diastole can then be used to calculate an 
estimate of arterial oxygen saturation. Absorption is typically 
measured hundreds of times per second. Signals usually are 
averaged over several seconds and then displayed digitally. The 
algorithm used for each oximeter is determined by calibration 
on human volunteers. Most oximeters under ideal circum
stances measure tl1e saturation i..nclicatecl by the pulse ox.imeter 
(Spo2) to within 2% of anerial oxygen saturation ( 145). 

Oximeters are typically equipped to display the measured 
Spo2 and pulse and to sound alarms for high and low values 
of each. Most use software algorithms to send warning mes
sages or stop display analysis when signal quality deteriorates. 

Problems Encountered in Use. Any process that affects or 
interferes with the absorption of light between the LEDs and 
photocletector or alters the quality of pulsatile flow has the 
potential for artifactually distorting the oximeter's calculations. 
Pulse oximeters should be able to obtain valid readings in 
98% of patients in an operating room or postanesthesia care 
unit ( 146). Up to 9% of patients undergoing surgery may have 
a 10-minute or longer interruption in monitoring because of 
technical difficulty with oximetric measurement (147) . Table 
26-1 lists the problems that must be considered in clinical use. 

CAUBRATION. Because early attempts to calibrate pulse 
ox.imeters in accord with tl1e principles of Beer's law of absor
bance proved unsuccessful, manufacturers now use normal 
volunteers to derive calibration algorithms. This results in tl1ree 
problems. First, manufacturers use different cal ibration algo
ritl1ms, which results in a difference in Spo2 of up to 2.7% 
between different manufacturers' ox.imeters used to measure 
the same patient [148). Secondly, manufacturers define Spo2 dif
ferently for calibration purposes. Calibration may or may not 
account for the interference of small amounts of clyshemoglo
binemia (e.g. ,  methemoglobin or COHB). For example, if an 
oximeter is calibrated on the basis of a study of nonsmokers 
wim a 2% COHB level, me measured Spo2 percentage would 
differ depending on whether tl1e value used to calibrate Spo2 
included or excluded tl1e 2% COHB [148). Thirdly, it is difficult, 
for ethical reasons, for manufacturers to obtain an adequate 
number of validated readings in people with an Spo2 of less 
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Table 26-1. Conditions Adversely Affecting Accuracy of Oximecry 

May resulc in poor signal detection 

Probe malposition 
Motion 
Hypocherrnia 

Falsely lowers Spo2 

Nail polish 
Dark skin 
Ambiem light 
Elevated serum lipids 
Methylene blue 
Indigo carmine 
lndocyanine green 

No pulse 
Vasoconstriction 
Hypotension 

Falsely raises Spo2 

Elevated carboxyhemoglobin 
Elevated methemoglobin 
Ambient light 
Hypothermia 

Spo2, saturation indicated by the pulse oximeter. 

than 70% to develop accurate calibration algoritl1ms in tl1is sat
uration range. Most ox.imeters give less precise readings and 
underestimate saturation in tll.is saturation range [149). Until bet
ter calibration algoritluns are available, oxin1eters should be 
considered unreliable when Spo2 is less than 70%. The accu
racy of a unit can be checked by systematically comparing tl1e 
oximetry values of the oxin1eter wim simultaneous cooximeter 
values measured from arterial blood. An in vitro system to eval
uate oximeter performance has been designed but is too com
plex for routine validation of individual oximeuy devices (150). 

SITE OF MEASUREMENT. Accurate measurements can be obtained 
from fingers, forehead, and earlobes [ 151 , 1 52). The response 
time from a change in the partial pressure of arterial oxygen 
(Pao2) to a change in displayed Spo2 is delayed in finger and toe 
probes compared with ear, cheek, or glossal probes ( 1 5 1 , 1 53) . 
Forehead edema, werness, and head motion have resulted in 
inaccurate forehead Spo2 values [ 1 54). Motion and perfusion 
a1tifacts are tl1e greatest problems witl1 digital measurements. 
Glossal pulse ox.imeuy has been useful in some patients in 
whom no otl1er measuring site was available [ 155), and specilic 
glossal probes may be developed soon. The earlobe is believed 
to be the site least affected by vasoconsu·iction artifact (1 56). Sen
sor positioning is crucial to obtaining accurate results [157). 

FINGERNAILS. Long fingernails may prevent correct position
ing of the finger pulp over me LEDs used in inflexible probes 
and therefore produce inaccurate Spo2 readings without affect
ing the pulse rate [ 158). Syntl1etic nails have produced errone
ous results [ 145) . Nail polish of several colors has been shown 
to lower Spo2 falsely [1 59). Not surprisingly, those colors witl1 
tl1e greatest difference in absorption between 660 and 940 nm 
produced the greatest artifact. Although thickness of applied 
polish may also be a factor, adhesive tape, even when placed 
over both sides of a finger, did not affect measured Spo2 [160). 

SKIN COLOR. The effect of skin color on Spo2 was assessed in 
a study of 655 patients [ 161 ) .  Altl1m1gh patients with the darkest 
skin had significantly less accurate Spo2 readings, tl1e mean dif
ference in Spo2 between subjects wim light skin and tl1ose wim 
the darkest skin compared with control cooximeter readings 
was only 0.5%, a clinically insignificant difference. Pulse oxime
ters, however, encountered major difficulties in obtaining read
ings in darker-skinned patients; 18% of patients wim darker 
skin triggered warning lights or messages versus 1% of lighter
skin..necl patients. Thus, dark skin may prevent a measurement 
from being obtained, but when me oximeter repons an error
free value, tl1e value is accurate enough for clinical use [162) . 

AMBIENT LIGHT. Ambient light that affects absorption in me 
660- or 910-nm wavelengths, or both, may affect calculations 
of saturation and pulse. Xenon arc surgical lights [163) , fluores-
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cent lights (164], and fiberoptic light sources (165] have caused 
falsely elevated saturation but typically obvious dramatic ele
vations in pulse. An infrared heating lamp (166] has produced 
falsely low saturations and a falsely low pulse, and a standard 
1 5-watt fluorescent bulb resulted in falsely low saturation with
out a change in heait rate (167] . Interference from surrounding 
lights should be suspected by the presence of pulse values dis
cordant from the palpable pulse or ECG or changes in the 
pulse-saturation display when the probe is transiently shielded 
from ambient light with an opaque object. Most manufacturers 
have now modified their probes to minimize this problem. 

HYPERBILIRUBINEMIA. Bilirubin's absorbance peak is maximal 
in the 450-nm range but has tails extending in either direction 
[168]. Bilirubin, therefore, does not typically affect pulse oxi.rne
ters that use the standard two-diode system [168,169]. However, 
it may greatly interfere with the measurement of saturation by 
cooximeters. Cooximeters typically use four to six wavelengths 
of light and measure absolute absorbance to quantify tl1e per
centage of all major hemoglobin variants. Serum bilirubin val
ues as high as 44 mg per dL had no effect on the accuracy of 
pulse oximeters but led to falsely low levels of oxyhemoglobin 
measured by cooximetry (168]. 

DYSHEMOGLOBINEMIAS. Conventional two-diode oximeters 
cannot detect the presence of fetal hemoglobin, methemoglo
bin, or COHB. Fetal hemoglobin may confound readings in neo
nates but is rarely a problem in adults. Because methemoglobin 
absorbs more light at 660 nm tl1an at 990 rn11, oxygen saturation 
is falsely elevated whenever methemoglobin levels exceed 6% 
[170]. Moreover, higher levels of metl1emoglobin tend to bias the 
reading toward 85% to 90% [171]. COHB is typically read by a 
two-diode oximeter as 90% oxyhemoglobin and 10% reduced 
hemoglobin [172], resulting in false elevations of Spo2. Because 
COHB may be 10% in smokers, pulse oximetry may fail to 
detect significant desaturation in this group of patients. Oxygen 
saturation in smokers when measured by cooximetry was on 
average 5% lower than pulse oximetric values [173]. Hemolytic 
anemia may also elevate COHB up to 2.6% [174]. Because other 
etiologies of COHB are rare in tl1e hospital and tl1e half-life of 
COHB is short, this problem is unusual in the critical care setting 
except in new admissions or patients witl1 active hemolysis. 
Emergency physicians must be aware of tl1e gap between pulse 
oximetric saturation and a1terial saturation on patients witl1 
smoke inhalation or carbon monoxide overdose [175]. 

ANEMIA. Few clear data are available on the effect of anemia 
on pulse oximetry. In clogs, there was no significant degrada
tion in accuracy until the hematocrit was less than 10% (176]. 
In one study of humans who had hemorrhagic anemia, there 
appeared to be little effect on pulse oximetry accuracy (177]. 

LIPIDS. Patients with elevated chylomicrons and those 
receiving lipid infusions may have falsely low Spo2 because of 
interference in absorption by the lipid [178]. 

HYPOTHERMIA. Good-quality signals may be unobtainable in 
10% of hypothermic (less than 35°C) patients (179], and signal 
detection fails at temperatures less than 26.5°C [180]. The 
decrease in signal quality probably results from hypothermia
incluced vasoconstriction. When good-quality signals could be 
obtained, Spo2 differed from cooxin1etry-measured saturation 
by only 0.6% [179] in one series and tended to be falsely ele
vated by 0.9% to 3.0% Spo2 in another (180]. 

INTRAVASCUIAR DYES. Methylene blue, used to treat methe
moglobinemia, has a maximal absorption at 670 nm and 
therefore falsely lowers measured Spo2 (181] .  Inclocyanine 
green and indigo carmine also lower Spo2, but tl1e changes 
are minor and brief [182]. Fluorescein has no effect on Spo2 
[182]. Because of the rapid vascular redistribution of injected 
dyes, tl1e effect on oximetiy readings typically lasts only 5 to 
10 minutes (183] . Patent V dye, which is used to visualize lym
phatics, confounds pulse oximetry [184]. 

MOTION ARTIFACT. Shivering and otl1er motions that change 
the distance from diode to receiver may result in artifact. 
Oximeters account for motion by different algorithms. Some 
oximeters display a warning sign, otl1ers stop reporting data, 
and otl1ers display eIToneous values. The display of a pulsatile 
waveform rather than a signal strength bar helps to indicate 
that artifact has distorted the pulse signal and lowered the 
quality of the subsequent po2 analysis [185].  

HYPOPERFUSION. During a blood pressure cuff inflation 
model of hypoperfusion, most oximeters remained witl1in 2% 
of control readings [186]. Increasing systemic vascular resis
tance and decreasing cardiac output can also increase the dif
ficulty in obtaining a good-quality signal. In one series, the 
lowest cardiac index and highest systemic vascular resistance 
at which a signal could be detected were 2.4 L per minute per 
m

2 
and 2,930 dynes second per cm5 per m

2
, respectively [180]. 

Warming the finger ( 187], sympathetic digital block [188], or 
applying a vasodilating cream (180] tended to extend the 
range of signal detection in individual patients. The o imeter's 
ability to display a waveform and detect perfusion degrada
tion of the signal were crucial in determining when e read
ings obtained were valid [186] . 

PUI.5ATILE VENOUS FI.ow. In physiologic states in which 
venous and capillary flows become pulsatile, the systolic 
pulse detected by tl1e oximeter may no longer reflect t11e pres
ence only of arterial well- aturated blood. In patients with 
severe tricuspid regurgitation or hyperperfusion, the mea
sured saturation may be falsely low (189,190] . 

Indications. Unsuspected hypoxemia is common in critically 
ill patients. Sixteen percent of patients not receiving supple
mental oxygen in tl1e rec ve1y room have saturations of less 
than 90% (191] .  In 35% of patients, saturations of less than 90% 
develop during transfer out of tl1e operating room (192]. 
Because of the high frequency of hypoxemia in cri ·cally ill 
patients, tl1e frequent need to adjust oxygen flow to a oid tox
icity and insufficiency, and the unreliability of visual inspection 
to detect mild desaturation, oxin1eters should be used in most 
critically ill patients for routine, continuous monitoring. In one 
study that randomized more tl1an 20,000 operative and periop
erative patients to continuous or no oximetric monitoring, tl1e 
authors concluded that oxirnetiy permitted detection of more 
hypoxemic events, prompted increases in the fractio of oxy
gen in inspired air, and significantly decreased the incidence of 
myocardial ischemia but did not significantly decrease mortality 
or complication rates [193]. In tl1e ICU, continuous oxin1etric 
monitoring may spare patients' oxygen toxicity by t: cilitating 
tl1e rapid tapering of fraction of oxygen in inspired air (194]. 

Oximeters have been used in the ICU for reasons ot11er than 
continuous monitoring. They can be useful in locating an 
a1te1y that is difficult to palpate. When the oximeter is placed 
distal to the arte1y, t11e signal strength decreases, an tl1e sat
uration may decrease when the more proximal vessel is com
pressed [195, 196] . Oximeters may be helpful during difficult 
intubations. Once desaturation occurs, attempts to intubate 
should be postponed until manual entilation restores satura
tion. Oximetry i not helpful in promptly detecting in dvertent 
esophageal intubation, in tl1at desaturation may la behind 
apnea by more than 30 seconds in this setting (197]. Oxime
ters can be useful in detecting systolic blood pressure. In one 
study in which tl1e blood pressure cuff was inflated roximal 
to the oximeter, the point at which the pulse signal was lost 
was within 2 mm Hg of Doppler measurements of systolic 
pressure (198]. In trauma patients, an abrupt, sustained 1 0% 
drop in saturation in the presence of a stable chest radiograph 
and static compliance was highly predictive of pulmona1y 
embolism [1 99]. Oxin1et1y has had low sensitivity when used 
to evaluate potential compartment syndromes [200]. 



1RANSCUTANEOUS OXYGEN AND CARBON DIOXIDE 
MEASUREMENT. Transcutaneous systems measure pa1tial 
pressures of oxygen (Ptco2) and carbon dioxide (Ptcco1) that dif
fuse out of the vasculature and through the skin. This section 
examines the technology most commonly used to measure tran
scutaneous pa1tial pressures, the differences between the values 
obtained by cutaneous measurement and a1terial measurement, 
and the indications for use of transcutaneous gas measurement. 

Technology. The technology used to obtain transcutaneous gas 
measurements varies slightly between manufacturers but in gen
eral uses similar techniques. Typically, a unit less tl1an 1 inch in 
diameter is attached to the skin witl1 an adhesive. An electrode is 
used to heat the skin, which promotes aJterialization of capillar
ies and improves diffusion of gases through tl1e skin's lipid lay
ers. A temperature sensor measures skin temperature at tl1e skin 
surface and adjusts the heater to provide a constant temperature. 
In adults, temperatures of 43.5° to 44.5°C produce tl1e most sat
isfactoty results. Some systems do not rely on heating to improve 
diffusion of gas. Similar results may be produced by stripping off 
tl1e stratum corneum with adhesive tape or measuring from a 
site with a thinner layer of skin, such as tl1e conjunctiva. 

Oxygen and carbon dioxide diffuse out of the capillaries 
into the interstitium and through the skin to measuring elec
u·odes. The diffusing distance from capillary to sensor may be 
as small as 0 .3 mm. Precalibrated Clarke- and Severinghaus
type elecu·odes, sinillar to tl10se used in blood gas machines, 
then measure the paltial pressure of m..'Ygen and carbon diox
ide. The temperature at which partial pressure is measured and 
repotted can be adjusted on some units. These signals are then 
electronically averaged and converted into a continuous digital 
display. Alarms can be set for high and low values of botl1 
gases measured. Many units also display trend signals to indi
cate whether and in which direction a change occurs. 

Because units use electrodes for partial pressure measure
ment, problems with calibration and electrode drift during 
prolonged monitoring can clearly alter measurements. Drift 
may alter readings by up to 1 2% over a 2-hour period (201] .  

Differences between Arterial and Transcutaneous 
Measurements. Numerous factors may cause Ptco2 and 
Ptcco1 to differ from Pao1 and partial pressures of arterial car
bon dioxide (Paco1). Most differences can be traced to factors 
involving probe te�1perature, blood flow, local metabolism, or 
skin thickness. 

The increased temperature of the heating probe shifts the 
oxygen dissociation curve to the right and promotes offload
ing of bound oxygen, which increases tl1e Po2 in the sur
rounding interstitium. Different temperature settings alter this 
effect to varying degrees and may directly influence the final 
value measured at the skin surface. Heat-induced artifacts may 
be avoided by using a measurement site that does not require 
heating, such as the conjunctiva [202]. 

Blood flow is a critical determinant of tl1e value measured at 
the skin. If there is no flow to the region below the sensor, 
tl1ere is no delive1y of oxygen and no elimination of carbon 
dioxide by tl1e vasculature, resulting in lower Po2 and higher 
Pco2 tl1an in an adjacent a1te1y. Some units provide an index of 
cutaneous blood flow by displaying changes in the amount of 
heat necessary to keep tl1e probe at a constant temperature. As 
perfusion increases, heat is carried away from the probe faster 
and more heat must be applied to maintain a constant temper
ature. As perfusion decreases, the opposite occurs. Thus, a 
decrease in probe heat output may reflect a fall in perfusion. 

Local metabolism alters values from arterial levels, in that 
gases diffusing from the capillaries may be consumed or 
added to by local metabolism. Local oxygen consumption by 
the tissues between the capillaty and skin surface can reduce 
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Ptc02 by 20 to 40 mm Hg during hypoperfused states [203]. 
The Ptcco2 in hypoxemic or underperfused regions may also 
be dramatically increased, in some cases more than 30 mm Hg 
higher than in arterial samples. 

Thick or edematous skin provides a diffusion barrier that 
amplifies all of the aforementioned effects. The longer the dis
tance the gases must diffuse to be measured, the more impor
tant are the effects of temperature, perfusion, and local 
metabolism. This appears to be the fundamental reason why 
transcutaneous measurements are usually more accurate in 
neonates than in adults. Edema, bums, abrasions, or sclero
derma would all alter transcutaneous values. 

Clinical Correlations and Utility. In healthy adults, Ptco2 
and Ptcco2 accurately reflect Pao2 and Paco2 [201 ,204]. The 
measured u·anscutaneous values of oxygen and carbon dioxide 
are typically 10 mm Hg lower [205] and 5 to 23 mm Hg higher 
[206,207] than arterial values, respectively. Fever and tissue 
edema alter the correlation between aJterial and u·anscutaneous 
values. Systemic hypoperfusion due to low cardiac output, 
regional hypoperfusion due to sepsis or shock, and local 
hypoperfusion due to cutaneous vasoconsu·iction caused by 
medication or cold produce discrepancies. In these cases, trans
cutaneous measurements cease to reflect aJterial values and 
better track oxygen delivery and tissue metabolism (203,208]. 

Several studies have demonstrated the value of transcutane
ous oxygen measurements as indices of perfusion or oxygen 
delivery. When Pao2 remains constant, a decrease in Ptco2 is 
probably clue to changes in perfusion. Changes in local perfu
sion and metabolism may cause Ptco2 values to fall to zero and 
Ptcco2 values to climb to more than 30 mm Hg above arterial 
values [206]. When tl1e cardiac index is less tl1an 2 L per minute, 
Ptco2 correlates best with Pao2 (203]. In hemorrhagic shock, the 
ratio of Ptco2 to Pao2 decreases, even though Pao2 may remain 
normal (209,210]. Values are more sensitive to changes in flow 
than in pressure, but flow is always compromised at a blood 
pressure less tl1an 50 mm Hg. Deterioration of Ptco2 values may 
occur up to 4 minutes before a decrease in blood pressure 
(210]. Improvements in flow were detected within 1 minute by 
a rise in Ptco2 (203]. Because the measurements are very sensi
tive to changes in flow, tl1ey can be useful in predicting or 
warning of inuninent change before a blood pressure response 
is seen. In perioperative patients, declines in the Ptco2 to Pao2 
ratio to less tl1an 0.77 were predictive of hemodynamic collapse 
within tl1e next 50 minutes (211] .  In cardiogenic shock, Ptco2 
values of 25 11U11 Hg or less have been predictive of deatl1 [203] . 

In other circumstances, transcutaneous measurements may 
be helpful in assessing a complex interaction between perfu
sion and oxygenation factors. During the titration of PEEP in 
critically ill patients, Ptco2 correlates well and directly with Pao2 
and pulmonary artery Po2 and correlates inversely with a shunt 
fraction (2071. In this setting, in which the clinical goal is to opti
mize oxygen delivety, the single noninvasive measurement of 
Ptco2 1night replace more invasive blood measurements. 

Measurements of Pco2 are affected in virtually all situations 
that alter Ptco1. In most cases, the variations have been less 
sensitive predictors of changes in perfusion (2031. Studies in 
hemodynamically stable patients have shown that Ptcco2 reli
ably tracks arterial Paco2 values in patients who are being 
weaned from mechanical ventilation. Ptcco2 remained within 
5 .2  ± 1 . 5  11U11 Hg of Paco2 (206]. In cases in which Paco2 
remains near constant, changes in Ptco2 would be expected to 
track changes in minute ventilation or dead space. 

Transcutaneous equipment also requires meticulous atten
tion to provide good-quality readings. Probes must be firmly 
attached to the skin, or leaks from the surrounding atmosphere 
lower Ptcco2 and alter Ptco2 values. Adhesion is a problem in 
cliaphoretic patients. Patient motion may produce tension on 
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the cable that connects the sensor to the processing unit, caus
ing leaks or disconnection. Probe sites must be changed at 
least every 4 to 6 hours to prevent burns; Units must be recali
brated whenever the probe temperature is changed and eve1y 
4 to 6 hours to prevent artifact from electrode drift. Many units 
take 1 5  to 60 minutes to warm the skin and establish stable 
readings. These factors can combine in many patients to make 
transcutaneous measurements ve1y inconvenient. 

Indications. Transcutaneous monitors have little role in the 
ICU as simple tools to replace other means of measuring arte
rial gas. Their application in practice is not complex but is far 
from simple. They predictably reflect arterial values only in 
hemodynamically stable patients, who are least likely to 
demand intensive care or to benefit from ICU monitoring. As 
monitors of trends in Pea? and Po?, they can be regarded as 
effective only in the sense

-
that they typically do not produce 

false-negative alarms-that is, if the a1terial values change, the 
transcutaneous values reflect the change. So many other fac
tors, such as changes in tissue edema and perfusion, may result 
in alterations in transcutaneous trends that the supervising staff 
can initially determine only that something has changed. An 
accurate interpretation of the clinical event usually requires 
reassessment of either cardiac status or arterial gases. 

Therefore, transcutaneous monitors are inadequate cardiac 
monitors and inadequate pulmonary monitors but are good 
cardiopulmonary monitors. Transcutaneous monitoring is most 
useful in patients in whom changes in either perfusion or gas 
exchange are likely, but not both. When perfusion is stable, 
values reflect gas exchange. When gas exchange is stable, val-· 
ues reflect perfusion. When both are unstable, the results can
not be interpreted without aclclitional information. In the 
future, transcutaneous measurements could be combined with 
noninvasive monitors of cardiac output or with results from 
indwelling arterial monitors of blood gases to provide continu
ous analysis of perfusion, gas exchange, and local metabolism. 
Until such time, this complex assessment must be provided by 
the supervising staff. 

CAPNOGRAPHY. Capnography involves the measurement 
and display of expired Pco2 concentrations. This section 
reviews the technology, the sources of difference between 
end-tidal Pco2 and Paco2, and the indications for capnogra
phy in the ICU. 

Technology. Expired Pco2 concentration is usually deter
mined by infrared absorbance or mass spectromeuy. The infra
red technique relies on the fact that carbon dioxide has a 
characteristic absorbance of infrared light, with maximal absor
bance near a wavelength of 4.28 mm. A heated wire with opti
cal filters is used to generate an infrared light of appropdate 
wavelength. When carbon dioxide passes between a focused 
beam of light and a semiconductor photocletector, an electronic 
signal can be generated that, when calibrated, accurately 
reflects the Pco2 of the tested gas. A mass specu·ometer bom
bards gas with an electron su·eam. The ion fragments that are 
generated can be deflected by a magnetic field to detector 
plates located in precise positions to detect ions that are charac
teristic of the molecule being evaluated. The current generated 
at the detector can be calibrated to be proportional to the par
tial pressure of the molecule being evaluated. 

The two techniques have different strengths. Mass specu·om
eters can detect the partial pressures of several gases simulta
neously and can monitor several patients at once. Infrared 
techniques measure only Pco2 and are usually used on only 
one patient at a time. The calibration and analysis time required 
for mass spectJ.·ometJ.y is significantly longer than with infrared 
teclmiques. Infrared systems respond to changes in approxi-

mately 100 milliseconds, whereas mass spectrometers take 45 
seconds to 5 minutes to respond [212] .  Although cocts va1y 
widely, mass specu·ometers are in general far more expensive 
and are most frequently purchased to be the cenu·al component 
of a carbon dioxide monitodng system. In the operating room, 
mass specu·omeuy has the advantage of being able to measure 
tl1e partial pressure of anesthetic gases, and the need � r a tech
nical specialist to oversee its operation can be more easily justi
fied. For tl1ese reasons, mass spectrometJ.y has achieved much 
more popularity in tl1e operating room than in tl1e ICU. 

Gases can be sampled by mainstream or siclestre m tech
niques. Mainsu·eam sampling involves placing tl1e capnometer 
directly in line in the patient's respirato1y circuit. All air leaving 
the patient passes through the capnometer. The sidesu·eam 
sampling techniques pump 100 to 300 ml expired air per 
minute tl11·ough thin tubing to an adjacent analyzing chamber. 
The mainsu·eam metl10cl can be used only on patients who are 
intubated or wearing a tight-fitting face or nose mask. Because 
of tl1e size of mass spectrometer equipment, mainstream sam
pling is applicable only to infrared analysis. MainStJ.'eam sam
pling offers the advantage of almost instantaneous analysis of 
sampled air, but it increases the patient's dead space and adds 
uncomfortable weight to tl1e endotracheal tube. Siclesu·eam 
sampling removes air from tl1e expirato1y circuit, confounding 
measurement of tidal volume. The aspirating flow rate and tub
ing length significantly affect tl1e ability to detect a rapid rise in 
carbon dioxide and the delay between physiologic change in 
tl1e patient and display of tl1e change at the monitor [21 3] .  When 
tl1e delay exceeds tl1e respiratory cycle time, tl1e generated data 
are inaccurate [213] .  The siclesu·eam sampling line is al -o prone 
to clogging witl1 pulmonary secretions, saliva, or water conden
sation. Clogging affects accuracy and delay time. Sicleweam 
sampling can detect cyclic changes in carbon dioxide concen
u·ation easily in the unintubated patient if tl1e sampling tube is 
located near the mouth or nose. Because of all of these issues, 
accurate sidestream sampling requires short tubes and constant 
attention to the possibility of clogged sample lines. 

Differences between End-Tidal and Arterial Carbon 
Dioxide. The Pco2 in exhaled air measured at the mouth 
changes in a characteristic pattern in normal people th t reflects 
the underlying physiologic changes in tl1e lung (Fig. 26-1). Dur
ing inspiration, the Pco2 is negligible, but it rises abruptly with 
expiration. The rate of rise reflects tl1e washout of cleacl-space 
air witl1 air from perfused alveoli. A plateau concen ·ation is 
reached after dead-space air has been ex11aled. The plateau 
level is determined by tl1e mean alveolar Pco2, which is in 
equil ibration witl1 pu!mona1y artery Pco2 (Pvco2). The encl 
alveolar plateau level of Pco2 measured during the la t 20% of 
ex11alation is the end-tidal Pco2 [183]. In normal people at rest, 
the difference between end-tidal Pea? and Paco? is ±1 .5  mm 
Hg. A difference exists because of the

-
presence of dead space 

(i.e., ventilation witl1out perfusion) and a physiolo ic shunt 
(i.e., perfusion witl10ut ventilation). Any change in anatomic 
dead space or pulmona1y perfusion alters ventilation-perfusion 
m.ismatch so as to increa e the difference between encl-tidal 
and arterial Pco2 values. As dead space increases, tl1e encl-tidal 
Pco2 represents more the Pco2 of nonperfusecl alveoli. tl1ereby 
diverging from tl1e Paco2 value. As perfusion decreases, fewer 
alveoli are perfused, creating a similar effect. 

In most equipment, the end-tidal Pco2 level is decerrnined 
by a computerized algori 11. Because algorithms are imper
fect, a waveform display is considered essential for accurate 
interpretation of derived values (214] . In slowly breathing 
patients, cardiac pulsation may cause the intermittent exhala
tion of small amounts of air at the end of the lungs' e_ piratory 
effort. This results in oscillations that may obscure the plateau 
phase. An irregular respirato1y pattern or large increases in 
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Fig. 26-1. Normal and abnormal capnograms. In the normal capno
gram (A), on die right of the trace, die paper speed has been increased. 
The EF segment is inspiration. The FG segment reflects the stall of expi
ration widi exhalation of dead space gas. The GI-! segment is the alve
olar plateau. End-tidal values are taken at point J-1. I-fl is the beginning 
of inspiration. In the abnormal capnograms, die alveolar plateau is dis
to1ted and the end-tidal point cannot be clearly determined because of 
cardiac oscillations (B), erratic breathing (C), and obstructive airway 
disease (D). ECG, electrocardiogram. (Modified from Stock MC: Nonin
vasive carbon dioxide monitoring. Cril Care Clin. 4:511 ,  1988.) 

cleacl space can also distort the plateau phase. Visual inspec
tion of traces can detect situations in which algorithms are 
prone to produce errors (21 2) .  

Indications. In the ICU, capnography is most useful for deter
mining the presence or absence of respiration. Such determi
nations do nor require that encl-riclal Pco2 be measured 
accurately, only that changes be clerecrecl reliably. Apnea can 
be clefinecl as an absence of variation in Pco2 levels. Alarms 
for apnea and rachypnea can be set and relied on. However, 
capnography cannot discriminate between obstructive and 
central apnea because it cannot reliably detect muscular 
efforts of the thorax or abdomen. 

For similar reasons, capnography is a useful adjunct for 
detecting unintentional extubarion, malposirion of the enclo
rracheal tube, or absence of perfusion. Cyclic variation of encl
ticlal Pco2 is absent in esophageal intubation or disconnection 
from the ventilator (21 5] .  Pha1yngeal intubation with adequate 
ventilation may, however, produce a normal capnogram. Cap
nography can demonstrate the return of circulation after car
diopulmonary arrest or bypass (216) .  

Because of changes in cleacl space and perfusion, encl-tidal 
Pco2 measurements are unreliable indicators of Paco2 in criti
cally ill pariems. In one study of anesthetized, stable, generally 
healthy adults, Paco2 could not be reliably clererminecl from encl-
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tidal values (217). In patients undergoing weaning from mechan
ical ventilation, end-tidal Pco2 was also shown to have no pre
dictable relationship to Paco2 (218,219) .  Although encl-riclal and 
arterial values correlated well (r = 0.78) and rarely clifferecl by 
more than 4 mm Hg, changes in encl-tidal Pco2 coITelatecl poorly 
with changes in arterial Pco2 (r

2 
= 0.58). Because of changes in 

cleacl space and perfusion, arterial and encl-tidal measurements 
at times moved unpredictably in opposite directions. 

If arterial Pco2 is followed,  the difference between encl-tidal 
Pco2 and Paco2 can be used as an index of the severity of 
ventilation-perfusion mismatch. The alveolar-arterial gradient 
of oxygen is more easily calculated and in most clinical set
tings provides similar information. Although theoretically 
attractive, use of encl-tidal carbon clioxicle measurements to 
evaluate changes in ventilation-perfusion mismatch have 
failed to yield clinical benefits (220) . 

Capnography has been helpful in the operating room in 
detecting air and pulmonary embolism as well as malignant 
hyperthermia (2 12 ,216) .  In these situations, the capnograph 
does nor provide a diagnosis; it records a change that, if limits 
are exceeclecl, signals an alarm. The responsibility for accu
rately interpreting the subtleties of changes in the capnogram 
remains the task of an experienced physician. 

Conclusions. Capnography is of very limited use in the criti
cally ill patient. Ir cannot reliably replace Paco2 monitoring. 
Although it monitors respiratory rare accurately, it is far more 
expensive and inconvenient than other types of respiratory 
rate monitors. Capnography is bener suited to the operating 
room, where its value is increased because of its ability to 
help clerecr enclorracheal rube malposirion, air embolism, pul
monary embolism, and malignant hyperthermia and the 
immediate availability of a highly skilled anesthesiologist ro 
interpret subtle changes in · rhe capnogram. 

CONTINUOUS INVASIVE INTRAARTERIAL OXYGEN 
AND CARBON DIOXIDE MONITORS. Devices specifi
cally clesignecl to measure inrraarterial pH, Pco2, and Po2 con
tinuously are now available (221) .  Arterial blood may be 
continuously monitored by the placement of a fiberoptic sensor 
catheter into a 20-gauge radial arte1y catl1eter or interminently 
monitored by creating a flow of blood fro

.
m a radial artery catl1-

eter past an external fiberopric sensor. Sensors are clesignecl so 
that chemical indicators responsive to pH, Pco2, and Po2 are 
exposed to blood at tl1e distal rip of the sensor. Light in the fiber 
may be reflecrecl, absorbed, or otherwise altered when the 
indicator reacts witl1 tl1e analyte of interest. The change in tl1e 
light is measured at the otl1er encl of tl1e fiber and converted by 
a microprocessor imo a digital readout. Systems that use optical 
detection of altered light have been named optodes. Fluores
cence and transmission oprocles are the prin1ary technologies in 
use. Transmission oprocles carry light to tl1e indicator through 
one fiber path and measure anenuarion of tl1e light by the indi
cator in another fiber patl1 . Fluorescence oprocles have a dye at 
the tip of tl1e sensor, which increases or decreases fluorescence 
as tl1e concenu-ation of the analyte changes in the dye. These 
systems require an in vitro calibration against known standards 
before use and intermittent in vivo calibration against arterial 
samples processed on a traditional ABG analyzer. 

Initial studies have shown such monitoring systems to be 
safe, reliable, and accurate (222,223]. The optode catl1eters 
have a tremendous potential to improve quality of care by 
more rapidly and reliably detecting adverse events tlian trans
curaneous, capnographic, or oximetric monitors. When cou
pled with tl1ese otl1er monitors or with intramucosal monitors, 
they should be able to enhance our knowledge of regional 
organ perfusion and lung ventilation. In aclclition, changes in 
these parameters could be measured quickly in response to a 
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therapeutic intervention. The technology has not been avail
able long enough to assess its impact on clinical outcome or 
any measure of cost effectiveness. Further studies are needed 
to evaluate the clinical impact of these devices before they can 
be recommended for routine use in the ICU. 

Gastric Intramucosal 
pH Monitoring 
pHi monitoring is used to monitor trends in tissue pH in 
response to changes in local oxygen delivery and metabolism. 
The trends can be used to identify impending distress and pre
dict survival. The technique measures Pco2 and pH in fluid in a 
gas-permeable balloon placed in the lumen of a viscus. The pH 
and Pco2 of the adjacent mucosa equilibrate with the fluid. The 
pH and Pco2 of the fluid can be measured by withdrawing it 
from the balloon and analyzing it with a blood gas machine. 
Although several sites can be used to monitor intramucosal val
ues, the stomach is most frequently monitored in the ICU setting. 

BACKGROUND AND THEORY. Most authors define shock 
as a state of inadequate perfusion tl1at leads to diffuse cellular 
hypoxia and organ dysfunction. Many parameters have been 
considered in an attempt to detect early changes in tissue oxy
genation, including arterial oxygen saturation, pH, and serum 
lactate levels; subcutaneous and u·anscutaneous Po?; a1terial 
blood pressure; cardiac output; urine output; and mixed 
venous oxyhemoglobin saturation. None of these can accu
rately and noninvasively predict tl1e development of shock (or 
otl1er common complications) in a broad range of ICU patients. 

Anaerobic metabolism causes acidosis because the hydroly
sis of adenosine triphosphate produces protons that cannot be 
used up by sinrnltaneous oxidative phosphorylation of adeno
sine 5-diphosphate to adenosine triphosphate. The presence of 
these protons drives tl1e carbonic anhydrase reaction to pro
duce more carbon dioxide, which subsequently diffuses into 
and develops an equilibrium with any adjacent intraluminal 
fluid. Thus, tl1e measurement of an inu·aluminal Pco2 and tl1e 
capillary HC03- (estimated as equivalent to the arterial HC03-) 
allows calculation of the pHi by tl1e modified Henderson
Hasselbalch equation: 

pH = pK - log (HCo3-)!(/x Paco) 

where f is a correction factor used to account for differing 
periods of measurement. 

Intramucosal acidosis is therefore a marker of local hypoper
fusion. Several factors other than acidosis may alter cellular 
metabolism and intramucosal values: (a) loss of adenine nucle
otides, (b) formation of oxygen free radicals, (c) increases in 
intracellular calcium, (cl) degradation of membrane phospho
lipicls, and (e) mechanical alterations clue to cellular edema 
[224]. However, an accurate, noninvasive way of measuring tis
sue acidosis could be beneficial if it allows detection of hypo
perfusion of vital organs before systemic signs can be cletectecl. 

TECHNICAL CONSIDERATIONS 

Procedure. The technique of pHi monitoring has evolved 
steadily since the mid-1960s. Measurement of pHi in the gall
bladder and urinary bladder was initially described by Bergof
sky [225]. Subsequently, it was shown that tl1e pHi of the small 
intestine could also be determined [226). Early pHi monitors 
consisted of glass or wire elecu·odes that were surgically 
implanted in tl1e wall of the organ being studied. These devices 

were lin1itecl to research applications because an operation was 
required to place tl1em and their presence in the mucosa of tl1e 
organ causing tissue damage, therefore altering tl1e c nditions 
being measured. This prompted investigators to search for a 
less invasive, equally accurate way to obtain this measurement. 

In 1973, an implantable catl1eter made of silicone impreg
nated witl1 silver was described [227]. This material is exu·emely 
permeable to oxygen and carbon dioxide and allowed rapid 
equilibration between the tensions of tl1ese gases in the tissues 
and the saline tl1at filled the catl1eter. Because this catheter, too, 
required surgical implantation and caused injury to the tissue 
surrounding it, it was limited to research applications. However, 
it was confirmed tl1at the gases in tissue equilibrate rapidly witl1 
saline in proximity to it; it as subsequently confirmed that this 
principle would hold for the fluid in tl1e lumen of a hollow vis
cus [228]. The current gastrointestinal tonometry catl1eter con
sists of a fluicl-fi.llecl silicone balloon attached near the end of a 
nasogastric or sigmoid tube. Before insertion, the balloon is 
repeatedly infused witl1 fluid until all air is eliminated. The 
upper gastrointestinal catheter is inseitecl with standard tech
nique for nasogasu·ic tube placement, and placement is con
firmed racliographically. The stopcock is flushed with fluid to 
eliminate any trapped air, the balloon is filled to tl1e manufac
turer's specifications with fluid, and tl1e tonometer lumen is 
closed to tl1e outside environment. The fluid is allowed to equil
ibrate with tl1e fluid in the lumen of tl1e organ being monitored. 
It is believed that tl1e fluid in the balloon requires approxi
mately 90 minutes to equilibrate witl1 the fluid in the lumen, 
altl1ough matl1ematical formulas are available to correct tl1e val
ues obtained with 30 to 90 minutes of equilibration [229]. After 
adequate time for equilibration, tl1e dead space (usuall. 1 .0 ml) 
is aspirated and discarded, and the fluid in tl1e balloon is com
pletely aspirated under anaerobic conditions. The tonometer 
lumen is closed until a decision is made to refill it for subse
quent measurement. An ABG sample is taken simultaneously, 
and both samples are sent for analysis. The Pco2 of the tonom
eter sample and the HC03- of the arterial blood are us d in tl1e 
modified Henclerson-Hasselbalch equation to calculate pHi. 

Sites of Measurement. As already described, original descrip
tions of viscus tonometry used the gallbladder and urina1y 
bladder as prima1y sites of monitoring [225]. Tonomeuy of the 
gastrointestinal tract was described soon tl1ereafter and is by far 
the preferred site for monitoring tissue metabolism. This site is 
preferred because the inte tine is easily accessible an can be 
cannulated from above or below, is sensitive to dee eases in 
perfusion, and may be involved in initiating sepsis. The intesti
nal mucosa is thought to be affected early during circulato1y 
insufficiency because blood is shunted away from it to preserve 
the function of the brain and hea1t. Ironically, becau e of tl1e 
unique countercurrent microcirculation in the walls of 1e intes
tine, it may be paiticularly vulnerable to reductions in blood 
flow and may clemonsu·ate conversion to anaerobic metabolism 
and tissue acidosis before otl1er tissues. Finally, many have pos
tulated that tl1e intestine has a role in propagation of sepsis. 
Ischemia of the intestinal mucosa may damage the mucosa! 
barrier and allow bacteria and toxins from the lumen to enter 
tl1e bloodstream and exacerbate an early shock state. 

Several sites in the gasuointestinal tract can serve as sites 
for pHi monitoring. The most easily accessible is the .>tomach. 
In many cases, the patient requires nasogastric tube place
ment independent of the placement of the tonometer, and 
therefore no additional procedures are necessary. Tubes that 
serve for nasogastric drainage as well as tonometry are com
mercially available. In animals, gasu·ic pHi moves in parallel 
with changes in small intestinal and sigmoid pHi, altl1ough 
botl1 alternative sites appear more sensitive to changes in 
inu·avascular volume and oxygen delivery induced by experi-



mental bleeding [230]. Gastric pHi has been shown to have 
significant correlations with important measures of disease, 
although measurement in the small bowel or sigmoid may be 
more effective in specific situations. 

INDICATIONS FOR USE. In general, the goals of monitoring 
in the ICU are to (a) measure key indices of underlying dis
ease, (b) aid with diagnosis, (c) alert the health care team to 
changes in the patient's condition, (cl) guide therapy, and 
(e) track trends and assess prognosis [231] .  Because of its abil
ity to detect early changes in intestinal perfusion and the 
potential for therapeutic actions to improve ICU survival based 
on this information, pHi monitoring satisfies many of these 
goals. In addition, because it is relatively noninvasive, it can be 
performed rapidly and by anyone with the ability to place a 
nasogastric tube. However, although proponents advocate its 
use in all seriously ill hospitalized patients, no clear survival or 
cost savings advantage has been demonstrated [232]. There
fore, an attempt should be made to identify patients who are 
most likely to benefit from this form of monitoring. 

pHi monitoring has been better studied in postoperative ICU 
patients than in other critically ill patients. In particular, intraop
erative and postoperative cardiac surge1y patients have been 
well studied, and in that group gastric pHi appears to predict 
complications well (233,234]. Patients who have had abdominal 
aortic surgery and are at risk for postoperative intestinal 
ischemia may benefit from a tonometer placed in their sigmoid 
colon (235]. Some authors have gone so far as to advocate its 
use for all critically ill patients with a high likelihood for devel
opment of hemodynamic instability, including those with myo
cardial infarction and pulmona1y edema or high creatine 
phosphokinase elevations; fever, leukocytosis, and tachycardia; 
positive blood cultures; APACHE II score greater than 18;  over
doses of potentially vasoactive dmgs; overt gastrointestinal 
bleeding and orthostatic hypotension; and unexplained respira
tory failure, and for postoperative patients with a histo1y of car
diac disease or intraoperative hemodynamic instability. Its 
efficacy in many of these situations remains unproven. 

The level of gastric pHi has been correlated with survival. In 
a study by Gutierrez et al . ,  gastric pHi of less than 7.32 was 
associated with increased mortality [236]. Gastric pHi is also 
useful in predicting complications after cardiac surge1y [233] 
and has been used to predict the development of gastrointesti
nal bleeding and mesenteric ischemia, although small intestinal 
pHi appears to be a more sensitive indicator of the latter (237]. 
Therapeutic inte1ventions based on gastric pHi have been 
reported to improve survival in critically ill patients who pre
sented with initially normal pHi values [238] . Infusions of dob
utamine and saline given in response to changes in gastric pHi 
improved survival in patients who presented with initial pHi 
levels greater than 7.35. No difference was seen in the su1vival 
rates of patients whose initial gastric pHi levels were less than 
7.35. On the other hand, gastric pHi was unable to distinguish 
survivors from nonsurvivors in cardiac surge1y patients with 
low cardiac output syndrome [2391. Gastric pHi (a) failed to 
predict outcome in a study of children with sepsis and multiple 
organ failure, and (b) in adults, was not as well correlated with 
shock as were the blood lactate levels [240,241]. 

Evolving Issues 

1 .  Timing of measurements. The fluid in the tonometer bal
loon requires 90 minutes to equilibrate with the fluid in the 
stomach. Although correction equations are available to nor
malize values obtained at less than 90 minutes, in general the 
full time period should be used. 

2 .  Tonometer fluid. Saline has been the fluid used in the bal
loon most often. However, evidence suggests that phosphate-
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buffered solution provides more consistent results [242]. This 
is currently the preferred material. 

3. Acid secretion.  Tonometrically derived gastric pHi can be 
affected by the acid-secretory status of the stomach. In one 
study, mean gastric pHi was 7.30 in untreated normal volun
teers but 7.39 in a similar group treated with ranitidine (243] . 
This was because the Pco2 in the gastric fluid of the treated 
patients was 42 ± 4 mm Hg, compared with 52 ± 14 mm Hg in 
the untreated group. The difference in carbon dioxide content 
of the fluid is thought to be due to production of carbon diox
ide by the conversion of secreted H+ and HC03- into water 
and carbon dioxide. This is particularly important because 
some have suggested that inhibition of gastric acid secretion 
predisposes to nosocomial pneumonia [244]. At present, treat
ing patients with H2-receptor antagonists is considered stan
dard [245]. 

4. Tube feedings. Enteral feeding may also affect pHi reading. 
Tube feedings may lead to increased production of carbon 
dioxide th.rough the interaction of secreted hydrogen ions and 
HC03-. One study has suggested temporarily discontinuing 
tube feeds before doing pHi measurements [246]. No clear 
consensus has been established on this matter. 

5. Analysis equipment. Measurements of gastric Pco2 for 
determination of pHi have been validated on a limited num
ber of blood gas analyzers. Machines other than those previ
ously validated may show errors in the measurement of 
gastric Pco2 despite the ability to measure systemic arterial 
Pco2 accurately. To our knowledge, all such errors identified 
to date have been systematic in nature and therefore could be 
adjusted with appropriate correction factors. Before making 
clinical decisions based on the information derived, the clini
cian should determine whether the blood gas analyzer in use 
has been validated and, if a systematic error has been found, 
that correction factors are available. 

CONCLUSIONS. Conventional methods of determining the 
adequacy of tissue oxygenation may be insensitive to the 
localized changes that may precede systemic hemodynamic 
collapse. Inadequate tissue oxygenation causes tissue acido
sis because of the shift to anaerobic metabolism. Because 
the carbon dioxide present in the tissue is in equilibrium 
with that in the intraluminal fluid of a viscus, the pHi of that 
organ can be determined by measuring intraluminal Pco2 
and arterial HC03-. The stomach, small intestine, or sigmoid 
colon can be used, with the stomach being most popular 
because of the ease of cannulation. The results of these tests 
may be helpful in determining prognosis in critically ill 
patients, and therapy based on these findings may improve 
survival. 

Definite indications for use have not been clearly estab
lished, but the procedure may be beneficial to any critically ill 
patient at risk of local ischemia or the systemic hypoperfusion 
state of shock. 
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2 7. Indirect Calorimetry 

Indirect calorimetry is a technique that uses measurements 
of inspired and expired gas flows, volumes, and concentra
tions to calculate oxygen consumption and carbon dioxide 
production. Oxygen consumption and caloric expenditure 
are determined by directly measuring inhaled and exhaled 
gases and analyzing them with a computerized metabolic 
cart. Energy expenditure, respiratory quotient (RQ), and 
other values can be derived from the measured values. By 
contrast, direct calorimet1y measures energy by quantitating 
the person's heat production. Because it requires placing the 
person in a thermically isolated whole-body enclosure for 
more than 1 hour [ll ,  it is virtually impossible to use in a crit
ical care setting. Therefore, the indirect method is much 
more suitable to the intensive care environment. Indirect cal
orimetry provides a noninvasive, accurate method of mea
suring caloric requirements and oxygen consumption. It 
should be the preferred technique when measurements of 
oxygen consumption and energy expenditure are needed in 
the intensive care unit (ICU). This chapter focuses on the 
technique of performing indirect calorimetry in the ICU set
ting. Chapters 197, 198, and 199 more fully discuss the use of 
energy expenditure estimates to determine caloric require
ments in the critically il l .  

Theoretical Basis of 
Indirect Calorimetry 
Indirect calorimet1y systems rely on measures of inhaled 
and exhaled air flow, volume, and concentrations of oxygen 
and carbon dioxide. Indirect calorimet1y systems can be 
classified as open-circuit systems, which measure the differ
ence between inspired and expired gas concentrations, or 
closed-circuit systems, which measure changes in the 
amount of gases in a fixed reservoir over time [2]. This 
chapter reviews only open-circuit systems because most 
ICUs use this technique. 

Nicholas A. Smyrnios and 
Frederick ]. Curley 

DEFINITIONS. Chemical energy used to fuel the human 
body is directly provided by adenosine triphosphate, which is 
formed by the oxidation of carbohydrate, protein, and lipid. 
The stores of adenosine triphosphate in the body are small, 
but they are in a constant, high-volume, well-balanced state of 
formation and utilization. Indirect calorimetry measures the 
m .. 7gen used and carbon dioxide produced when carbohy
drate, protein, and lipid are oxidized to produce adenosine 
triphosphate. Therefore, it is the production of chemical 
energy that is indirectly measured by the gas exchange 
parameters. Despite this, it is the convention to describe this 
quantity as energy expended. Therefore, we use the term 
energy expenditure to describe the amount of energy mea
sured by indirect calorimetry. 

In any discussion of energy expenditure, it is imp rtant to 
define what level of energy expenditure is being considered. 
Basal metabolic rate or basal energy expenditure (BEE) is the 
energy used by the body at complete rest and in the postab
sorptive state (absence of active nutritional intake for at least 
4 to 6 hours). This measurement can be obtained reliably only 
in deep sleep. If such a measurement is made, BEE takes into 
account the effects of illness and stress. However, BEE often is 
taken to be a value calculated from a standardized quation 
that does not account for stress, such as the Harris-Benedict 
equation. Resting energy expenditure (REE) is obtained from 
an awake person at rest and includes the energy used at rest 
in the awake state plus the energy used to metabolize food
stuffs, also called diet-induced tbennogenesis. It is expected to 
be approximately 10% greater than BEE [3-5]. Total energy 
expenditure (TEE) is REE plus tl1e energy used during activity. 
For most ICU patients, we wish to know the 24-hour REE or 
TEE railier than tl1e BEE. 

CALCULATION OF ENERGY EXPENDITURE. M st incli
rect calorimetry systems use the modified Weir equation to 
calculate energy expenditure. In its more complete form, this 
equation uses oxygen consumption (Vo2), carbon dioxide 
production (Vco2), and nonprotein urina1y nitrogen (UN): 



Energy expenditure = 3.9(Vo2) - 1 . l (Vco2) - 2 . 17(UN g/day) 

The Weir equation is not experimentally derived from mea
surements on humans but is mathematically derived based on 
physiologic facts. The derivation relies on the knowledge that 
(a) TEE is equal to the sum of the energy expended from the 
combustion of carbohydrate, fat, and protein; (b) the caloric 
equivalents of glucose (3.7 kcal per g), fat (9. 5  kcal per g), 
and protein ( 4 . 1  kcal per g) are known; (c) the oxygen con
sumed and carbon dioxide produced in metabolizing each of 
these fuels is known; and (d) therefore, the equation for 
energy expenditure can be expressed in terms of oxygen con
sumption and carbon dioxide production by solving the sys
tem of equations that describes the stoichiometry of fuel 
combustion. The reader is referred to other sources for a com
plete derivation of the equation [6]. In practice, the amount of 
urea nitrogen in the urine is sometimes not measured because 
of the inconvenience of measurement and the fact that its 
contribution to TEE is considered minimal. 

CALCULATION OF OXYGEN CONSUMPTION. The essen
tial measurements of indirect calorimetry are the inspired and 
expired oxygen fractions (F102 and FEOz, respectively), carbon 
dioxide fractions (FICO? and FECO?, respectively), and minute 
ventilation. Oxygen co;sumption and carbon dioxide produc
tion can be calculated using similar equations, which compute 
the difference between inspired (I) and expired (E) volumes: 

Oxygen consumption = Vo 2 =  V1(F102) - VE(FE02) 

Carbon dioxide production = Vco 2 =  VE(FEC02) - V1(F1coz) 

To avoid the need to measure the concentrations and volumes 
of expiratory and inspirato1y gases, techniques that preferen
tially measure only the expirato1y gases have been developed. 
Most systems measure only exhaled volumes and mathemati
cally derive the inhaled volume. Any assumption that the vol
ume exhaled is equal to the volume inhaled is erroneous 
whenever Vco2 and Vo2 are not equal (i .e . ,  RQ is not equal 
to 1) and becomes more erroneous as FI02 increases. A math
ematic relationship of VE to VI called the Haldane transfor
mation can be used to explain this phenomenon. It takes 
advantage of the fact that nitrogen is an essentially inert gas. 
Therefore, 

Volume inspired (VI) x FIN2 = volume expired (VE) x FEN 2 

Rearranged, this reads 

V 1 = VE x FEN2 I FIN2 

Because FIOz + FINz = 1 and FEOz + FECOz + fENz = 1 ,  

and 

FEN2 = 1 - FEC02 - FE02 

If we substitute back into the previous equation, 

Vi = VE x 
(1 - FEC02 - FEoz) 

1 - FI02 

As the inspired oxygen concentration increases, the denom
inator decreases and the difference between inspired and 
expired gas volume becomes greater. The Haldane equation 
can therefore be used to determine the value of VI without 
measuring inspired volume. The accuracy of the Haldane 
equation in estimating inspired volume, and thereby oxygen 
consumption and energy expenditure, therefore depends 
greatly on the accuracy of measurement of F102 and VE. 
Any error in measuring exhaled volumes or gas concentra
tions directly produces an error of a greater magnitude in 
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the calculation of oxygen consumption, carbon dioxide pro
duction, or energy expenditure. At a minute ventilation of 
10 1 per minute and an inspired-to-expired oxygen concen
tration difference of 0.03, the oxygen consumption would 
be 300 ml per minute. If the F102 was measured to be 0 .46 
instead or 0 .45 and the FE02 remained at 0.42, the oxygen 
consumption would be 400 ml per minute, a 33% change. If  
the measured minute ventilation was 10 .1  1 per minute and 
the actual value was 10 1 per minute, there would be an 
error in the oxygen consumption of 30 ml per minute, or 
1 0%. The analysis system must be free of leaks, and 
extremely accurate sensors must be used. Most oxygen sen
sors are less accurate at higher F102. Because of the diffi
culty in obtaining accurate measures at higher FI02, most 
indirect calorimetry studies are usually limited to patients on 
60% oxygen or less. Although some systems have provided 
accurate results in vitro with higher levels of mrygen, no 
system has proved its accuracy at higher levels in clinical tri
als on critically ill adults [7,8] . 

CALCULATION OF SUBSTRATE USE. Indirect calorimetry 
can be used to determine what percentage of energy expendi
ture comes from each of the major foodstuffs. Once carbon 
dioxide production and oxygen consumption have been mea
sured, their relationship and a measure of protein metabolism 
can be used to solve mathematically for the percentage of cal
ories burned derived from fat or carbohydrate (CHO) [9]. The 
equations used for these calculations are [10] 

CHO (g) = 4 . 1 1 3  Vco2 - 2.907 V0 2 - 2.544 UN (g/day) 

FAT (g) = 1 .689 (Vco2 - Vo2) - 1 .943 UN Cg/day) 

Protein (g) = 6.25 (UN + 4) (g/day) 

These calculations yield only an estimate of substrate use. 
Important items to be remembered from this exercise include 

1 .  The amount of protein catabolized in a clay can be esti
mated to be the sum of UN and daily losses from skin and 
stool, assumed to be approximately 4 g per clay, multiplied 
by 6.25. 

2 .  The RQ is the ratio of carbon dioxide produced to oxygen 
consumed, or Vo? to Yeo?. 

3. The primary foodstuffs ha�e established RQs: fat, 0.7; pro
tein, 0.8; and carbohydrate, 1 .0 .  Because a combination of 
processes is almost always occurring, the normal range of 
RQ is from 0.7 to 1 .0. RQs greater than 1 .0 indicate that the 
net outcome of all the reactions occurring is the synthesis 
of fat (lipogenesis). Values less than 0.7 may be encoun
tered when ketones are the prima1y fuel .  

Equipment and Technique 
Open-circuit indirect calorimetty systems all involve certain 
basic components, typically an oxygen analyzer, a carbon 
dioxide analyzer, and a flowmeter (usually a pneumotach). 
Various systems include masks, canopies, mixing chambers, 
tubing, desiccants, and pumps, and most have a personal 
computer with a monitor for graphic displays. We describe 
only the equipment necessa1y for the techniques discussed in 
this chapter. 

METHODS OF MEASUREMENT. Oxygen sensors in com
mercially available systems are either zirconium or differen
tial paramagnetic sensors. The zirconium oxide sensor is 
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coated with an oxygen-permeable substance. At tempera
tures of approximately 800°C, oxygen diffuses across this 
outer layer and an electrical signal that is proportional to the 
partial pressure of oxygen is created [2, 1 1 ] .  Differential para
magnetic analyzers measure the difference in concentration 
of the gas between the inspiratory and expiratory lines. 
These analyzers typically have an accuracy of ±0.02% and a 
response time of 130 milliseconds or less. Essentially all 
available carbon dioxide analyzers are nondispersed infrared 
devices. A gas sample in the path of infrared energy creates 
an alteration in an electrical signal that is proportional to the 
concentration of carbon dioxide. These analyzers have an 
accuracy of ±0.02% with a response time of 1 10 millisec
onds. Some systems measure inspired and expired carbon 
dioxide, and some measure only expired, assuming the 
inspired value to be negligible. Volume is measured by mea
suring flow and integrating the result over time to obtain vol
ume. Flow is usually either measured with a pneumotach or 
a mass flow sensor or generated by the device and kept con
stant in response to changes in ventilation. 

Gas concentrations are measured using one of three tech
niques: mixing chamber, breath by breath, and dilution. All 
devices must have well-validated calibration procedures for 
essential components . Newer machines have automated much 
of this process. 

Mixing Chamber Method. The mixing chamber is the best
establishecl method and has been considered the gold stan
dard. A mixing chamber is an automated Douglas bag that 
mixes expired gases over a predetermined interval and pro
vides the material to be sampled [ 1 1 ] .  Expired gas is passed 
from a mouthpiece or the ventilator exhalation port into a 
collection chamber, which is in series with the flowmeter 
and gas analyzers. Inside the chamber, flow is interrupted 
by baffles to allow more even mixing of gases. A sample of 
mixed gas is withdrawn from the chamber, the gas concen
trations analyzed, and the sample returned to the chamber. 
Depending on the design, the gas is either vented or passed 
through the flowmeter. The concentrations of inspiratory 
gas are sampled from the inspiratory side of a mouthpiece 
or a ventilator circuit. Inspiratory volumes are calculated 
from expiratory volumes as explained previously. A com
puter compares mixed expired versus inspired concentra
tions and multiplies by volume to yield a measure of 
consumption or production. The results reflect the values of 
gases mixed over time and are reported as values per time 
interval of measurement (e.g. ,  milliliters of oxygen con
sumed per minute). 

Breath-by-Breath Method. The collection and analysis of 
gases in the breath-by-breath method are similar to those in 
the mixing chamber technique, but each breath is analyzed. 
A sample of gases is taken for analysis from each inspira
tion and expiration. These samples are coupled with flow 
measurements for each breath to calculate VO,,  \ico,, and 
REE. The concentrations of expiratory gases a�·e measured 
directly from samples drawn from the expiratory side of the 
mouthpiece or ventilator circuit. Inspired concentrations 
are measured from samples drawn from the inspiratory side 
of a mouthpiece or ventilator circuit . Oxygen consumption 
and carbon dioxide production values are usually expressed 
as milliliters per minute and energy expenditure as kilocal
ories per clay for each breath and can be averaged or 
summed over varying periods, depending on the clinician's 
needs. The crucial component in these measurements is the 
alignment of various signals. I f  the time needed for the 
gases to reach the analyzer and the expiratory flow to reach 
the flowmeter is known, the Vo 2,  Vco 2 ,  and VE signals 
can be precisely aligned and accurate measurements made. 

Instruments that use breath-by-breath analysis align the sig
nals automatically by computer. Improper alignment can 
render the measurements useless. Oxygen and carbon 
dioxide sensors must have a very rapid response time. The 
placement of the gas analysis line just distal to the endotra
cheal tube can standardize transit time and eliminate arti
fact, which assists in this process. 

Dilution Method. The dilution method is the only technique 
that can be used in intubated patients as well as nonmtubated 
patients who cannot use a mouthpiece. A predetermined flow 
of gas of known oxygen and carbon dioxide concentration 
passes through a face shield mask or a hood-like canopy. The 
exhaled gases are diluted into the passing stream of known 
gas. The amount of gas the machine puts into the stream is 
adjusted to keep the flow constant as the patient alters his or 
her own ventilation. Samples of the diluted gases are removed 
for analysis and the values obtained multiplied by the flow 
rate to yield a measure of volume. Oxygen consumption and 
carbon dioxide production are calculated by comparing con
centrations in and out of the system. 

FACTORS AFFECTING ACCURACY. Accurate mea urements 
require close attention to technique .  Several pro !ems are 
frequently encountered in the ICU setting. In the mixing 
chamber or breath-by-breath method, even a small error in 
measuring volume can produce a large error in calculated 
values. All connections to the metabolic cart and in the 
ventilator circuit must be checked for leaks. In intubated 
patients, it may be nece sary to eliminate the small leak at 
the endotracheal tube cuff by overdistending the cuff for 
the brief duration of the study. It  may be impossible to 
eliminate this leak in patients with high peak pressures. In 
dilution method systems. leaks in the mixing cha ber and 
in the sampling lines may produce discrepancies between 
the programmed flow and the actual flow, leading to over
estimation of Vo2 and Vco 2 [ 1 2] .  In all techniques, an error 
in measuring oxygen or carbon dioxide concentrations 
leads to larger errors in the subsequently calculated values. 
If the patient's OJ\.'Ygen source produces any variation in 
F102, inspiratory concentrations of oxygen must be continu
ously measured. If the equipment is not capable f this, a 
high-quality blender or tank of oxygen of known concen
tration can be used for the testing period. Any change in 
inspired oxygen concentration during the study renders the 
measurements invalid until the inspired oxygen concentra
tion is remeasured. 

Inspired and expired gas concentrations are typically sam
pled with long, narrow tubes leading from taps into the respi
rato1y circuit. Tubing can easily clog with patient ecretions 
and invalidate collected data. Most systems also somehow 
condition the gas from the e sample tubings to standardize for 
temperature and water vapor. Failure to follow the manufac
turer's advice on desiccant change or timing of tubing change 
alters the accuracy of the data. 

Care must also be taken to interface the metabolic cart 
with the ventilator and associated equipment caref lly. Dis
ruption of the normal ventilator circuit with inappropriately 
placed sampling devices may lead to ventilator malfunction 
or trigger alarms. All connections to ventilators must be 
according to manufacturer's specifications. Inap ropriate 
location of sampling tubes may also lead to artifacts in flow 
or concentration measurements. The use of positive encl
expiratory pressure may variably alter the ventilator circuit 
compressible volume, leading to errors in volume and con
centration measurements. Techniques to isolate sensors 
from the effects of positive end-expiratory press re have 
been incorporated into the latest generation of equipment. 



Traditionally, children have not been monitored with indi
rect calorimetry because of leaks clue to uncuffecl enclotra
cheal rubes, frequent use of high-frequency ventilation, 
and the common use of high F102 and low ventilator flows. 
Studies indicate that certain dilution method devices may 
be accurate in children at moderate levels of F102 ( 1 31 .  No 
equipment has yet been validated with high-frequency or 
oscillator ventilation. 

Very few measures can be used to determine whether 
the data obtained are reliable. The RQ can act as a quality 
control when the values obtained are outside the physio
logic range (approximately 0 .65 to 1 . 30 in the ICU) [2]. 
Data averaged over 30 to 60 seconds can be used to deter
mine whether the degree of variabil ity is physiologic. 
Inspiratory values, which should be stable, should be fre
quently measured and displayed during the test. When 
inspiratory values are not monitored frequently, leaks in 
the inspiratory circuit lower FI02 values, falsely lower oxy
gen consumption and energy expenditure measurements, 
and falsely elevate RQ . Leaks in the expiratory circuit 
falsely decrease volume measurements. Leaks in the 
breath-by-breath sampling line produce marked variability 
in the derived values. 

Uses of Indirect Calorimetry 
in the Intensive Care Unit 
The prima1y role of indirect calorimer1y in the ICU is to assess 
energy expenditure and nutritional requirements. Indirect cal
orimeuy can also be used to measure oxygen consumption in 
shock states. The value of that is unproved. Indirect calorime
try is also useful for research into the pathophysiology of crit
ical illness. 

NUTRITIONAL ASSESSMENT. Inappropriate nutrition sup
port causes problems in the critically il l .  Malnutrition is 
associated with an increased mortality (14 , 1 51 .  Inadequate 
caloric intake can cause muscle weakness, impaired immu
nity, and delayed wound healing ( 16 , 171 .  Excess alimenta
tion can lead to hyperglycemia, hepatic dysfunction, 
increased carbon dioxide production ( 18 ,  19] ,  increased 
minute ventilation ( YE) ,  respirato1y distress, and respiratory 
failure (20] . In most ICUs, the patient's caloric intake is 
determined by estimating a daily TEE. BEE is calculated 
from a standard equation and adjusted for level of illness, 
diet-induced thermogenesis, and amount of activity. Studies 
comparing this practice with measurement of energy expen
diture by indirect calorimetry have inconsistent results. 
Some conclude that estimates of energy expenditure rou
tinely overestimate caloric need (2 1-241; others conclude 
that estimates of energy expenditure are inaccurate but in 
no consistent direction [25-27], and still others conclude 
that clinical estimates are as accurate as measured values 
[28-31 ] .  The results may differ because of the different tech
niques and patient populations in each study. 

Indirect calorimeuy studies have no standard length and 
frequency. Studies from 5 minutes to 24 hours in duration 
have been used [24,32,331 . It has been shown that a 30-minute 
study can predict 24-hour energy expenditure well in medical 
ICU patients [34]. However, even if the test accurately deter
mines that clay's energy expenditure, it is unclear whether it 
can predict caloric need for subsequent clays. Weissman et al . 
[35] found clay-to-day changes of 1 2% to 46%, depending on 
the patient's clinical condition. 

2 7: Indirect Calorimet1y 249 

If energy expenditure can be measured more accurately 
than it can be estimated, does it alter clinical outcome' 
Some investigators believe providing an average energy 
requirement suffices for most patients and that indirect cal
orimetry can be reserved for the 1 0% to 20% with more 
complex nutritional problems [361. Others believe that accu
rate determination of energy requirements is crucial [371. 
This question could be answered by a randomized study 
comparing outcomes of large numbers of patients who have 
their caloric intake determined by traditional or indirect cal
orimetric methods. 

SUBSTRATE USE. An elevated RQ may indicate excessive 
levels of carbohydrate metabolism or net lipogenesis clue to 
excess calorie intake (19,20,38-40]. Although the impact of 
altering substrate composition has nor been shown in most 
diseases, in complicated cases of hepatic or renal failure an 
analysis of substrate use can be used quickly to assess the effi
cacy of a change in diet. 

OXYGEN CONSUMPTION. Indirect calorimet1y was instru
mental in demonstrating that the implied correlation of oxy
gen delivery (Do2) and Vo2 was clue to mathematic coupling 
[41-451. Similarly, reports that the use of vo2 is useful for mor
tality prediction or for description of lung metabolic activity 
have failed to demonstrate clinical utility (46]. 

Research and Future Applications 
Although this discussion has focused primarily on the indi
rect calorimeter as a monitor of oxygen consumption and 
energy expenditure, other values measured by the calorime
ter have potential value in the ICU . Many computerized 
indirect calorimet1y systems permit inputs from other moni
toring equipment into the system's computer. Values derived 
from the combination of device inputs have not been ade
quately studied to recommend routine clinical use. For 
example, the value of oxygen pulse, measured as oxygen 
consumption divided by heart rate, correlates well as an 
index of left ventricular stroke volume. The ventilatory 
equivalences of oxygen and carbon dioxide, calculated by 
dividing minute ventilation by oxygen consumption or car
bon dioxide production, respectively, can serve as indices of 
ventilation-perfusion mismatch. As technology improves and 
high-quality equipment becomes more available, the use of 
indirect calorimeters as short-term monitors of complex 
physiologic changes resulting from disease and treatment 
may markedly increase. 
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28. Interventional Radiology: 
Drainage Techniques 

The intensive care unit (ICU) patient has unique clinical prob
lems and most commonly presents to the radiologist with 
problems of sepsis. Often, the role of the radiologist is to 
identify the source of sepsis and to characterize and drain 
problematic collections. Once the source of sepsis is identi
fied, imaging modalities can assist in further diagnostic evalu
ation as well as in therapy. Plain film, ultrasound, computed 
tomography (CT), and nuclear medicine are the tools at hand. 

General Aims 
Abnormal fluid collections may be a result of physiologic sta
sis (e.g . ,  cholestasis) or pathologic accumulation (e.g. , 
hematoma, urinoma, lymphocele, seroma), each of which 
may be complicated by seconda1y infection and abscess for
mation. The aim, therefore, is to characterize the abnormal 
fluid collection and drain infected collections safely. 

Indications 
The indications for imaging and intervention may be diagnostic 
or therapeutic. Accumulation of fluid may occur in normal 
(e.g. ,  pleural space, peritoneal space) or abnormal [e.g. ,  inter
loop collections (Fig. 28-1), dissecting pseudocysts (Fig. 28-2), 
anastomotic leakages] spaces. Normal fluid may accumulate in 
abnormal places (e.g. , biloma, hematoma, urinoma). These col
lections are all within the capability of percutaneous drainage. 
Detection of these accumulations usually requires imaging, 
because clinical examination lacks sensitivity. Characterization 
of the fluid usually requires needle aspiration, because imaging 
modalities lack specificity. The presence of infection in any 
fluid accumulation in the abdomen is almost always an abso
lute indication for drainage. The most conunon indications for 
bedside imaging, aspiration, and drainage are presented in 
Table 28-1 .  

Contraindications 
The contraindications to intervention mostly reflect risks that 
may supersede the advantages of the procedure. Contraindi
cations that relate to patient safety include perforation of 
organs and bleeding, specifically of lung (with resultant pneu
rnothorax), blood vessels, large bowel, pancreas, spleen, and 
small bowel (Fig. 28-1) .  Perforations by small-gauge needles 
(except of the lung) conm1only have a benign course, but 
morbidity increases significantly when these organs are tra
versed with a drainage catheter. An important consideration 
when draining fluid accumulations in the abdominal cavity is 
the position of the pleural space, situated at the twelfth rib 
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anteriorly and posteriorly and at the tenth rib along the 
midaxilla1y line. The pleural space is normally not visualized. 
Subacute or chronic secondary infection of the pleural space 
is usual when this space is traversed during catheter passage 
to the abdomen; therefore, drainage of an abdominal collec
tion through the pleural space is contraindicated. 

Attention to clotting factors is important before embarking 
on an invasive procedure. When the prothrombin time is 3 
seconds longer than control, the partial thromboplastin time 
measures 50 seconds or more, the platelet count is less than 
70,000, or the bleeding time is greater than 8 minutes, a pro
cedure is relatively contraindicated [ 1 , 2] .  Each case is weighed 
on its own merit, however, and more liberal allowance is 
often made for small-gauge needle procedures and superficial 
collections. 

A second set of relative contraindications sterns from limita
tions of the drainage procedure related to features of the dis
ease process . Collections surrounded by bowel or bone 
cannot be safely accessed (Fig. 28-1) .  In the past, multilocular 
collections were considered a contraindication because of 
inability to drain all but the first abscess entered. It  has been 
suggested that drainage of multilocular collections should be 
attempted because the loculations may communicate, may be 
mechanically broken by the catheter [3], or may be lysed 
chemically with urokinase (4,5 ] .  

The presence of more than three abscess cavities, fistulous 
tracts, and fungi was previously considered a contraindication 
to drainage, but some of these have become only relative con
traindications. Many patients with these conditions are given a 
trial of percutaneous therapy if they can tolerate the time nec
essary to show a therapeutic response. 

Under many circumstances, patients are not candidates for 
curative surge1y or curative percutaneous drainage. Tempo
ra1y drainage may allow partial recovery and make subse
quent surgical treatment more feasible [6]. 

Risks 
The risk of complication is low, with minor complications 
reported in 9.8% [7] and serious complications in 5.0% [8] of 
procedures. Risks include bleeding, perforation, and second
ary infection. Death as a result of the procedure is rare, but 
mortality after the maneuver can be as high as 14.2%, with the 
cause of death attributed to sepsis and underlying mulrisystem 
disease rather than the procedure itself [7]. 

Benefits 
The benefits of drainage include avoidance of surgery and 
anesthesia and the ability to mobilize immediately after the 
procedure. Drainage has a cure rare of 60% to 85% (1 ,7,9-11 ] .  
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Fig. 28-1. Computed tomography scan demonstrating an interloop 
collection characterized by an enhancing rim and low-density center. 
Access to the collection through a drainage catheter is prohibited 
anteriorly by surrounding bowel loops (arrows) and posteriorly and 
laterally by the bony pelvis. 
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Method 

PATIENT PREPARATION. Informed consent is imperative. 
Although most procedures are relatively safe, it is important 
that the patient and family understand the risks. 

Protlu·ombin ti.me, partial thromboplastin time, and the 
international normalized ratio are essential tests; platelet count 
and bleeding ti.me are requested only if there are clinical con
cerns. For ultrasound, enteric nutrition should be discontinued 
4 hours before the procedure because the introduction of air 
into the gastrointestinal u·act or added peristalsis limits visual
ization. For CT, oral contrast is given 4 to 8 hours b fore the 
procedure. The contrast is a 2% solution, close t:o water. 
Unless there are contraindications to drinking water, the use of 
oral contrast is not contraindicated. Water-soluble contrast 
media (as opposed to barium-based solutions) are used in 
patients with suspected gastrointestinal leakage. Broad-spec
trum antibiotic coverage is essential before procedures that 
involve infected collections and should be continued as dic
tated by the sensitivities of the bacteria . 

EQUIPMENT AND SPECIAL NEEDS. Portable ultr sound is 
now well established as the workhorse for diagnostic and 
interventional procedures at the bedside. The overall strength 
of ultrasound in th.is setting is its portability and ability to 
identify and characterize fluid collections. It can provide very 

B 

Fig. 28-2. A: Two pseudocysts superior to the pancrea' (arrows), 
the first in the lesser sac and the second near the hilum of the spleen. 
B: Drainage of the latter was accomplished using an angled approach 
to avoid the spleen (arrow) and colon (curved arrow). Access to the 
first was accomplished using an unimpeded inferior approach. C: The 
scout film, performed after th first drainage, shows the catheter coiled 
and fixed in shape. The arrow indicates the safety guiclewirc- that is left 
in place until the position of the catheter is cleemecl satisfactrny. 



Table 28-1. Indications for Imaging, Aspiration, and Drainage 

Imaging 
Evaluation of the gallbladder for cholecystitis 
Evaluation of the pleural space for pleural fluid 
Evaluation of the peritoneal cavity for peritoneal fluid 

Aspiration 
Thoracentesis for characterization of pleural fluid 
Paracentesis for characterization of peritoneal fluid 
Characterization of an intraabdominal fluid collection 

Drainage 
Abscess drainage 
Cholecystostomy for acalculous cholecystitis 

specific information in the ICU setting. Ultrasound is best used 
when the collection is superficial [pleural, peritoneal, or gall
bladder (Fig. 28-3)]; CT is best used when the fluid is thought 
to be deeper in the peritoneal cavity or in the retroperitoneum 
(Fig. 28-2). 

When the questions are of a global nature, such as ruling out 
abdominal abscess; when they relate to the retroperitoneum; or 
if the disease lies beyond bowel (Fig. 28-1), CT is the diagnostic 
and therapeutic tool of choice. Although ulu-asound can po1tray 
needles and catheters as they pass through the tissues to the 
final target, CT is far more consistent in this regard. When a 
treacherous path has to be taken and bowel, spleen, and pleu
ral space have to be avoided, CT is preferred (Fig. 28-2). 

Procedures done in the ICU require the assistance of an ultra
sound technologist and ICU nursing staff. Because sterile 
method is used, the ultrasound technologist is needed to operate 
the equipment. The nursing staff assists in monitoring the patient 
during the procedure, administers required analgesic and anxi
olytic medication (see Chapter 25), maintains optimal patient 
positioning, and provides additional equipment as needed. 

Kits for aspiration and drainage containing lidocaine, nee
dles, syringes, rest rubes, gloves, and vacutainers should be 
readily available. Needles, catheters, and guidewires should 
be selected in the radiology department because they are not 
usually available in the ICU. 

Standard sterile precautions are used, including hand-washing 
and patient skin preparation using 10% povidone-iodine, ster
ile drapes, and sterile surgical gloves. If the Seldinger tech
nique, in which guidewire exchange is usually cumbersome, 
is contemplated, gown, mask, and cap should be worn to pre
vent unintentional contamination. 

A spinal needle is used for the initial aspiration. A conven
tional 22-gauge spinal needle with a 0.7-nun outside diameter 
does not accept the skinny guidewire (0.018 in.). Thus, if the 
Seldinger technique is used, the small-gauge needle used i.Ji.i
tially is of the manufacture that accepts the skinny wire. If the 
collection cannot be aspi.J·ated, a 20- or 18-gauge needle is used. 

Appropriate rests are ordered on the aspirated fluid, 
depending on the indications for the procedure. A vacuum
protected culture medium is used for culture of fungi and aer
obic and anaerobic bacteria. 

A wide selection of guidewires is available. We routinely 
use the 1 5-cm Bentson guidewire (Cook, Bloomington, IN) 
with a flexible straight tip. When the Seldinger technique is 
used, a small-gauge stainless steel wire is used initially. A 
series of dilators should be available so that the Seldinger tract 
can be progressively dilated to 1 French (Fr) larger than the 
catheter to be inserted. 

Many types of catheters are available. In general, we use 5-
to 10-Fr catheters, depending on the character of the fluid 
aspirated. When the fluid is thin and not obviously infected, 
the 5-Fr catheter is adequate; the thicker the fluid, the larger 
the catheter used. The Luer lock at the end of the catheter is 
usually only 5- or 6-Fr, thus limiting the ability of even a 14-Fr 
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catheter. The tendency is ro think that the largest catheter with 
a sump yields the best results, but we have not found this to 
be the case. We tend to place 7- to 9-Fr catheters without a 
sump, with comparable success. 

TECHNIQUES 

Diagnostic Aspirates. The key to successful diagnostic aspi
ration is a well-planned needle path. The site of insertion, 
angle of introduction, and depth of the needle are the three 
important factors to consider. A right-angle enny (needle to 
skin) and the shortest path to the collection are optimal but 
not always possible (Fig. 28-2). Real-time guided ulrrasonog
raphy allows the path of the needle to be traced as it passes 
along the planned course. If aspiration is unsuccessful after 
the needle has been introduced, either the needle is placed 
incorrectly or the fluid is too thick to be aspirated through a 
small-gauge needle. The collection is imaged to identify the 
needle position; a larger-bore needle is usually substituted if 
the fluid is too thick for the small-gauge needle. 

Drainage 
INTRODUCTION OF THE CATHETER. The catheter is inu-oduced 

by using either the trocar or the Seldinger technique. When 
the fluid collection appears to be easily accessible, rhe trocar 
technique is preferred. This technique is easier to perform but 
carries the risk of more severe complications if a viscus is per
forated, because the hole produced by a catheter is larger 
than that from the first step in the Seldinger technique. Usu
ally, a guiding small-gauge needle is used to sound our the 
direction and course of the final catheter path. Once the nee
dle is placed, it is imaged and its placement revised until an 
optimal course has been accomplished. An attempt is made to 
aspirate the fluid to confirm appropriate placement and to 
evaluate the character and thickness. The aspirated fluid is 
evaluated to determine whether drainage is needed. Often, 
the referring physician's insn·uctions are to drain if infected, 
leave if not. In practice, waiting 10 minutes for this decision is 
impractical, and late growth on a previously negative Gram's 
stain is common. We have adopted a policy of liberal place
ment of catheters, particularly if clinical suspicion is high and 
the fluid appears complex. If, on subsequent culture, no 
growth of organisms occurs, the catheter is removed. Second
a1y infection of a previously sterile collection is possible, but 
we have found that cautious and judicious use of this policy 
has been effective and uncomplicated, particularly when deci
sions are made in conjunction with the referring clinician. 

The catheter is inserted alongside the guiding needle. 
Attention to depth of the collection, position of the sideholes 
in relation to this depth, and the final position and shape of 
the catheter are considerations at this stage. 

In the Seldinger technique, needle, guidewire, and dilators 
are progressively introduced until an appropriate tract has 
been formed to allow for the final introduction of the catheter. 
In theo1y, it is the safer of the two procedures. However, 
when the procedure is performed under CT or ultrasound 
guidance, the needles, guidewires, dilators, and catheter can
not be opti..Inally visualized in real time and the technique 
loses some of its advantage. It is the better method when the 
path to the collection is hazardous, the catheter size required 
is large, or fluoroscopic guidance is needed. 

The considerations of catheter choice are similar to those 
outlined for the trocar technique. Once the collection has 
been entered and there is free drainage of fluid, careful 
manipulation is suggested. At this point, with free drainage of 
fluid from the catheter, it is useful to document the satisfacto1y 
position of the catheter (Figs. 28-ZC and 28-3C). Distention of 
the abscess cavity by contrast, air, or aggressive manipulation 
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is discouraged, to prevent bacteremia or septicemia that may 
originate from the inflamed and bleeding surface of the cavity. 
It is reasonable, however, to aspirate obviously purulent mate
rial, with the aim of evacuating the contents as completely as 
possible. The sudden appearance of blood-tinged material is 
usually an indication to discontinue aspiration and to rely on 
gravity drainage. 

FIXING THE CATHETER. Anchoring the catheter with self-retain
ing locks is essential to prevent it from being accidentally 
pulled out. These locks consist of a string that tlu·eads through 
the catheter to its tip. When the string is pulled and fixed in 
position, the tension retains the pigtail in a fixed, rounded, 
more stable position. In addition, the catheter is fixed to the 
skin using a disk or belt. It is important to anchor the bag to the 
patient's clothing so that it does not put tension on the catheter. 

Aftercare and Follow-Up. Frequent flushing of the catheter 
is necessa1y starting a few hours after insertion. Normal saline 
is injected initially in small amounts (5 to 10 mL) every 4 
hours to flush the catheter and prevent clogging of the side
holes. After 24 hours, the aim of flushing is to agitate the 
dependent debris of the collection so that the sediment can 
eventually work its way into the catheter. Larger volumes, 
approximating the size of the cavity, are used to prevent the 
development of adhesions and loculation. We reconrn1end 4-
hourly flushing until the drainage fluid clears. When the fluid 
is too viscous to permit drainage, it can be liquefied with N
acetylcysteine [ 12] ;  loculations can be loosened by mechanical 
[3) or chemical means with urokinase [4 ,5 ) .  

Follow-up study of the abscess should be performed using 
CT or fluoroscopy 3 to 4 clays after catheter insertion to eval-
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Fig. 28-3. A: Computed t mography scan demonstrating a dis
tended gallbladder wid1 a small amount of pericholecystic fluid 
(arrow) and induration of the surrounding fat (arrowhead). suggesting 
cholecystitis with extension of the inflammatory process or early perfo
ration. B: Transverse ultraso nd image of the gallbladder, confirming 
the presence of pericholecystic fluid (arrow), the rounded and dis
tended shape of the gallbladder, and tumefactive bile in the lumen. A 
small amount of liver tissue anterior to the gallbladder (arrowheads) is 
the planned path to the gallbladder. C: Transverse ultrasound image of 
the gallbladder showing two echogenic foci. The first refle ts the path 
of die catheter through the liver (ai-row) and bare area of e gallblad
der; the second (arrowhead) reflects me satisfactmy intracystic posi
tion of the catheter. 

uate the extent of the abscess and identify undrained collec
tions and fistulous u-acts. This is an important and often
ignored procedure. Frequently, the findings drastically alter 
management when unsuspected fistulous tracts are revealed, 
indicating tl1e need for surgery. 

Kinking, blockage by debris, and dislodgment of the cathe
ter are common causes of failed drainage. The interventional 
team should evaluate daily for these problems. 

When to Remove the Catheter. Once the patient as clefer
vescecl (usually within 24 hours), the cavity has decompressed 
(5 to 10 clays), antibiotics are discontinued, and drainage has 
ceased or is minimal, it is recommended that the - ree-way 
stopcock of the catheter be turned off to the patient and a u-ial 
of 24 hours witl1 tl1e patient off antibiotics be performed. If 
fever, leukocytosis, or reaccumulation of fluid occurs, the 
catheter should be left in. Otherwise, it can be withdrawn. 

Expected Results 
Defervescence usually occurs within 24 hours but may take 
up to 4 to 5 days. Succe sful drainage may take 2 weeks or 
even longer. Successful drainage and cure are usually accom
plished in 60% to 85% of patients [ 1 ,7,9, 13 , 14), with partial 
success attained in 7% to 18% [10, 1 1 ) .  The proceclur fails in 
8% to 20% of patients [7,8, 10, 1 1) and must be re eared in 
2 . 1% [7). 

Minor complications occur in 9.8% [7) and serious c omplica
tions in 5 .0% [8) . Mortality after the procedure ran es from 



1 .4% to 14.2% [3,8, 13) ,  although most groups who report mor
tality after the procedure suggest that death was due not to the 
technique but to the patient's severely compromised condition. 

Special Circumstances 

CHOLECYSTOSTOMY. A cholestatic situation exists in most 
ICU patients, and distention of the gallbladder is common. 
Cholecystostomy is indicated in the patient with a distended 
gallbladder and sepsis of unknown origin (Fig. 28-3). This rel
atively simple procedure is safe when performed by an expe
rienced physician, and can be performed at the bedside. The 
trocar technique, using the liver as a window to the gallblad
der Fossa, is our method of choice. Special attention should be 
paid to the exact depth of the gallbladder because there is lit
tle room for error. If the catheter is advanced too far, it may 
perforate the wall, with resultant bile peritonitis. The bile in 
acalculous cholecystitis is black (like crank-case oil) and does 
not appear grossly purulent. Frequently, neither organisms 
nor white cells are present, and the real test of successful 
drainage is the patient's subsequent clinical course. 

EMPYEMA. The percutaneous insertion of large chest tubes 
by a thoracic surgeon is the procedure of choice for empye
mas in our institution (see Chapter 1 1) .  Occasionally, small, 
inaccessible empyemas require imaging guidance. Special 
considerations for this procedure include the use of a large-bore 
catheter and underwater seal and care to prevent introduction 
of air through the needles and catheters into the pleural 
space, because inspirato1y effort by the patient causes a nega
tive intrathoracic pressure. Urokinase has been used in the 
pleural space to lyse loculated collections [4,5] . 

PSEUDOCYSTS. Percutaneous drainage has an 80% cure rate 
and is an effective front-line treatment for most pancreatic 
pseudocysts, whether the collection is sterile or infected. It is 
particularly suitable for the ICU patient. Cure is likely if suffi
cient time is allowed for closure of fistulas from the pancreatic 
duct [6]. Because low-output fistulas are present in 44% of 
patients [2), it is recommended that the catheter be maintained 
for an average of 7 weeks, sometimes longer. Paradoxically, 
infected pseudocysts require a shorter period. Duvnjak et al. 

29. Lung Biopsy 

Overview 

Lung biopsy is indicated whenever it is necessary to obtain a 
definitive diagnosis of a localized or diffuse pulmona1y dis-
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[14] suggest that the amylase concentration in the pseudocyst 
correlates to some degree with the potential for cure and rec
ommend that this level be evaluated during the course of 
drainage. 
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ease, usually after noninvasive diagnostic modalities have 
been used unsuccessfully. 

Multiple lung biopsy techniques are available that have 
been well characterized with regard to tissue yield, diagnostic 
yield, complications, contraindications, and mortality rate. The 
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relative usefulness of a particular biopsy technique depends 
not only on the availability of local expertise, but also on the 
clinical situation. Each of the commonly used biopsy proce
dures is briefly described, and an approach to the lung biopsy 
procedure in the critically ill patient that focuses on the fol
lowing questions is outlined: (a) When should a lung biopsy 
be considered in the critically ill patient? (b) Which biopsy 
technique should be chosen? (c) How should the specimens 
be handled? 

Biopsy Procedures 

GENERAL CONSIDERATIONS. Lung biopsy procedures 
can be grouped into two broad categories: open (i .e . ,  surgi
cal) and closed (i .e . ,  nonsurgical) . The major distinction 
between the two is that closed procedures avoid major surgi
cal intervention and general anesthesia at the expense of a 
lower likelihood of obtaining a definitive diagnosis. Contrain
dications and relative conu-aindications for open and closed 
lung biopsy procedures are listed in Table 29-1 [1-8]. 

OPEN THORACOTOMY LUNG BIOPSY. Because thoracot
omy allows the surgeon to obtain relatively large specimens of 
lung tissue under direct observation, open lung biopsy is a con
sistently accurate lung biopsy teclrnique. The procedure 
requires endotracheal intubation, general anesthesia, and pleu
ral catheter drainage for at least 24 hours after the biopsy. A 
"conventional" open thoracotomy, using a posterolateral inci
sion, is used when hilar adenopathy is present or uneven 
parenchymal infilu-ates exist [9]. A more limited or "modified" 
open thoracotomy is preferred in other situations [9]. Although 

Table 29-1. Contraindications and Relative Contraindications to 
Lung Biopsy 

Open thoracotomy biopsy 
Contraindication: too ill to undergo general anesthesia 

Thoracoscopic lung biopsy [1 1  
Contraindications 

Too ill to undergo general anesthesia 
Extensive pleural adhesions 
Uncorrectable coagulopathy 
Patients with a single lung 

Relative contraindication: inability to place a double-lumen endorra
cheal rube 

Closed biopsy (2-8] 
Contraindications 

Uncorrectable coagulopathy" (including uremia) 
Unstable cardiovascular status 
Severe hypoxia likely to worsen during bronchoscopy 
Inadequately trained bronchoscopisr 
Poor patient cooperation 

Relative contraindications 
Recent myocardial infarction or unstable angina 
Nearby vascular abnormalities 
Positive-pressure ventilation 
Cavitating lesions (especially with air-fluid levels or >10 cm 

diameter) 
Severe pulmonary hypertension 
Emphysematous lung disease surrounding area to be biopsied 
Suspected echinococcal disease 
Uncontrollable cough 

(IBronchoalveolar lavage can be performed safely in patients with severe throm
bocytopenia. 

the modified procedure limits the area from which the biopsy 
can be obtained, it does not require rib resection and uses a 
small anterior incision. The following interventions maximize 
diagnostic yield [10). First, average, rather than normal or mark
edly abnormal, lung tissue should be preferentially sampled. 
Second, in cases of diffuse pulmonary disease, more than one 
site should be sampled, if possible. Third, areas corresponding 
to ground-glass appearance on high-resolution chest tomogra
phy should be biopsied, as they are more likely to reveal the 
inflammatory process [ 11 ] .  Although some authors believe that 
biopsies of the tip of the lingula or right middle lobe should be 
avoided because prior scarring, inflammation, and passive con
gestion of a nonspecific narure are likely to occur in these sites 
[12] ,  a recent srudy refutes this [ 10]. 

THORACOSCOPIC LUNG BIOPSY. Thoracoscopy is a per
cutaneous procedure that involves the endoscopic explora
tion and sampling of the contents of the thoracic cavity 
[ 1 , 10 , 13, 14]. Unlike the other percutaneous procedures, thora
coscopic lung biopsy is considered a surgical procedure. 
Although there are a variety of potential uses for rhoracos
copy, only lung biopsy is highlighted here. Thoracoscopic 
lung biopsy involves multiple small chest wall incisions and a 
controlled pneumothorax to collapse the lung. One incision 
allows the insertion of a sterile fiberoptic endoscope to visual
ize the lung and pleural surfaces. A biopsy device is inserted 
through another incision and guided by direct en oscopic 
vision/video monitoring. Multiple points of entry ma, be nec
essary to determine the ideal endoscopic approach. 

An advantage of thoracoscopy is that i t  can obtain a 
larger piece of lung tissue than bronchoscopy tee niques, 
equal in size to that obtained at open lung biopsy. Where 
available, it is the open procedure of choice for patients in sta
ble condition who are not requiring mechanical ventilation. 
Some authors caution that ventilator-dependent patients 
should not routinely undergo biopsy procedures by thora
coscopy because they typically cannot tolerate the change 
to a double-lumen endotracheal tube or the single-lung 
ventilation technique (Table 29- 1) .  The authors individual
ize the decision. 

Although several studie of non-critically ill patients with 
interstitial lung disease demonstrated that thoracoscopy and 
open lung biopsy were identical in providing the diagnosis 
and complications [1 5-18), the authors are unaware of any 
study that compares open lung biopsy with thoracoscopic 
biopsy in critically ill patients. Due to the absolute and relative 
contraindications of thoracoscopic lung biopsy, critically ill 
patients on mechanical ventilation should preferentially 
undergo an open procedure. 

CLOSED BIOPSY PROCEDURES 

Percutaneous Transthoracic Needle Aspiration Biopsy. 
This procedure involves the insenion, under guidance of fluo
roscopy or computed tomography, of a sterile needle through 
the chest wall into the area of the lung to be sampled [19] .  Nee
dles of va1ying sizes (18-, -, 22-, and 24- to 25-gauge) can be 
used. In general, the thinner the needle, the fewer the compli
cations [20]. A specimen is obtained by aspiration; it usually 
consists of cells (e .g., neoplastic, parenchymal, inflammato1y), 
tissue fluids, or small tissu fragments. The major advantage of 
this procedure is that it can be easily performed v-.·ith local 
anesthesia. The major disadvantage is that lung architecrural 
integrity is usually not maintained in the specimen. 

Bronchoscopic Procedures. A variety of teclrnique"-, includ
ing bronchial and transbr nchial biopsy, bronchial bmshing, 



transbronchial needle aspiration, and bronchoalveolar lavage 
(BAL), can be easily and safely performed with the flexible 
bronchoscope. A detailed discussion of flexible bronchoscopy 
is presented in Chapter 12 .  

TRANSBRONCI-!IAL LUNG BIOPSY. Transbronchial lung biopsy is 
performed by passing the bronchoscope to the segmental 
level, instilling a dilute solution of epinephrine, and then 
advancing flexible biopsy forceps into the radiographically 
abnormal area [7]. The forceps usually are advanced under 
fluoroscopic guidance. They are passed in the closed position 
until resistance is met or the patient signals that he or she has 
chest (pleural) pain. If pain is felt, the forceps are withdrawn 
in 1-cm increments until pain is no longer perceived. If no 
pain is felt, the forceps are opened, pressure is gently applied, 
and the forceps are closed. If no chest pain is felt, the forceps 
are then removed. As soon as the biopsy is taken, the endo
scope is wedged into the airway from which the biopsy was 
taken to tamponade any potential bleeding and to prevent 
any blood from spilling out into other airways. Synchroniza
tion of the biopsy to the respiratory phase has affected neither 
the amount of alveolar tissue obtained nor the integrity of the 
specimen [21] .  Because specimens are small (not greater than 
3.9 mm2 on average [21]) , multiple specimens should be 
obtained to maximize the yield of this technique. 

BRONCHIAL BRUSH BIOPSY. Using a flexible wire brush, the 
operator performs a bronchial brush biopsy in a manner similar 
to forceps biopsy [22-23]. Usually under fluoroscopic guidance, 
the brush is passed as far as possible into the radiographically 
abnormal area. The usefulness of this method is limited by the 
fact that only cellular material can be obtained and, in general, 
only endobronchial processes are sampled. A nodule not in 
communication with the bronchial tree can.not be entered with 
the brush, even though the nodule can be sampled with a nee
dle passed transthoracically. 

TRANSBRONCI-IIAL NEEDLE ASPIRATION. Transbronchial needle 
aspiration technique allows the clinician to pierce the walls of 
ai1ways and aspirate cellular contents and tissue fluid or pro
cesses not in communication with the tracheobronchial tree. 
Specially designed catheters with attached needles are passed 
through the suction channel of the bronchoscope to the 
abnormal area [8,24,25]. As long as the vascularity of the area 
to be aspirated is appreciated or has been defined, transbron
chial puncture with aspiration can be safely performed [26]. 
This procedure has a role in the diagnosis and staging of lung 
cancer and in the diagnosis of some benign mediastinal dis
eases, such as bronchogenic cysts. When appropriately 
applied and with good cytopathologic support, this procedure 
can eliminate the need for surgical staging in a substantial 
number of patients with inoperable lung cancer [27,28]. 

BRONCI-IOALVEOLAR LAVAGE. BAL is a quick, safe diagnostic 
extension of routine flexible bronchoscopy [29]. The tip of 
the bronchoscope is wedged into a segmental or smaller air
way, and physiologic saline is instilled and withdrawn 
through the suction channel. Using this technique, it is pos
sible to sample cellular and soluble components from the 
distal airways and alveoli. It can be useful in diagnosing 
some infectious or other diffuse parenchymal diseases (e .g . ,  
Pneumocystis carinii pneumonitis [30] , intraalveolar hemor
rhage [31] ,  bronchogenic carcinoma [32], exogenous lipoid 
pneumonia [33] , alveolar proteinosis [34], and eosinophilic 
granuloma [35]). A detailed discussion of the use of BAL 
analysis in a variety of lung diseases can be found elsewhere 
[29]. The usefulness of BAL and bronchoscopy-protected 
brush-catheter cultures in diagnosing lung infections is 
reviewed in Chapters 12 and 68. Because BAL is not really a 
biopsy procedure and little or no associated bleeding occurs, 
it may be performed in patients with bleeding abnormalities 
and pulmonary hypertension. 
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Expected Results from Lung Biopsy 

GENERAL CONSIDERATIONS. To determine what type of 
lung biopsy procedure should be performed, and when, it is 
important to appreciate the expected results. The yield of pos
itive diagnoses and the complications incurred depend on the 
procedure performed, the disease process, and the clinical 
stability of the patient. 

DIFFUSE PARENCHYMAL DISEASE IN CLINICALLY STA
BLE PATIENTS. To maximize the diagnostic yield, the ideal 
biopsy procedure is one that maintains the architectural lung 
integrity in the specimen. The procedures that best meet this 
requirement are (a)  open lung biopsy, (b) thoracoscopic 
biopsy, and (c) transbronchoscopic lung biopsy. A number of 
reports on stable patients with diffuse lung have documented 
average rates of mortality, complications, and diagnostic yield 
for these procedures (Table 29-2) [ 1 ,36--39]. The highest tissue 
and diagnostic yields with low morbidity and very low mortal
ity rates are obtained with open and thoracoscopic lung biop
sies. Transbronchoscopic lung biopsy has lower diagnostic 
yields, but carries the lowest morbidity and mortality rates of 
any of these biopsy procedures. 

Although open and thoracoscopic lung biopsies more consis
tently yield adequate tissue and an increased likelihood of defin
itive diagnosis than transbronchoscopic forceps lung biopsy, the 
latter may be preferred as an initial procedure to avoid the mor
bidity of general anesthesia, postoperative chest rube drainage, 
residual parenchymal and pleural scarring, postoperative pain, 
and increased length of hospital stay. The potential morbidity of 
empyema that may complicate an open or thoracoscopic lung 
biopsy procedure is also avoided with transbronchoscopic lung 
biopsy. This closed procedure is much less expensive and less 
painf-t.il, and carries less mortality than open lung biopsy. 

The overall complication rare for transbronchoscopic lung 
biopsy is less than 10%. The most common complication is 
pneumorhorax, which may require chest rube drainage in up 
to 50% of cases [38]. Although the definitive diagnostic accu
racy of transbronchoscopic lung biopsy is less than that of 
open and rhoracoscopic lung biopsy (the tissue is smaller in 
quantity, often crushed, usually only peribronchiolar in origin, 
and not obrai.ned under direct vision), its diagnostic yield is 
sufficiently high under certain conditions to justify its use as 
the initial biopsy procedure. For instance, in diffuse diseases 
such as carcinomatosis, sarcoidosis, and P. carinii infection, 
transbronchoscopic forceps lung biopsy yields a specific diag
nosis in 80% to 90% of cases [30,40,41] .  

Percutaneous needle aspiration (lung tap) also has a role in 
patients with diffuse parenchymal disease due to infection. 
The diagnostic yield in this setting varies from 40% to 82% [42-

Table 29-2. Representative Results of Lung Biopsy Procedures in 
Diffuse Lung Disease 

Mortality Complications Diagnostic yield 
Procedure (%) (%) (%) 

Open 0.0--4.7 5-7" 94-95 
Thoracoscopy 0--8 0-15h 96-100 
Transbronchial :S:0. 1 2  :S:JOC 84 

forceps 

11Pneumothorax, empyema, and bleeding into pleural space. 
/JSubcutaneous emphysema, infection, persislent air leak, and hemorrhage with 
conversion to open thoracotomy. 
crneumothorax, hemorrhage in uremk or thrombocytopenic patienr.s. 
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4Sl . Although percutaneous needle aspiration rarely causes 
mortality or air embolism, pneumothorax is common, occur
ring in approximately 2S% of cases [42,44). Hemoptysis occurs 
in 1% to 1 1% of patients [42,44]. Complication rates can be 
reduced by using an ultrathin needle (24- or 2S-gauge) [43) . 

LUNG MASS IN CLINICALLY STABLE PATIENTS. Because 
solid or cavitary masses are most often due to malignant or 
infectious causes, and because these diagnoses can often be 
readily confirmed by analyzing cellular material and fluid, open 
lung biopsy is usually not the preferred initial procedure. When 
open or thoracoscopic biopsy is performed, however, tissue and 
diagnostic yields should consistently approach 100%. Because 
nodules are usually resected in tl1eir entirety, surgical mortality 
depends on the severity of illness and eJ\.1:ent of tl1e resection 
[46). The operative mortality associated with wedge resections 
by open thoracotomy of benign nodules in othe1wise healmy, 
young patients is less tl1an 1 %, whereas it may va1y from 2% to 
1 2% in older patients with bronchogenic carcinomas who 
undergo pneumonectomy [47). Complications of moracotomy 
for lung masses in clinically stable patients are similar to tl10se in 
such patients witl1 diffuse lung disease. In a report of 242 soli
tary pulmonary nodules excised by video-assisted tl10racoscopic 
surgery, mere was a complication rate of 3.6% and no mo1tality 
[12] in patients undergoing thoracoscopy alone. 

Percutaneous needle aspiration is extremely useful in eval
uating lung masses. It carries the highest diagnostic yield. A 
definite diagnosis is obtained in 80% to 97% of all masses, 
and adequate samples are obtained in 82% to 98% of cases 
[48-S2] .  If the lesion is less than 2 cm in diameter, the likeli
hood of obtaining adequate material is significantly 
decreased [48,S2l. The diagnostic yield in solid malignant 
nodules can approach 96% [49); in malignant and infectious 
cavitary lesions, 90% to 100% [48]; and in "benign" inflamma
to1y disease, such as granulomatous nodules, only 19% [S3) . 
Although percutaneous needle aspiration is rarely associated 
with fatalities, complications such as pneumothorax, hemop
tysis, and intraparenchymal hemorrhage or hemothorax are 
not uncommon [48,49,S2,S3l .  The risk of pneumothorax 
increases with smaller-size lesions and the presence of sur
rounding emphysema [S4] . Hemorrhage and pneumothorax 
occur much more frequently in cavitary lesions. It has been 
demonstrated that aspiration biopsy using smaller, ultrathin 
24- to 2S-gauge needles results in a significant decrease in 
complications without loss of excellent diagnostic yield [SS]. 
Although some authors feel the risk of needle-track implan
tation of cancer is remote and it should not be considered a 
contraindication to the procedure [S6), a recent study sug
gests that the risk of spread of malignant cells may be as 
high as 60% [S7l. In this study, 12 of 20 lung resections had 
evidence of malignant cells on the visceral pleura after a 
needle aspirate was performed. 

Peripheral lung nodules and masses can also be sampled 
using the transbronchoscopic bmsh and forceps techniques. 
Complication rates are less than those for percutaneous nee
dle aspiration biopsy. Although the diagnostic yield is also 
diminished and the procedures are more difficult and time 
consuming than percutaneous needle biopsy, transbronchial 
biopsies more frequently yield tissue with architectural integ
rity. This may allow the pathologist a better opportunity to 
diagnose benign conditions. In peripheral malignant lesions, 
the diagnostic yield of u·ansbronchial biopsy relates directly to 
the number of biopsies obtained under fluoroscopic guid
ance. With brushing alone, the diagnostic yield is approxi
mately 40%; with brushing plus one transbronchoscopic 
forceps lung biopsy, diagnostic accuracy improves to SS%; 
with brushing plus four transbronchoscopic forceps lung 

biopsies, accuracy reache 60%; and with brushing lus five 
transbronchoscopic forceps lung biopsies, diagnostic ccuracy 
improves to 7S% [S8l. 

DIFFUSE AND LOCALIZED DISEASE IN CLll\!CALLY 
UNSTABLE PATIENTS. Lung biop y in critically ill, clinically 
unstable patients is most commonly considered in th se who 
are immunocompromised hosts or who have tl1e ac te respi
rato1y disu·ess syndrome. 

Numerous studies have considered the merits of various 
lung biopsy procedures in the non-acquired immunodefi
ciency syndrome (AIDS)-immunocompromised host. The 
choice of which biopsy procedure to perform depends on a 
number of factors, including the severity and rate of progres
sion of the illness, differential diagnosis, underlying medical 
conditions, radiographic findings, and level of experience and 
expertise of the physician performing the procedure. The 
diagnostic yields of the different biopsy procedures also 
depend on a number of factors, including differential diagno
sis, underlying medical conditions, and radiographic ndings. 

For critically ill patients with rapidly progressing hypoxemia 
and radiographic infiltrates, open lung biopsy is the proce
dure of first choice as it is associated with the highest yield 
and can be surprisingly ·1vell tolerated in critically ill patients 
[S9l .  However, mortality rates of 8.6% to 13 .6% have been 
reported [60,61]. For less severely ill patients in whom pro
gressive hypoxemia is not an immediate problem, less inva
sive procedures can be attempted first. 

In solid-organ u·ansplant patients witl1 diffuse infiltrates, 
bronchoscopy witl1 BAL can result in tl1e co1Tect diagnosis up 
to 8S% of the time (range, 27% to 8S%), and is associated witl1 
little to no morbidity [62). In net!U'openic leukemic patients with 
diffuse infiltrates, however. BAL is of little value as it is associ
ated witl1 a ve1y low yield for invasive aspergillosis, has a ve1y 
high false-positive rate for bacterial pathogens, and does not 
aid in diagnosing drug-induced pulmona1y processes [S9l. In 
addition, in neutropenic patients, tl1e bronchoscopic procedure 
itself can result in the development of pneumonia, bacteremia, 
and sepsis [63,64). In patients with AIDS, tl1e sensitivity of lav
age alone for diagnosing P carinii can be as high as 7% [6S). 
In nonneutropenic patients, BAL does not increase the already 
low complication rate of routine diagnostic flexible bronchos
copy (see Chapter 1 2). 

TransbronchiaJ biopsy in patients witl1 diffuse pulrnona1y infil
u-ates and solid-organ transplants is associated witl1 yields of 46% 
to 78% [S9,66l, and in patients with hematologic malignancies, a 
yield of SS% [66] . Transbronchial biopsy has the highest fre
quency in diagnosing tuberculosis, fungal pneumonia, and 
pulmonary involvement of hematological malignancie [66]. In 
non-AIDS patients, BAL in combination wim transbronchial 
biopsy has a higher yield for identifying P carinii, Legionella sp., 
and cytomegalovirus infections tl1an BAL or u·ansbronchial 
biopsy alone [62,67]. In tl1is setting, me combination of BAL and 
u-ansbronchial biopsy can increase yield by 33% [62]. 

Transthoracic needle aspiration biopsy has the highest yield 
in immunocompromised hosts with focal pulmon iy pro
cesses, especially peripheral lung lesions. In these clinical set
tings, sensitivities of a transthoracic needle biopsy can be 
greater than 80% for infectious processes and grea ter than 
90% for malignant processes [S9l. Yields for fungi, tu berculo
sis, and Nocardia can be greater tl1an 90% [S9,68]. 

In critically ill patients requiring mechanical ve!ltiJation, 
lung biopsy may be considered to assist in diagnosis and 
management, and to ensure that no u·eatable disease process 
is overlooked. Specific diagnosis may be made in up to 80% 
of the cases [S9l .  Otl1er studies report lower yields, however, 
and suggest that the results of the biopsy may not alter man-



agement. One retrospective study of 24 patients requmng 
mechanical ventilation demonstrated that open lung biopsy 
provided a specific diagnosis 46% of the time and provided 
information that altered therapy in 47% of the cases [60] . The 
overall mortality rate was 8.4%, and this rate increased with a 
higher multiple organ dysfunction score. Another study of 49 
patients demonstrated that open lung biopsy led to a specific 
diagnosis in 88% but resulted in a change in management in 
only 45% (69]. Open lung biopsy may be more helpful in the 
critically ill pediatric population. A study of 26 children dem
onstrated that open lung biopsy was diagnostic in 96% and 
associated with no mortalities [70]. 

There is no consensus about which biopsy technique is best 
and under which clinical circumstances. A wide range of 
expected diagnostic yields exists for all procedures, and the eti
ology of lung disease in these patients may remain unknown in 
190/o to 45%, even when adequate tissue is obtained by open 
lung biopsy. Deciding who, when, and how to sample is fur
ther complicated by the occasionally excessive mortality rates 
associated with lung biopsy procedures, and by the knowledge 
that even with adequate biopsy material and appropriate ther
apy, the high mortality rates seen in this group of patients may 
nor be altered [71] .  Consequently, the clinician must adopt a 
practical approach to management that combines empiric ther
apy with available biopsy procedures. 

In patients with AIDS, open lung biopsy is the most sensi
tive and specific procedure. However, open or thoracoscopic 
lung biopsy should not be the first procedure contemplated or 
attempted because diffuse infiltrates are most likely clue to 
opportunistic infection, and bronchoscopic procedures accu
rately diagnose infection in 90% or more of the cases (72]. 
Open lung biopsy or thoracoscopic biopsy is appropriate 
when at least one bronchoscopic examination with BAL and 
transbronchial biopsy (unless contraindicated) has been non
cliagnostic [59l. It is rarely useful in patients who worsen after 
treatment for a diagnosis established by bronchoscopy [72], 
and it should not be repeated often. 

Indications for Lung Biopsy in 
Critically Ill Patients 

GENERAL CONSIDERATIONS. A lung biopsy is indicated in 
critically ill patients when (a) the pulmona1y disease pro
cess progresses and its etiology remains unknown, (b) an 
initial evaluation shon of lung biopsy has failed to reveal 
the etiology and logical empiric therapy has failed to 
reverse the process, (c) no contraindications exist to per
forming the procedures, (cl) the prognosis of the patient's 
underlying disease is good, and (e) the potential benefit 
from performing the procedure outweighs associated mor
bidity and mortality (71 ] .  

MANAGEMENT O F  CRITICALLY ILL PATIENTS WITH 
PULMONARY DISEASE. The lung biopsy is part of an 
extensive evaluation of a pulmona1y abnormality, yet in criti
cally ill patients it is never the initial step. Any critically ill 
patient is, for clinical purposes, a compromised host and 
should be managed as such (Table 29-3). 

Because of their altered defense mechanisms, critically ill 
patients are particularly susceptible to infection by opportunis
tic as well as pathogenic organisms. Nonimmunologic defenses 
(e.g., altered physical barriers, altered indigenous microbiologic 
flora) as well as immunologic defenses (e.g. ,  altered humoral or 
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Tab/,e 29-3. Management of the Compromised Host with 
Pulmona1y Disease 

Identify the patient as a compromised host. 
Construct a list of differential possibilities that remains constant 

from patient to patient. 
Integrate the history, physical examination, and laboratory data 

with the chest radiographic pattern to narrow the diagnostic 
possibilities. 

Assess the urgency of the situation and the need for invasive diag
nostic studies, including lung biopsy. 

cellular inununity) may be in1pairecl. These impairments may 
be partial or transient (e.g. ,  alcoholism, diabetes mellitus, sickle 
cell anemia, uremia, malnutrition), as well as prolonged or per
manent (e.g., Hodgkin's disease, clu·onic lymphatic leukemia, 
acute myelogenous leukemia, multiple myeloma, inherited 
immune deficiency diseases, cytotoxic chemotherapy, cortico
steroids, irradiation). 

Four major differential diagnostic possibilities should be 
considered in every critically ill (compromised) patient with 
pulmonary disease (Table 29-4). After general diagnostic con
siderations, the diagnostic possibilities are narrowed by inte
grating the history, physical examination, and laboratory data 
(i.e . ,  routine blood work; serologic studies; and smears and 
cultures of blood, urine, sputum, cerebrospinal fluid, ascites, 
and pleural effusion) with the chest radiographic pattern. A 
previous recent or remote chest racliograph may confirm or 
rule out the presence of another stable process. Although uni
lateral or focal infiltrates suggest bacterial infection, the pres
ence of bilateral disease does not rule out infectious processes 
[70]. Unusual and opportunistic organisms, such as P. carinii, 
often present as bilateral infiltrates after administration of 
immunosuppressive drugs or chemotherapy (73]. 

The final step involves assessing clinical urgency to evaluate 
the need for invasive diagnostic studies such as lung biopsy. In 
some clinical cases, empiric therapy should be considered and 
invasive biopsy avoiclecl. These cases include patients with 
underlying diseases that limit life expectancy, such as advanced 
AIDS or advanced cancer; leukemia before treatment, as the 
risk for oppommistic infection is low, and there is a high prob
ability of successful treatment with antibacterial therapy; uncon
trolled coagulopathies; severely impaired pulmonary function 
such that an invasive procedure would not be tolerated; and 
patient refusal to undergo an invasive procedure (59]. 

In other clinical settings, other less invasive treatment options 
should be attempted first. For example, in an intubated, elderly 
patient with diffuse pulmona1y irtfiltrates associated with pan
creatitis, the first diagnostic procedure might be pulmonary 
a1tery catheterization. If the pulmonary artery occlusion pres-

Table 29-4. Differential Diagnosis of Pulmona1y Disease in the 
Compromised Host 

Manifestations of basic disease 
Complications of management 

Lipid embolization 
Pulmonary edema 
Pulmonary hemorrhage 
Leukoagglutinin reaction 
Radiation pneumonitis 
Drug-induced pneumonitis 

Presence of another, unrelated basic disease 
Infection 

Bacterial 
Viral 
Fungal 
Parasitic 
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sure is normal, acute respiratory distress syndrome is likely to 
have developed. In this case, a biopsy is unlikely to add addi
tional information that may alter the management. In the 
thrombocytopen.ic, immunocompromised host who has diffuse 
pulmonary .in.filtrates and who is clinically stable with supple
mental oxygen, platelet transfusions and observation may be 
adequate therapy. As many as 70% of infiltrates in these 
patients may be due to intrapulmona1y bleeding [31] . 

Finally, in other clinical settings, lung biopsy (especially 
open lung biopsy) should be considered early on in the man
agement plan. Solid-organ transplant patients and patients 
with other immunocompromised states (with life expectancies 
measured in years) who develop hypoxemia with fever and 
diffuse infiltrates are more likely to benefit from a biopsy [59] . 

Selection of Lung Biopsy Procedure 
Three factors should be considered in choosing a particular 
lung biopsy procedure: (a) local expertise, (b) the patient's 
condition, and (c) the potential yield of the procedure. 

LOCAL EXPERTISE. This factor includes the availability of 
personnel skilled in performing the procedure and laborato1y 
personnel skilled in specimen processing and analysis. If 
local expertise is limited (e.g. , a skilled cytopathologist is not 
available to read bronchial brush or percutaneous needle 
aspiration specimens, or the microbiology laborato1y is not 
equipped to process reliably specimens for the variety of 
organ.isms seen in immunocompromised hosts), the patient 
should be transferred to another institution with expanded 
resources. 

PATIENT CONDITION. Once it has been decided that the 
patient's prognosis is potentially good enough to justify a lung 
biopsy technique, the next decision is the choice of biopsy 
procedure. If it is determined that the patient's condition 
allows time for only one diagnostic procedure (i .e . ,  the patient 
is rapidly deteriorating), then an open or thoracoscopic lung 
biopsy should be performed. If there are no contraindications 
to a closed procedure and the patient's condition is such that 
there will be time for another diagnostic procedure if neces
sa1y, then one of the closed procedures may be preferable. 
Mechanical ventilation should not be considered an absolute 
contraindication to transbronchial biopsy [74,75]. Useful in.for
mation has been obtained with transbronchial lung biopsy 
with acceptable morbidity (e.g. ,  pneumothorax, hemorrhage) 
in a limited number of hemodynamically stable, mechanically 
ventilated patients. 

POTENTIAL YIELD. The potential yield of a particular 
biopsy procedure depends on local expertise and the individ
ual clinical setting. For example, in the elderly patient with a 
solita1y pulmona1y nodule and clinically obvious dissemi
nated carcinomatosis, percutaneous needle aspiration biopsy, 
which has a high diagnostic yield and relatively low complica
tion rate, should be the initial procedure of choice to docu
ment whether the nodule is malignant. When a patient with a 
solita1y pulmona1y nodule has a clinical picture of vasculitis, 
however, open lung biopsy (or thoracoscopy biopsy if the 
lesion is peripheral) might be considered first or performed 
after bronchial brushing and forceps biopsies and percutane
ous needle aspirations yield nonspecific findings without evi
dence of malignancy or infection. 

In patients with diffuse pulmonary disease, the clinical set
ting influences the choice of procedure. When a biop y is per
formed to document the presence and type of inorganic 
pneumoconiosis, open lung biopsy and thoracoscopic biopsy 
[76] are the only procedures that yield a sufficient amount of tis
sue for all the requisite analyses (chemical analysis must be 
included). When diffuse pulmona1y .in.filtrates sugge ting sar
coidosis or carcinomatosis occur in the appropriate clinical set
ting, transbronchoscopic forceps lung biopsy should be .initially 
considered because it has an extremely high yield in these situ
ations [40,41] .  In the non-AlDS-immunocomprornised host with 
diffuse pulmona1y infiltrates, transbronchoscopic lung biopsy 
may yield a diagnosis overall up to 78% of the time [66]. In 
chronic interstitial pneumonias (e.g. ,  idiopathic pulmona1y 
fibrosis), open or thoracoscopic lung biopsy is diagnostically 
superior to t.ransbronchoscopic lung biopsy [40] . If chro ·c eosin
ophilic pneumonia, desquamat.ive interstitial pneumonitis, or 
bronchiolitis obliterans organizing pneumonia can be ruled in 
by transbronchoscopic forceps lung biopsy, however, open or 
thoracoscopic lung biopsy may not be necessary. If infection 
and malignancy can be ruled out by transbronchosc pie for
ceps lung biopsy and other non.biopsy laboratory techniques, it 
also may be unnecessary to perform an open procedure. If the 
diffuse process worsens, corticosteroids can be empirically ini
tiated, and the response to therapy can be assessed by noninva
sive means (e.g. ,  chest radiograph, gallium scan, pulmona1y 
function studies). 

Handling of Specimens 
To maximize the diagnostic yield from any lung biop y proce
dure, specimens must be rapidly transported to the appropri
ate laboratories by a person directly involved in the patient's 
management. All analyses should be planned in advance by 
the team involved in the case (e.g. ,  pathologist, microbiolo
gist, pulmonologist, infectious disease specialist). 

Because large samples of tissue are obtained from open 
lung and thoracoscopy biopsies, multiple pieces should be 
processed for a variety of analyses. First, under sterile condi
tions, a piece of fresh tissue should be kept moist with physi
ologic saline and transported immediately to the micr biology 
laborato1y to be minced, ground, and cultured for aer bic and 
anaerobic bacteria, fungi, and Mycobacterium and Legionella 
sp. A second piece should be snap-frozen and stored at -60°C 
to ensure that irnmunofluorescent studies (e.g. , immunoglob
ulin deposition as well as T- and B-lymphocyte markers, 
direct fluorescent antibody staining for Legionella p.) ,  Oil
Red-0 staining, and viral cultures can be performed if neces
sary. If pneumoconiosis is suspected, special studies can be 
performed on formal.in-fixed, paraffin-embedded tissue. At 
this juncture, touch preparations of a freshly cut surface of 
the tissue can be made for cytologic analysis, and special 
stains can be used for rapid diagnosis of microor.,,anisms. 
The pathologist should perform a frozen-section analysis to 
(a) advise the surgeon whether an adequate biopsy has been 
obtained (i .e . ,  the tissue does or does not exhibit a pathologic 
lesion), (b) obtain information that could focus the work-up 
of the specimen (e.g. , order a lymphoma work-up or specific 
viral culture), and (c) attempt to obtain a rap.id definitive diag
nosis. The remainder of the tissue should be placed in 10% 
formalin for routine histologic study and special stains. 

Unlimited analysis on specimens from transbronchoscopic 
forceps lung biopsies cannot be performed because of the rel
atively small amount of tissue obtained. To maximize the 
diagnostic yield, four to six pieces should be obtained [58,77]. 



In immunocompromised patients, touch preparations of trans
bronchial biopsies should be obtained and stained for micro
organisms. If an exogenous lipoid pneumonia, immunologic 
disease, or Legionella infection is suspected, one piece should 
be snap-frozen for fat stains and immunof\uorescent studies. 
One piece can be submitted to microbiology and the remain
ing pieces processed for routine and special pathologic stains. 
Once the slides have been made from bronchial brush biop
sies, they can be stained in a manner similar to needle aspira
tion specimens. 

A specimen obtained by percutaneous transthoracic needle 
aspiration should be sent for microbiologic as well as cyto
logic analyses unless infection is nor even a remote possibil
ity. For cytologic analysis, a few drops of the aspirate can first 
be smeared onto frosted glass slides that are immediately 
placed in 95% alcohol. Then, a portion can be injected into a 
rest tube with physiologic saline so that it can be processed 
using the Millipore filter or cytocentrifuge, or into a vial con
taining a fluid preservative for use in one of the instruments 
capable of preparing cell monolayers (78]. Filters and slides 
can be stained routinely by the Papanicolaou technique and 
specifically by Gomori-methenamine silver (for fungi and P. 
carinii), periodic acid-Schiff (for fungi), and Ziehl-Neelsen 
stains (for acid-fast organisms). When evaluating for the possi
bility of P. carinii pneumonia, immunofluorescent staining 
with monoclonal antibodies can increase the yield. Sensitivity 
and specificity of this test have been reported to be greater 
than 90% (79]. The portion for microbiology should be imme
diately injected into prereduced anaerobic transport medium 
and transported to the microbiology laboratoiy. In the labora
tory, drops of the specimen are placed on several sterile slides 
and allowed to air d1y for Gram's, Ziehl-Neelsen, and direct 
fluorescent antibody stains for Legionella organisms. The 
remaining specimen can be cultured for anaerobic and aero
bic bacteria, fungi, and Mycobacteriuin and Legionella sp. 

After submitting an aliquot of BAL fluid for microbiologic 
analysis, the specimen should be handled in the cytology lab
oratory in a manner similar to that of percutaneous aspiration 
specimens. 
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30. Dialysis Therapy in the 
Intensive Care Setting 

Overoiew of Dialysis Modalities 

Bones can break, muscles can atrophy, glands can loaf, even the 
brains can go to sleep, wid1out immediately endangering our survival; 
but should the kidneys fail neid1er bone, muscle, gland, nor brain 
could cany on. 

Homer W. Smith ( 1895-1962) 

In 1839, Addison [l] reported that stupor, coma, and con
vulsions were consequences of diseased kidneys, referred to 
for much of that centwy as Bright's disease [2] . Almost 50 
years later, Tyson [3] noted that 

Uremic symptoms are dependent on retention of urea and allied sub
stances in the blood, which when d1ey have accumulated to a suffi
cient quantity, act on che ne1vous system producing delirium and 
convulsions or coma. 

These rudimentary observations relevant to the pathobiology 
of symptomatic renal failure suggested that therapy should be 
directed at the reversal or attenuation of the retention of 
nitrogenous products of metabolism. In September 1945, Kolff 
[4] dialyzed a 67-year-olcl woman with acute oliguric renal fail
ure. Although this was a successful effort, dialysis remained an 
experimental tool until Teschan [5] described its use in treating 
Korean war casualties with posttraumatic renal failure in 1955. 
In 1960, Scribner et al . [6] devised an exteriorizecl arterio
venous access for long-term hemoclialysis and initiated a 39-
year-olcl man with end-stage renal disease (ESRD) on regular 
dialysis treatments. By the micl-1960s, hemoclialysis was 
becoming conventional therapy for acute renal failure (ARF) 
and its application was expanding to patients with ESRD. 

Conceptually, peritoneal dialysis is an older technique d1an 
hemoclialysis, but its practical application was delayed by numer
ous unsuccessful attempts to treat bod1 acute and end-stage renal 
disease patients [7]. Results were poor because of technical prob
lems wid1 cad1eters, peritonitis, and clialysate fluid composition. 
The subsequent development of commercially prepared clialy
sate and the introduction of the silicon cuffed cad1eter by Tenck
hoff and Schechter [8] in 1968 heralded d1e modern era of 
peritoneal dialysis. Despite d1ose improvements, peritoneal dial
ysis was still a somewhat unsatisfactory technique until 1976, 
when Popovich et al. (9] advocated "ponable equilibration" from 
which continuous ambulatory peritoneal dialysis is modeled. 

Because ARF is potentially reversible, an aggressive pursuit 
should be undertaken to identify and correct the cause. 
Within the intensive care unit (ICU) setting, although elements 
of chronicity may or may not be present, most cases of renal 
failure that require clialyric support are acute in nature. There
fore, most of the subsequent discussion focuses on dialysis for 
ARF within the ICU. Except where specifically clenotecl, all 
subsequent discussions are applicable to both patients with 
ARF and those with advanced chronic renal failure. A full dis
cussion of the clinical pathophysiology, epidemiology, and 
treatment of ARF is found in Chapter 74. 

Joseph A. Coladonato, Todd F. Griffith, 
and William F. Owen, Jr. 

Dialysis fulfills two biophysical goals: d1e addition or removal 
("clearance") of solute and the elimination of excess fluid from 
d1e patient ("ultrafiltrarion"). These two processes can be per
formed sinrnltaneously or at different times. The dialysis proce
dures in common use are hemoclialysis, hemofiltration, a 
combination of these, and pe1itoneal dialysis (Table 30-1). 

Hemodialysis 
Hemoclialysis is a diffusion-driven and size-discriminatory 
process for the clearance of relatively small solutes such as 
electrolytes and urea [less than 300 claltons (Da)]. Larger sol
utes are typically cleared far less readily. During hemodialy
sis, ultrafiltration is engendered by the generation of negative 
hydraulic pressure on the clialysate side of the dialyzer. The 
major components of the hemoclialytic system are the artifi
cial kidney or clialyzer; the respective mechanical devices 
that pump the patient's blood and the clialysate through the 
clialyzer; and the clialysate, which is the fluid having a speci
fied chemical composition used for solute clearance. During 
the performance of "conventional" intermittent hemodialysis, 
the patient's blood and clialysate are pumped continuously 
through the clialyzer in opposite (countercuirent) directions 
at flow rates averaging 300 and 500 mL per minute, respec
tively. The dialysate passes through the clialyzer only once 
(single-pass system) and is discarded after interaction with 
the blood across the semipermeable membrane of the clia
lyzer. The efficiency of hemoclialysis can be augmented by 
the use of dialyzers that are more porous to water and sol
utes. Those kidneys with enhanced performance characteris
tics are described as high-efficiency or high-flux clialyzers, 
depending on their ability to ultrafilter and remove larger 
molecular weight solutes lil'e �2-microglobuli.n. High-efficiency 
hemoclialysis uses a high-porosity clialyzer that has an ulrra
filtration coefficient greater than 10 and less than 20 ml per 
mm Hg per hour. High-flux hemoclialysis uses an even more 
porous clialyzer with an ultrafiltration coefficient greater than 
20 mL per mm Hg per hour and greater clearances of solutes 
greater than 300 Da. 

Variables of the hemodialysis procedure that may be manip
ulated by the dialysis care ream are the type of clialyzer (deter
mines the solute clearance and ultrafiltration capacity of the 
dialysis treatment), the clialysare composition (influences sol
ute clearance and loading), the blood and clialysare flow 
(influences solute clearance), the hydraulic pressure d1at 
drives ultrafiltration, and the duration of dialysis. 

These clialytic parameters should be prescribed, so patients 
may derive the optimal "close" of dialysis. Although numerous 
patient outcome studies have demonstrated a strong statistical 
relationship between the measured close of hemoclialysis and 
ESRD patient survival, dialysis close has not yet been estab
lished in ARF. Nonetheless, due to the strong concordant rela-
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Table 30-1. Dialysis Modalities 

Technique Dialyzer Physical principle 

Hemodialysis 
Conventional Hemodialyzer Concurrent diffusive clearance 

and UF 
Sequential UF/ Hemoclialyzer UF followed by diffusive 

clearance clearance 
UF Hemoclialyzer UF alone 

Hemofiltration 
SCUF Hemofilter Arteriovenous UF without a 

blood pump 
CAVH Hemofilter Arteriovenous convective 

transport without a blood 
pump 

CAVHD Hemofilter Arteriovenous hemoclialysis 
without a blood pump 

CAVHDF I-Iemofilter Arteriovenous hemofiltration 
and hemoclialysis without a 
blood pump 

CVVH Hemofilter Venovenous convective trans-
port with a blood pump 

CVVHO I-lemofilter Venovenous hemoclialysis 
with a blood pump 

CVVHOF Hemofilter Venovenous hemofiltration 
and hemoclialysis with a 
blood pump 

Peritoneal dialysis 
Intermittent None Exchanges performed for 10-

1 2  h eve1y 2-3 cl 
CAPO None Manual exchanges performed 

daily during waking hours 
CCPD None Automated cycling device per-

forms exchanges nightly 

CAPD, continuous ambulatory peritoneal dialysis; CAVH, continuous arterio
venous hemofiltration; CAVHD, continuous arteriovenous hemodialysis; 
CAVHDF, concinuous arteriovenous hemodiafikration; CCPD, continuous cycling 
peritoneal dialysis; CVVl-I, continuous venovenous hemofiltration; CVVl-I D, con
tinuous venovenous hemoclialysis; CWHDF, continuous venovenous hemodia
filtrationi SCUF, slow continuous ultrafiltration; UF, ultrafiltration. 

tionship between dose of dialysis and ESRD patient survival, 
consideration should be given to measuring the dose of dialy
sis in the setting of ARF (10] .  The currently preferred measure
ment of hemodialysis dose is the volume-adjusted fractional 
clearance of urea, Kt/Vurea• where K is the dialyzer's urea 
clearance, t is the time on dialysis, and V is the volume of dis
tribution of urea. Alternatively, the dose of hemodialysis may 
be expressed as the percentage reduction in urea during a sin
gle hemodialysis treatment, the urea reduction ratio CURR) 
( 11 ] ,  which is defined mathematically as 

[l - (postclialysis blood urea nitrogen concentration + 
prebloocl urea nitrogen concentration)] x 100 

HEMOFILTRATION AND HEMODIAFILTRATION. In con
trast to the diffusion-driven solute clearance of hemodialy
sis, hemofiltration also depends substantially on convective 
transport. In its simplest form, the patient's blood is con
veyed through an extremely high-porosity dialyzer (herno
filter). The result is the formation of a protein-free hemofiltrate 
that resembles plasma water in composition. In the case of 
arteriovenous hemofiltration, the major determinant of per
fusion of the hemofilter is the patient's mean arterial pres
sure, whereas the hydrostatic pressure in the hemofiltrate 
compartment provides the driving force for the formation 
of the filtrate . For effective hemofiltration, the mean arterial 
pressure should be maintained at more than 70 mm Hg. 
Blood is usually conveyed into the hemofilter from an arte
rial cannula and is returned into a large-caliber vein . 

If a hemofiltrate is formed but is not replaced by a replace
ment fluid, the process is called slow continuous ultrafiltra
tion. Little solute clearance occurs during slow continuous 
ultrafiltration. An alternative technique that enhances solute 
clearance is to continually replace the lost volume with a 
physiologic solution lacking the solute to be removed. If an 
arteriovenous blood path is used, the process is called contin
uous arteriovenous hemofiltration (CAVH). A venovenous cir
cuit may be used with blood flow driven by a bloo pump, 
and this procedure is referred to as continuous venovenou.s 
bemojiltration (CWH). Optimal solute clearance is achieved 
by combining diffusive clearance and convective transport. 
This is accomplished by circulating dialysate thr ugh the 
hemofilter with or without high ultrafiltration rates [contin
uous arteriovenous hemodiafiltration (CAVHDF) and continu
ous arteriovenous hemodialysis (CAVHD), respectively]. 
Alternatively, these procedures may be performed u ing ven
ovenous access with a blood pump to generate adequate flow 
rates [continuous venovenous hemodiafiltration (CWHDF) 
and continuous venovenous hemodialysis (CWHD), respec
tively] . Hemodiafiltration combines high ultrafiltration rate 
(requiring replacement fluid) and dialysate flow for clearance. 
Collectively, all these modalities are termed continuous renal 
replacement therapies (CRRT). Due to the availability of reli
able blood pumps, precise ultrafiltration controllers, and the 
desire to avoid the morbidity of arterial cannulation, veno
venous therapies have greatly diminished the use of arterio
venous modes of CRRT. 

PERITONEAL DIALYSIS. Solute clearance in peritoneal dial
ysis is gradient driven, whereas ultrafiltration during perito
neal dialysis depends on the osmolality of the dialysis 
solution. In stable ESRD patients, maintenance peritoneal dial
ysis is performed daily, either by manual instillation and 
drainage of the dialysate during waking hours [continuous 
ambulato1y peritoneal dialysis (CAPD)] or while sleeping 
using an automated clialysate cycling device [continuous 
cycling peritoneal dialysis (CCPD)] . The dialysate is al lowed to 
dwell in the peritoneal cavity for variable intervals depending 
on the clearance and ultrafiltration goals (described as an 
"exchange"). The dialysate volume is usually 1 .5 to 2.0 L per 
instillation, but can be as great as 3 L for the overnight dwell 
while the patient is recumbent. 

In the acute setting, after the placement of a peritoneal 
dialysis catheter, peritoneal dialysis is easily initiated and 
discontinued with limited personnel and equipment. As in 
ambulatory ESRD patients, peritoneal dialysis for ARF may 
be performed manually, as in CA.PD or using an a tomated 
cycler, as in CCPD. If it is performed acutely using an 
uncuffed dialysis catheter, rather than the com·entional 
Dacron-cuffed catheters used for ESRD patients, 60 to 80 L 
of dialysate are exchanged over 48 to 72 hours, and the 
catheter is removed. The risk of peritonitis increases signif
icantly thereafter without a cuffed catheter. A soft Dacron
cuff catheter is preferred if extended periods of peritoneal 
dialysis are expected. 

A major disadvantage of peritoneal dialysis is iL relative 
inefficiency for solute clearance, which may be problematic 
for patients in the ICU, who are often hypercatabolic and 
require high clearance of nitrogenous wastes. The advan
tages of peritoneal dialysis are that it obviates the use of 
anticoagulation, uses a biologic membrane (the perito
neum) for dialysis, and demands much less nursing time if 
automated cycling is used. Careful attention has to be paid 
to the patient 's nitrogen balance because substantial losses 
of protein and amino acid may occur through the perito
neum [12 ] .  



Indications for Dialysis 
in Renal Failure 
In patients with ARF, the goal of dialytic therapy is to support 
the patient while awaiting the recove1y of adequate renal func
tion to sustain life, whereas in chronic renal failure and ESRD, 
the objective is for dialysis to substitute for absent renal func
tion indefinitely. In patients with ARF, who have had insuffi
cient time to establish compensatory or adaptive physiologic 
alterations, it is mandato1y that dialysis be initiated promptly. 
Absolute indications for the initiation of dialysis are uremic 
serositis, uremic encephalopathy, hyperkalemia resistant to 
conservative therapy, hypervolemia unresponsive to high 
doses of diuretics, and acidosis that is not adequately corrected 
with alkali. In addition, there are selected conditions that typi
cally are not life-threatening and that can be managed by more 
conservative means. These conditions are relative indications 
for the initiation of dialysis. Examples include azotemia in the 
absence of uremia, hypercalcemia, hyperuricemia, hypermag
nesemia, and bleeding exacerbated by uremia. 

ABSOLUTE DIALYSIS INDICATIONS 

Uremic Encephalopathy and Serositis. Historically, uremic 
encephalopathy and hyperkalemia were the principal absolute 
indications for the initiation of dialysis [ 13] .  Of the complica
tions of uremia, few are corrected as dramatically with dialysis 
as those involving the central nervous system (CNS). Tremor, 
asterixis, diminished cognitive function, neuromuscular irrita
bility, seizures, somnolence, and coma are all reversible mani
festations of uremia that merit the provision of dialysis [14] .  

Reversible cardiopulmonary complications of uremia, such as 
uremic pericarditis and uremic lung, respond to the initiation of 
an adequate dialysis regimen, but clinical resolution is more 
protracted than for the CNS manifestations of uremia [15 , 16] . 
Uremic pericarditis is characterized by the presence of nonin
fectious inflammation of both layers of the pericardium. It is 
accompanied by pericardia! neovascularization and the devel
opment of a serofibrinous exudative effusion. Injudicious use of 
systemic anticoagulation for hemodialysis or other indications 
may induce intrapericardial hemorrhage and cardiac tampon
ade, although these complications may also occur spontane
ously. Uremic pericarditis may also be associated with systolic 
dysfunction of the left ventricle and serosal inflanunation with 
pleural hemorrhage. Uremic lung is a poorly understood late 
pulmona1y complication of uremia demonstrating a roentgeno
graphic pattern of atypical pulmona1y edema that is not neces
sarily associated with elevated pulmona1y capillaty wedge 
pressures. It is also treated by the initiation of dialysis. 

There is a poor correlation between the blood urea nitro
gen (BUN) and the development of uremic signs and symp
toms. The BUN is determined not just by the degree of renal 
insufficiency but also by dieta1y protein intake, hepatocellular 
function, and protein catabolic rate. Therefore, it is not sur
prising that uremic manifestations may arise with a BUN less 
than 100 mg per dL. In addition to the absolute level, the tem
poral rate of increase of the BUN seems to influence the 
development of uremia. Patients with a sudden and rapid 
decline in renal function, such as those with ARF, typically 
manifest uremic symptoms at lesser degrees of azotemia than 
do patients with more gradual declines in renal function, such 
as those with chronic progressive kidney disease. This is espe
cially true for uremic encephalopathy. Finally, selected patient 
populations, such as children, the elderly, and individuals 
with diabetes mellitus, appear to have a lower threshold for 
manifesting uremic symptoms. 
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Hyperkalemia. During the course of progressive renal insuffi
ciency, the capacity to excrete potassium is compromised and 
the adaptive cellular uptake declines [ 17] .  Although hyperkale
mia is a frequent complication of renal failure, its severity and 
timing are influenced by the cause of the renal failure, comor
bid conditions, medications administered (e.g . ,  angiotensin
converting enzyme inhibitors, nonsteroidal antiinflamrnatory 
drugs, potassium-sparing diuretics, and nonselective beta
blockers), and exogenous and endogenous potassium loads 
(see Chapter 73). 

The need for emergent treatment is based on the degree of 
hyperkalemia, rate of rise, symptoms, and presence of electro
cardiographic changes. It should be noted that patients with 
chronic renal failure develop adaptive mechanisms to excrete 
potassium [18] . In contrast, hyperkalemia in the setting of ARF 
is usually poorly tolerated. In the absence of indications for 
urgent treatment, conservative measures will suffice. These 
interventions include limiting daily intake of potassium (oral or 
parenteral), discontinuing incriminating medications, augment
ing potassium excretion in the urine or stool (if oliguric), and 
implementing strategies to minimize cardiotoxicity [17,19,20]. 
Although hemodialysis is perhaps the quickest means for 
removing potassium, its efficiency may not be that achievable 
with polystyrene sulfonate resin (Kayexalate). Depending on 
the venue, presence or absence of dialysis access, and time of 
day, it may take up to 4 hours to set up for hemodialysis; in the 
interim, nondialytic measures can be applied that are life-saving. 

Hypervolemia. Hypervolemia is a common complication of 
renal insufficiency, both in and out of hospital settings. For an 
outpatient with established ESRD, overzealous fluid intake and 
dieta1y indiscretion are major causes of hypervolemia. For hos
pitalized patients, the obligato1y volume of fluids, medications, 
and food administered in caring for patients often exceed their 
excreto1y capacity, even in nonoliguric renal failure. There are 
also many ways in which clinicians caring for acutely ill 
patients may inadvertently overload them with fluids. 

Integral to the prevention and treatment of hypervolemia is 
the administration of diuretics. Even patients with advanced 
renal insufficiency [glomerular filtration rate (GFR) less than 
15 mL per minute] may respond to aggressive doses of loop 
diuretics. 

The absence of an adequate diuretic response (diuresis that 
is inadequate to meet the volume challenge from obligatory 
fluids) is an absolute indication for dialysis. Fluid removal can 
be accomplished by hemodialysis, hemofiltration, or perito
neal dialysis (ultrafiltration). Ultrafiltration rates of more than 
3 L per hour can be achieved during hemodialysis, 1 to 3 L 
per hour during hemofiltration, and usually less than 1 L per 
hour during peritoneal dialysis. 

Acidosis. As renal function declines, endogenously generated 
organic acids and exogenously ingested acids are retained, 
and the capacity to generate and reclain1 bicarbonate 
becomes increasingly compromised [2 1 ] .  In patients who are 
not hypercatabolic or receiving an acid load, acid generation 
occurs at a rate of approximately 1 mEq per kg per day, 
resulting in an uncorrected decline in serum bicarbonate con
centration to approximately 12 mEq per L [22]. Therefore, in 
patients with renal failure, metabolic acidosis is the rypical 
acid-base disturbance. The severity of the acidosis in ICU 
patients with ARF is influenced by comorbid occurrences that 
may further contribute to the acidemia such as sepsis, uncon
trolled diabetes mellitus, and poor cardiac output. 

Severe acidosis in the context of ARF can result in changes 
in mental state leading to coma and can provoke hypotension 
by depressing myocardial contractility and causing vasodilata
tion. The correction of acidosis is thus a major concern, espe-
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dally in the intensive care setting. Less severe acidosis may be 
corrected by administration of exogenous oral alkali therapy. 
Sodium bicarbonate is the treatment of choice. 

The use of alkali agents should be judicious in patients with 
renal failure. Both bicarbonate and citrate are administered as 
sodium salts. Therefore, volume overload is a risk. Excessive 
correction of severe metabolic acidosis (plasma bicarbonate 
less than 10 mEq per L) may have adverse consequences, 
including paradoxical acidification of the cerebrospinal fluid 
(CSF) and increased tissue lactic acid production. An initial 
partial correction to 15 to 20 mEq per L is quite appropriate. 
As with acidemia, patients with kidney failure do not tolerate 
alkalemia well. The diseased kidney cannot increase bicar
bonate excretion, and severe alkalemia (from excessive alka
line therapy) may have grave consequences [23]. 

With these concerns in mind, if progressively larger closes 
of alkali therapy are required to control acidosis in renal fail
ure, dialysis is indicated. Hemodialysis is especially useful in 
treating acidosis accompanying salicylate [24], methanol [25], 
and ethylene glycol poisonings [26]. An added benefit is the 
ability of hemodialysis to remove the parent compounds and 
their toxic metabolites [methanol (formic acid) and ethylene 
glycol (glycolic acid, oxalate)]. 

RELATIVE DIALYSIS INDICATIONS. Non-life-threatening 
indications for dialysis can typically be managed with more con
servative inte1ventions. Multiple relatively mild manifestations of 
ARF may provoke consideration of dialysis when present simul
taneously. For example, a hypercatabolic trauma patient with 
ARF manifested by a gradually increasing serum potassium con
centration, declining serum bicarbonate concentration, falling 
urine output, and a mildly diminished sensorium does not fulfill 
any of the absolute criteria for the initiation of dialysis. However, 
in such a case, the need for dialysis is almost inevitable, and the 
patient's care is not improved by withholding dialysis until a life
threatening complication of renal failure develops. 

Hypercalcemia and hyperuricemia associated with ARF are 
common in patients with malignancies and tumor lysis syn
drome, respectively [27,28]. Hypermagnesemia in renal failure 
is usually the result of the injudicious use of magnesium con
taining cathartics or antacids [29]. These metabolic disorders 
are readily corrected by deletion of the excessive electrolyte 
from the clialysate. For example, hypercalcemia that is unre
sponsive to conventional conservative interventions may be 
corrected by hemodialysis with a reduced calcium dialysate 
(less than 2 .5  mEq per L). 

Bleeding from the skin and gastrointestinal tract are conunon 
manifestations of platelet dysfunction in renal insufficiency. 
The hemostatic defect of renal insufficiency, an impairment of 
platelet aggregation and adherence, is reflected in the typical 
threefold prolongation of the bleeding time [30-33]. Although 
either peritoneal or hemodialysis can correct the platelet defect 
[34,351, more conservative therapies are available. Platelet dys
function can be rapidly corrected by erytlu·ocyte transfusion to 
a hemarocrit level above 35% [31]; infusion of 10 U of cryopre
cipitate, which is rich in von Willebrand factor, every 12 to 24 
hours [36]; or intravenous (0.3 pg per kg) or subcutaneous (0.3 
pg per kg) aclministration of deamino-8-o-arginine vasopressin, 
which induces the endothelial release of factor VIII-von Wille
brand multimers [37]. Although not uniformly effective and of 
diminishing benefit after repeated administration, cleamino-8-
o-arginine vasopressin is the safest and most rapid way to cor
rect the platelet defect of renal insufficiency. Interventions that 
produce a more protracted response that have a delayed onset 
of action are the administration of erythropoietin [38], conju
gated estrogens (0.6 mg per kg for 5 clays), or Premarin (25 mg 
per clay for 7 days) [39,40]. 

Prophylactic Dialysis and 
Residual Renal Function 
The presence of definitive indications such as severe hyper
kalemia and overt uremia prompts the decision to initiate dial
ysis without funher delay. However, in the absence of such 
emergent indications, the timing of the initiation of ialysis is 
more a matter of judgment. Prevailing opinion dictates that 
dialysis should be initiated prophylactically in ARF when life
tlu·eatening events appear inuninent, understandin that it 
may be difficult to predict inuninent events in a condition that 
is highly volatile in nature. 

An additional consideration in the timing of dialysis is its 
influence on residual renal function and the length of recov
ery from ARF. umerous obse1vations suggested an important 
and possibly deleterious effect of dialysis on residual renal 
function. Several investigators have observed that in posttrau
matic ARF treated with hemodialysis, there were pathologi
cally demonstrable fresh, focal areas of tubular necrosis 3 to 4 
weeks after the initial renal injury [41 ,42]. The only culpable 
hemoclynamic insults experienced during this peri d were 
short-lived episodes of intraclialytic hypotension. Further
more, the initiation of dialysis is frequently associated with an 
acute decline in urine output [43]. It has been observed that in 
patients with advanced renal failure, the institution of hemodi
alysis results in progressive deterioration in GFR over several 
months [44]. The fact that peritoneal dialysis does not provoke 
a similar relentless decline in residual renal function [45] sug
gests this may be a consequence of combined hemodialysis
incluced hypotension with abnormal vascular compensation 
and complement-mediated inju1y resulting from in1munogenic 
dialyzer membrane materials [46,47]. Preserving residual renal 
function must be a high priority in managing patients with 
severe renal insufficiency [48]. Even modest preservation of 
GFR may ease fluid management in patients wit!-_ ARF. A 
residual GFR of approximately 1 5  mL per minute is equivalent 
to 5 hours of hemoclialy is with a dialyzer, havin a urea 
clearance of 160 mL per minute. The clearance o f  midclle
molecular-weight solutes is especially enhanced with endoge
nous function compared ith hemoclialysis. 

Relatively few studies have examined the issue o f  the tim
ing of dialysis initiation, and most are reports from the early 
clays of clialytic therapy. In 1960, Teschan et al. [49] described 
their success with the initiation of hemodialysis before the 
onset of frank uremia. Using this protocol, dialysis w s contin
ued on a daily basis to maintain the BUN less than 150 mg per 
c!L until recovery occurred. Compared with historic l control 
subjects, who were dialyzed for severe uremia alone, patient 
survival was greatly improved. Anotl1er study report cl similar 
favorable outcome of early dialysis based on a retrospective 
analysis of 500 patients [50]. In later years, two relevant ran
domized prospective studies were performed. In one study, 
18 posttraumatic ARF patients were randomized to initiate 
hemoclialysis at low (predialysis BUN and creatini e levels 
less than 70 mg per dL and 5 mg per dL, respectively ) or high 
BUN threshold treatment groups (preclialysis BUN approxi
mately 1 50 mg per clL or overt uremia as an indication for 
dialysis). Continued hemodialysis was performed only when 
tl1ese tl1fesholds were reached. The study reported 64% sur
vival in the low BU group compared with 20% in the high 
BUN group [51] .  Sepsis and hemorrhage were frequ nt com
plications in the high BUN group. As intriguing as these 
obse1vations are, none of these studies was sufficiently opti
mally designed as to allo definitive conclusions. 

To address these inadequacies, Gillum et al. [52] p rfonnecl 
a larger intervention study involving 34 patients and segre-



gated them into medical and surgical causes of ARF. In this 
investigation, the low-BUN group was dialyzed as needed to 
maintain the BUN and creatinine at levels less than 60 and 5 
mg per dL, respectively, and the high-BUN group to BUN and 
creatinine concentrations of 100 and 9 mg per dL, respec
tively. Neither group began dialysis until the creatinine was at 
least 8 mg per dL. The investigators observed no statistically 
significant difference in patient mortality between the two 
groups (41% for the low-BUN group vs. 53% for the high-BUN 
group). It must be appreciated that this study design evalu
ated the impact of the intensity of dialysis and not the timing 
of its initiation. 

In summary, although dialytic therapy is an essential tool in 
the management of ARF, its use or abuse may have detrimen
tal effects on patient outcome. The physician must avoid the 
temptation to intervene in the course of ARF based on the 
achievement of a threshold BUN value alone. Proper consid
eration of the patient's overall condition, expected course of 
the type of renal failure experienced, fluid and nutritional 
requirements, and the presence of comorbid conditions is a 
more reasoned approach. 

Practical Application of 
Engineering Principles 

HEMODIALYSIS AND HEMOFILTRATION 

Clearance. The most fundamental biophysical principle of 
dialysis is solute movement across a semipermeable mem
brane by diffusion. Diffusional movement of a solute from a 
region of higher concentration to that of a lower concentra
tion is governed by Fick's law: 

j = -DA x (dc/dx) 

where j is the solute flux, D its diffusivity, A is the area avail
able for diffusion, and de is the change in the concentration of 
the solute over the intercompartmental distance, dx. For a 
panicular model of dialyzers, dx and A are constant, and for 
an individual solute, D is constant. It is clear that solute flux is 
influenced by the surface area and the physical structure of 
the membrane, the variables that define the clearance charac
teristic of a given dialyzer. 

In clinical practice, the clearance of a solute is not only 
dependent on the dialyzer but also the blood and dialysate 
flow rates, expressed by the following equation: 

K = [Q8, X (C8, - C80)] + CBi 

In this expression, K is the diffusive clearance of the solute 
from the blood, Q8i is the rate at which blood containing the 
solute flows into the dialyzer, CBi is the concentration of the 
solute in the blood entering the dialyzer (arterial end), and 
C60 is the remaining concentration of the solute in the egress 
side of the blood compartment (venous end) [53l. This mathe
matical description is accurate for the situation in which the 
solute is not initially present in the dialysate (C0i = 0). Usually, 
the dialysate passes through the dialyzer only once (single
pass dialysis system), and there is minimal convective trans
pon of the solute during its clearance. Thus, the clearance of 
a solute during dialysis may be functionally defined as the 
volumetric removal of the solute from the patient's blood. 
Within the practical application of this formulation, the clear
ance of a solute can be modified by altering the patient's 
blood flow into the dialyzer (QB)· 
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A similar relationship exists for the dialysate and the diffu
sive clearance of a solute from the blood: 

K = [Qoi x (Coo - Coi)] + Clli 

where Q0i is the flow rate of the dialysate into the dialyzer, 
and C00 and C0i are the concentrations of solute at the dialy
sate outlet and inlet ends of the hemodialyzer, respectively 
(53]. Thus, an additional means of augmenting the diffusive 
clearance of a solute from the blood into the dialysate, or vice 
versa, is to increase the dialysate flow rate. Increases in blood, 
dialysate flow, or both do not improve the clearance propor
tionally. As blood and dialysate flow rates are increased, resis
tance and turbulence within the dialyzer occur, resulting in a 
decline in clearance per unit flow of blood or dialysate. For 
conventional dialyzers, this limitation occurs above 300 and 
500 mL per minute, respectively, for blood and dialysate 
flows. Limitations for high-flux dialyzers are observed at above 
400 and 800 mL per minute for blood and dialysate flow rates. 

The clearance characteristics of dialyzers provided by their 
manufacturers are determined in vitro; the influence of plasma 
proteins on solute clearance is not accounted for, and the 
actual in vivo diffusivity is usually lower [54]. The clearance of 
a solute by a given dialyzer is a unique property of that solute. 
Molecules larger than 300 Da, such as vitamin B12 or �2-micro
globulin, typically have lower K values compared with smaller 
solutes, such as urea and potassium. The clearance of these 
larger solutes from blood depends to a greater extent on ultra
filtration and the passive movement of solute (convective 
transport). The sunm1a1y interaction between the diffusive 
clearance and convective transport of a solute is expressed as 

] =  (K x [1 - Q/Q8) + Qr) X CBi = KC8, 

where Qr is the ultrafiltration rate, and K is the sum of the con
vective and diffuse clearances [53,55] .  If the diffusive clear
ance (K) is large, as is true for urea, the influence of the 
ultrafiltration rate is not great. As the diffusive clearance for a 
solute declines because of increasing molecular weight (value 
of K approaches Qr) , the proportionate contribution of con
vective transport to solute movement increases greatly [56]. 
The practical application of convective transpo1t of solutes 
alone is observed during pure hemofiltration (CAVH, CVVH), 
because no dialysate is passed through the hemofilter (pre
venting diffusive clearance). 

Ultrafiltration. An equally impo1tant operational variable in 
the dialysis procedure is the ultrafiltration coefficient (Kr), 
defined by 

Kr = Qr + (PB - Po) 

where Qr is the ultrafiltration rate, and P6 and P0 are the mean 
pressures in the blood and dialysate compartments, respec
tively [53,55] . Analogous to the information derived for the 
clearance of a particular solute for a specific dialyzer, each 
dialyzer also has an ultrafiltration coefficient. Because these 
values are typically derived in vitro, similar limitations exist 
for their application to the in vivo situation. It is not unusual 
for an individual dialyzer's in vitro and in vivo ultrafiltration 
coefficients to vary by 10% to 20% in either direction. 

The ultrafiltration coefficient for a clialyzer operationally 
defines the volume of ultrafiltrate formed for a given pres
sure across the dialysis membrane per unit time (mL per mm 
Hg per hour), which is PB minus P0. Therefore, it is possible 
to use the ultrafiltration coefficient to calculate the quantity 
of pressure that must be exerted across the dialysis mem
brane [transmembrane pressure (TMP)] to achieve a given 
volume of ultrafiltration during a dialysis session. To make 
this calculation, it is first necessary to quantitate the pressure 
that is exerted across the dialysis membrane from the blood 
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to the dialysate compartment. During ultrafiltration, the 
serum oncotic pressure increases in the dialyzer's blood 
compartment from the arterial to the venous end, but this is 
usually a relatively negligible biophysical factor. Therefore, 
the net pressure across the dialysis membrane that arises 
from the flow of blood and dialysate is calculated by 

Pnet = [(Pu; - P8.) + 2] - [(P01 + P00) + 2] 

where PB; ,  PB0, P00, and P0; are the pressures measured at the 
inflow and outflow ports of the blood and clialysate compart
ments, respectively. If the Pnet is too low to provide for ade
quate ultrafiltration during a dialysis session (Pnet x 
ultrafiltration coefficient x dialysis time < target ultrafiltrate 
volume), additional pressure can be generated across the dial
ysis membrane by creating negative pressure in the clialysate 
compartment. The effective pressure, or TMP, required can be 
derived from TMP = desired weight loss + (ultrafiltration coef
ficient x dialysis time). 

The performance of ultrafiltration during hemoclialysis has 
been greatly simplified by the development of dialysis 
machines that possess volumetric control systems ("ultrafiltra
tion controllers"). Ultrafiltration with these devices is remark
ably precise, and weight loss can be effected in a linear 
manner per unit of time. Such exact volumetric control is a 
prerequisite for high flux hemoclialysis in which high porosity 
dialyzers are used. 

During most hemodialysis treatments, ultrafiltration and sol
ute clearance are performed simultaneously. However, it is 
possible to segregate the two procedures temporally by a 
modification of t11e hemoclialysis procedure described as 
sequential ultra.filtration clearance [57,58]. This modification 
of the conventional hemoclialysis procedure is accomplished 
by first ultrafiltering to me desired volume and then conduct
ing diffusive clearance without ultrafiltration. During the initial 
ultrafilt:ration phase, diffusive clearance is prevented by not 
pumping clialysate tlu·ough me clialyzer. During the second 
phase, no negative pressure is instituted, and the small fluid 
losses secondary to Pne• are balanced by the infusion of saline. 
Sequential ultrafiltration clearance has distinct hemodynamic 
advantages over conventional hemoclialysis, making it a partic
ularly useful technique for aggressive fluid removal witl1in a 
short interval. When ultrafiltration is performed concurrently 
with diffusive solute clearance, intravascular volume losses 
may exceed tl1e rate of translocation of fluid from tl1e intersti
timn. If tl1ese losses are not counterbalanced by an appropriate 
increase in the peripheral vascular resistance and venous refill
ing, hypotension occurs [57-611 .  With sequential ultrafiltration 
clearance, these hemoclynamic abnormalities are attenuated, 
and up to 4 L per hour may be removed without causing 
hypotension. However, unless t11e total time allotted to dialysis 
is increased during sequential ultrafiltration clearance, solute 
clearance is compromised and inadequate dialysis may occur. 

During CRRT, ultrafiltration is governed by different physical 
principles tl1an tl10se for hemoclialysis. Because me driving 
force for blood flow during CAVH is the mean arterial pressure, 
and me resistance in the blood patl1 tl1at arises from tl1e hemo
filter and the lines is low, me hydraulic pressure in the blood 
compartment of me hemofilter is also low. Therefore, during 
CAVH, the driving force for the formation of an ultrafiltrate is 
tl1e negative hydrostatic pressure witl1in me ultrafiltrate com
partment of tl1e hemofilter. This effective negative pressure (P1,) 
is generated by tl1e weight of tl1e column within the ultrafiltra
tion collection line and is calculated by P1i = height difference 
(cm) between the hemofilter and collection bag x 0.74. There
fore, to increase or decrease the rate of fluid formation during 
hemofiltration, tl1e collection bag is either lowered below or 
raised to the level of tl1e hemofilter. In contrast to hemoclialysis, 
me increase in oncotic pressure at the venous encl of the hemo-

filter is of sufficient magnitude that little ultrafiltration ccurs at 
this encl. Because significant convective solute clearance occurs 
with hemofiltration, little clearance occurs at me venous encl of 
tl1e hemofilter. This situation is most likely to occur when tl1e 
amount of ultrafiltrate formed is maximal and when me blood 
flow rate ilirough tl1e hemofilter is low. It is therefore undesir
able to have the net ultrafilu·ation rate greater tl1an 25% of t11e 
blood flow rate [62]. Excessively large amounts of ultrafiltrate 
can result from a kinked or tJu·ombosecl venous return line, as 
increased back pressure will u·anslate into significant ydraulic 
pressure on the blood side compartment. 

The ultrafiltrate mat is formed during hemofiltration is free 
of protein with a solute composition that closely resembles 
plasma water [55] . The quantity of a selected solute that is 
cleared is determined by the volume of ultrafiltrate formed, by 
its concentration in the blood (and therefore in the ultrafil
trate), and by me composition of me replacement solution. 
For example, if hemofiltration results in the formation of 0 . 5 L 
ultrafiltrate per hour and me ultrafiltrate and the replacement 
solution contain 5 mEq per L and 0 mEq per L of potassium, 
respectively, 30 mEq of potassium will be cleared in 12 hours. 

As mentioned earlier, hemofilu-ation usually ne essitates 
replacement fluid, because of the inherently high rate of ultra
filtration associated. The replacement solution can be adminis
tered inunediately before ( predilutional hemofilu·atio ) or after 
tl1e hemofilter (postclilutional hemofiltration), simultaneously 
into both locations (pre-postdilution hemofiltration), or into 
the peripheral venous cir ulation [63,64]. Predilution hemofil
tration offers the advantage of diluting plasma proteins, effec� 
tively lowering the thrombogenicity of the hemofilter and 
increasing tl1e ultrafiltration rate for a given hydrostatic pres
sure. However, this technique also reduces the concentration 
of solutes in the blood entering the hemofilter and therefore 
may compromise meir clearance. Alternatively, the replace
ment solution can be ad.ministered incompletely before the 
hemofilter, with the balance being infused immediately after 
the hemofilter. This offers the advantages of pre ilutional 
hemofiltration and avoids ilie clearance disadvantage 

PERITONEAL DIALYSIS 

Clearance. The simplest kinetic model of solute transport in 
peritoneal dialysis is mat of two compartments separated by a 
membrane, with the two pools representing blood in ilie 
mesenteric vasculature and dialysate in the peritoneal cavity 
[65]. Solutes passing from the blood into the dialysate com
partment encounter three structures of resistance: the capillaiy 
endothelium, me intersti ·al tissues, and the mesothelial cell 
layer of the peritoneum. Diffusion and convective transport 
are involved in clearance during peritoneal dialysis. As within 
the context of hemoclialysis, diffusion (according to Fick's 
law) can be expressed as ] =  -DA x dc/dx, where ] is tl1e sol
ute flux, D is the diffusion coefficient of that solute , A is the 
functional surface area of the membrane, dx is the diffusion 
distance, and de is the concentration gradient. DA/dx is 
known as the mass transfer area coefficient (MTAC), and the 
concentration gradient is the difference between tl1 e plasma 
(CP) and dialysate (CD) concentrations. Hence, 

.! = MTAC x (CP - CD) 

As is evident from tl1ese principles of solute transfe r, the dif
fusive clearance can clearly be influenced by the concentra
tion gradient; tl1e diffusion coefficient, which is solute size 
dependent; and the characteristics of the peritoneal mem
brane. As the concentrations approximate each other (CP - CD 
nears zero), diffusive clearance declines. Thus, to increase 
clearance, the concentration gradient must be maintained with 
frequent change of clialysate (increase the number of 



exchanges with shorter dwell times). The benefit of increasing 
dialysate exchange rate (above 3.5  L per hour) is limited by 
the fact that this decreases the effective time available for con
tact between the dialysate and the peritoneum [66]. A success
ful alternative to aid clearance is to increase the volume of 
dialysate per exchange from 2.0 to 3 .0  L. These volumes are 
usually well tolerated by adults, especially when recumbent. 
The larger volume of dialysate allows more contact with the 
peritoneum, facilitating clearance. Increments in the clialysate 
volume have been shown to augment MTAC [67,68]. 

Because ultrafiltration and clearance occur concurrently 
during peritoneal dialysis, the use of hyperosmolal clialysates 
augments the clearance of solutes. In this situation, convective 
transport is added to diffusive clearance. The use of the most 
osmotically active clialysate (4.25% dextrose) can increase 
urea clearance by approximately 50% [69]. If the peritoneal 
vascular surface area is adequate, urea clearance and ultrafil
tration are not limited by peritoneal blood flow [70-73] . For 
example, in patients in shock, the clearance of urea is 
depressed only by approximately 30%; intraperitoneal vasodi
lators augment small solute clearance by only 20%. 

Considering that a 24 L per clay exchange of 1 .5% clextrose
containing dialysate typically results in a urea clearance of 
approximately 17 mL per minute, peritoneal dialysis is a low
efficiency procedure. Therefore, it is not surprising that this 
technique may be inappropriate for management of hypercat
abolic patients with ARF. Likewise, an acutely ill, maintenance 
peritoneal dialysis patient, who has been on an adequate and 
stable dialysis regimen when healthy, may not achieve ade
quate clearance for his or her increased needs with continued 
peritoneal dialysis. For many adults on maintenance perito
neal dialysis, the contribution of residual renal function to sol
ute clearance is critical for achieving adequate peritoneal 
dialysis. In a peritoneal dialysis patient, the loss of residual 
renal function clue to a severe comorbicl illness or nephrotoxic 
medication such as an aminoglycoside may render inadequate 
a previously satisfacto1y dialysis regimen. Such patients 
should have their daily number of exchanges increased 
empirically or be transferred to hemoclialysis . 

Ultrafiltration. In peritoneal dialysis, the net pressure gener
ated favors movement of water from the clialysate into the 
capillaries . Therefore, an active osmotic solute (typically dex
trose) is used to facilitate ultrafiltration. As is the situation for 
solute clearance, ultrafiltration is maximal at the beginning of 
an exchange and declines as the osmolality gradient declines 
during equilibration. Hyperglycemia, by decreasing the osmo
lality gradient, also impairs ultrafiltration. Even with optimal 
exchange frequency and volume, ultrafiltration rates during 
peritoneal dialysis are usually at least 700 mL per hour. The 
ultrafiltrate formed is hypoosmolal to serum, so hypernatre
mia is a common complication of excessive ultrafiltration. 

Components of the Dialysis Process 

HEMODIAL YSIS AND HEMOFILTRA TION 

Dialyzers and Hemofilters. Virtually all commercial clialyzers 
available for hemodialysis in the United States are configured 
as large cylinders packed with hollow fibers through which the 
blood flows (hollow-fiber clialyzer). The clialysate flows 
through the dialyzer and around these fibers usually in a coun
tercurrent direction. The membrane for these dialyzers is com
posed of a variety of modified biologic or synthetic materials 
such as regenerated cellulose, cuprophan, hemophan, cellu-
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lose acetate, polysulfone, polymethylmethac1ylate, and poly
ac1ylonitrile. The surface area available for solute transport and 
the filling volume of the blood and clialysate compartments 
vary significantly among clifferem clialyzers and are a function 
of the membrane material. These materials va1y in their charac
teristics for solute transport and ultrafiltration, the degree to 
which they are tolerated by the patient's immune system ("bio
compatibility") ,  costs, and capacity to be reused. The choices 
of clialyzer for the management of either acute or chronic renal 
failure are usually dictated by these three variables in this same 
rank order. 

The impetus to develop more efficient clialyzers stems from 
the desire to decrease time on hemodialysis through faster 
solute clearance. A seconcla1y goal is to improve clearance of 
larger solutes that may be toxic, such as �2-microglobulin. The 
relative inability of dialyzers to clear these larger solutes may 
contribute to the development of neuropathy and clialysis
associatecl amyloiclosis [74,75]. A putative disadvantage of 
these efficient larger pore clialyzers is that they may permit 
more readily the transmembrane back flux of bacterial
derivecl lipopolysaccharicles from the clialysate into the dia
lyzer blood compartment (backfiltration) [76]. The resultant 
patient exposure to the pyrogen results in an acute nonbacte
remic, febrile illness described as a pyrogen reaction. The use 
of bicarbonate-buffered clialysates, which permit the growth 
of gram-negative bacteria, and ultrafiltration controllers that 
limit the rate of ultrafiltration may also contribute to the occur
rence of pyrogen reactions [77,78]. 

The characteristic requirements of a clialyzer or hemofilter 
used in CRRT must be considered from a different perspec
tive. Because the driving force for hemofiltration is the mean 
arterial pressure of a low-speed venous pump and clearance 
is disproportionately dependent on convection of low resis
tance, a high Kur hemofilter is required. Hemofilters are usu
ally composed of polysulfone, polymethylmethac1ylate, or 
polyacy1ylonitrile, because cuprophan does not have suffi
cient hydraulic permeability at TMP of 30 to 70 mm Hg. 
Hemofilters are available in two geometric configurations: the 
hollow-fiber or the parallel-plate configuration (blood and 
clialysate separated by a flat semipermeable membrane). The 
parallel-plate filter may be advantageous in arteriovenous sys
tems (where arterial pressure is the driving force) because the 
Poiseuille resistance to flow is less and, therefore, less pres
sure decline occurs during blood transit through the hemofil
ter [79]. The flat-plate geomet1y is also less susceptible to 
clotting, and hemofilter changes are not needed as often. 

In continuous hemodialysis techniques (CAVHD, CVVHD), 
solute transport is limited by the clialysate flow rate, unlike con
ventional intermittent hemoclialysis. The blood flow rate is usu
ally 1 00 to 150 mL per minute, and clialysate flow rate is 
generally 16 to 30 mL per minute. The rapidity of solute equili
bration across the dialysis membrane, which is a function of the 
hemofilter, determines the type of hemofilter that can be used. 

Dialysates for Hemodialysis. The composition of the clialy
sate is the orher major component of the dialysis process that 
determines the outcome of this procedure (Table 30-2). 
Although sodium and potassium are typically the only compo
nents of the clialysate that are adjusted to meet the demands 
of specific clinical situations, the other constituents are 
equally critical .  The clialysate is stored as a liquid or powdered 
concentrate that is diluted in a fixed ratio to yield the final sol
ute concentration . The safe and appropriate proportioning of 
clialysate concentrates and water is monitored using onJine 
measurements of the conductivity of the dialysate before its 
entry into the hemoclialyzer. 

GLUCOSE. Before hydraulic-driven ultrafiltration became avail
able, the clialysate glucose concentration was maintained at 
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Table 30-2. Dialysate Formulation for Peritoneal Dialysis 
and Conventional Hemodialysis 

Solute 

Peritoneal dialysis 
Na+ 
K+ 
c1-
Lactate 
ca• 
Mg• 
Glucose 

Conventional hemodialysis 
Na• 
K+ 
c1-
Hco3-
ca• 
Mg• 
De:>..'Lfose 

Range (usual concentration) 

132 mEq/L 
0 
96 mEq/L 
35 mEq/L 
2.5 or 3.5  mEq/L 
0.5 or 1 . 5  mEq/L 
1 .5%, 2.5%, or 4.25% g/dL 

138-145 mEq/L (140) 
� mEq/L (2) 
100-1 10 mEq/L (106) 
35-45 mEq/L (38) 
1 .0-3.5  mEq/L (2.5) 
1 . 5  mEq/L (1.5) 
1 .0-2.5 mEq/L (2) 

above 1 .8 g per day to generate an osmotic gradient between 
the blood and the dialysate [80]. Although this was effective for 
inducing ultrafiltration, some patients developed morbid symp
toms and signs of hyperosmolality. Currently, dialysates are glu
cose free, normoglycemic (0.00% to 0.25%), or modestly 
hyperglycemic (more tllan 0.25%). Hemoclialysis witl1 a 
glucose-free dialysate results in a net glucose loss of approxi
mately 30 g and stimulates ketogenesis and gluconeogenesis 
[81] .  Such alterations in intermediary metabolism may be pattic
ularly deleterious in chronically or acutely ill hemoclialysis 
patients who are malnourished or on a medication such as pro
pranolol tllat may induce hypoglycemia [82,83]. These effects 
are ameliorated by tlle use of a normoglycemic clialysate. Addi
tional metabolic consequences occurring from tlle use of a 
glucose-free dialysate include an accelerated loss of free amino 
acids into me dialysate [84], a decline in serum amino acids [85], 
and enhanced potassium clearance stemming from relative 
hypoinsulinemia [81] .  Therefore, the dialysate glucose concen
tration should be maintained at normoglycemic concentrations. 

SODIUM. Historically, me clialysate sodium concentration 
was maintained on the low side (more than 135 mEq per L) to 
prevent interclialytic hypertension, exaggerated thirst, and 
excessive weight gains. However, hyponatremic dialysates 
increase the likelihood of intraclialytic hypotension, cramps, 
headaches, nausea, and vomiting and are provocative of the 
dialysis clysequilibrium syndrome [86-90]. During hemoclialy
sis, tlle volume ultrafilterecl may exceed intravascular volume. 
As solute molecules are cleared from tl1e extracellular com
partment, an osmotic gradient arises favoring movement of 
water into the intracellular space, which drives transcellular 
volume movement [91 ] .  CNS symptoms are prominent in the 
dialysis clysequilibrium syndrome, reflecting the brain swell
ing caused by this water shift. These hemoclynamic alterations 
are minimized in the setting of equal dialysate and serum 
sodium concentrations. Thus, tl1ere has been an appropriate 
increase in the dialysate sodium to 140 to 145 mEq per L. 

Although an increase in dialysate sodium could result in 
polyclipsia and increased interdialytic weight gains [88], it per
mits enhanced ability to ultrafilter these patients, offsetting this 
problem. The pressor response to an increased dialysate 
sodium varies. In patients who are hypettensive because of 
hyperreninemia during ultrafilu·ation, a higher dialysate sodium 
may be associated witl1 a reduction in blood pressure. How
ever, most patients exhibit no increment in blood pressure with 
physiologic dialysate sodium concentrations [88]. Some patients 
who typically are hypettensive at baseline have worsened vaso
pressor control witl1 a higher sodium dialysate [86,89]. 

The newer clialysate delivery systems permit active alter
ation of dialysate sodium concentrations during hem dialysis 
by the use of variable-dilution propottioning systems. The 
technique of sodium "profiling" to fit a patient's hemodynamic 
needs has been espoused as a means of accomplishing opti
mal blood pressure support without increased thirst at the 
completion of the treatment. The modulation of dialysate 
sodium concentration can be executed in several patterns. 
Sodium profiling may reduce the frequency of hypotension 
during ulu·afiltration without decreasing the dialysis ti 1e com
mitted to diffusive clearance, as is the case with sequential 
ultrafiltration clearance [91] .  However, it is unclear if tl1is tech
nique offers any advantage over a fixed dialysate sodium of 
1 40 to 145 mEq per L [92-94] . Furtl1ermore, interclialytic 
weight gains appear unaffected by sodium modeling [93l. For 
most hemodialysis patients, tl1e dialysate sodium concentra
tion can be maintained at 140 to 145 mEq per L. 

POTASSIUM. Unlike urea, which usually behaves as a solute 
distributed in a single pool with a variable volume of distribu
tion, only 1 % to 2% of me total body store of 3,000 to 3,500 
mEq of potassium are present in me extracellular space [95]. 
The flux of potassium from the intracellular compattment to 
the extracellular space, and subsequently across me dialysis 
membrane to tl1e clialysate compartment, is unequal. There
fore, the efficacy of potassium removal in hemodialysis is 
highly variable, difficult to predict, and influenced by dialysis
specific and patient-specific factors [96]. In a study that 
controlled for dialyzer-specific components of tl1e dia ysis pro
cedure (blood and dialysate flow, clialyzer type and surface 
area, duration of dialysis, clialysate composition), potassium 
removal varied by approximately 70%. Even for the same 
patient, approximately 20o/o variability in potassium removal 
was noted using identical hemodialysis conditions (97]. 

During hemodialysis, approximately 70% of the potassium 
removed is derived from tlle intracellular compartment [81 ] .  
Because 50 to 80 mEq of potassium are removed in a single 
dialysis session and only 15 to 20 mEq of potassium are 
present in the plasma, life-tl1reatening hypokalemia would be 
tl1e consequence of hemodialysis if this was not the case [96]. 
However, tlle volume of disu·ibution of potassium is not con
stant; the greater the total body potassium, the lower its vol
ume of distribution (98]. As a result, the fractional decline in 
plasma potassium during a single dialysis session is greater if 
the prehemodialysis level is higher. Optimal potassium elimi
nation by hemodialysis is accomplished by daily sh tt hemo
dialysis u·eatments instead of protracted sessions every other 
clay. The transfer of potassium from the intracellular compatt
ment to tlle extracellular compartment usually occurs more 
slowly than the transfer from the plasma across the dialysis 
membrane [98,99]. This discrepancy further complicates pre
dicting the quantity of potassium removed during hemodialy
sis. A practical consequence of the discordant transfer rates is 
that the plasma potassium measured immediately after the 
completion of hemodialysis is approximately 30% less than 
the steady-state value measured after 5 hours. Therefore, 
hypokalemia based on blood measurements obtained imme
diately after the completion of hemodialysis should not be 
treated with potassium supplements. 

The u·anscellular distribution of potassium is influenced by 
several variables, including the relative degree of hyperin
sulinemia (promotes potassium uptake into cells, lo ering its 
intraclialytic clearance) [81], catecholamine tone (� agonists pro
mote cellular uptake of potassium and a. agonists stimulate the 
cellular egress of potassium, attenuating and increasing tlle 
intradialytic clearance of potassium, respectively) [95,100], 
sodium-potassium adenosine triphosphatase activity (pharma
cologic inhibition diminishes potassium uptake into cells, 
which may en11ance intradialytic clearance) [101] ,  and systemic 



pH (alkalemia augments transcellular potassium uptake, which 
may diminish dialytic clearance of potassium) [95]. Although 
the degree of systemic alkalization is greater and more rapid in 
onset with bicarbonate-buffered dialysates than with acetate
buffered dialysates, the choice of buffer does not appear to be 
critical in determining potassium removal during hemodialysis 
[81 , 102]. Paradoxically, it has been observed that as the gradient 
for potassium clearance from blood into the dialysate is 
increased by decreasing the dialysate potassium concentration, 
the uptake of bicarbonate from the dialysate declines [102]. This 
interaction between alkali and potassium in the dialysate is sig
nifi.cant: a 1 -mEq increase in the potassium gradient results in a 
decline in bicarbonate loading of 50 mEq. This interaction 
should not be overlooked in planning the dialysate prescription 
for patients being dialyzed for severe acidosis [1031 . 

Because the selection of the dialysate potassium is empiri
cal, most patients are dialyzed against a potassium concentra
tion of 1 to 3 mEq per L. For patients who have excessive 
potassium loads from their diet, medications, hemolysis, 
trauma, or gastrointestinal bleeding, the dialysate potassium 
concentration should be 0 to 1 mEq per L. For stable patients 
who do not have significant cardiac disease or who are not 
taking cardiac glycosides, a dialysate potassium concentration 
of 2 to 3 mEq per L is appropriate. In a patient with a history 
of cardiac disease, especially with arrhythmias and cardiac 
glycoside usage, the dialysate potassium should be increased 
to 3 to 4 mEq per L [ 104]. Such patients are at the greatest risk 
for the development of dysrhythmias associated with the 
intraclialytic potassium flux. They may be best managed by 
tolerating a greater degree of interclialytic hyperkalemia possi
bly with the concomitant administration of sodium polysty
rene sulfonate resin (Kayexalate), so that they may tolerate 
the higher dialysate potassium concentrations. 

Most cardiac morbidity attributable to the clialysate potassium 
concentration occurs during the first half of the dialysis session. 
The rapidity of the fall in the plasma potassium concentration, 
rather than the absolute plasma concentration, appears to 
determine the risk of cardiac arrhythmias [99,104]. For this rea
son, hyperkalemic patients should be managed with an incre
mental decline in the dialysate potassium concentration of 
approximately 1 .0 mEq per L per hour [1051. If the patient has a 
signifi.cant deficit in total body potassium, postdialysis 
hypokalemia can occur, even if the clialysate potassium concen
tration is greater than the serum potassium concentration [106]. 
This seemingly contradicto1y situation arises because of the 
potential for a clelayecl conductance of potassium from the 
dialysate into the patient, compared with its movement from 
the extracellular space into the intracellular companment. 

BASES. Initially, bicarbonate was used as the base in the 
clialysate. In the early 1960s, it was superseded by acetate, 
which is more stable in aqueous solution at neutral pH in the 
presence of divalent cations. Acetate is metabolized in skeletal 
muscle, and to a lesser extent in the l iver, to acetyJ coenzyme 
A, which is subsequently metabolized further via Krebs cycle 
to carbon dioxide and water. In the latter process, one proton 
is consumed and one molecule of bicarbonate is liberated 
[1071 . During conventional hemoclialysis with large-surface
area dialyzers, acetate flux above 300 mmol per hour can 
occur, resulting in acetate accumulation as the amount translo
catecl exceeds the capacity to metabolize the base. This com
plication occurs most often in women, elderly patients, and 
patients who are malnourished [108]. The resultant clinical 
consequences of acetate accumulation include variable 
degrees of nausea, vomiting, headache, fatigue, peripheral 
vasodilatation, decreased myocardial contractility, metabolic 
acidosis, and aiterial hypoxemia [109-1 12] .  Hence, vascular 
instability is much more problematic with predominantly 
acetate-containing dialysates than bicarbonate-containing 
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clialysates. The hemodynamic instability associated with ace
tate is worsened by hyponatremic dialysates and is lessened 
with a normonatremic clialysate [ 1 1 0, 1 1 3 , 1 14].  

Hemoclialysis using a bicarbonate-buffered clialysate pre
vents these complications. The transient anion gap metabolic 
acidosis associated with acetate dialysis is not seen with bicar
bonate based dialysis. A raised bicarbonate concentration in 
the dialysate not only attenuates the diffusive gradient from 
blood to clialysate but generally allows the patient to achieve 
a net positive bicarbonate balance. Additionally, dialysis
inclucecl hypoxemia is attenuated by a bicarbonate clialysate. 
During hemodialysis with acetate, there is a large diffusive 
loss of carbon dioxide into the clialysate such that the minute 
ventilation falls by approximately 25%. Therefore, despite the 
loss of carbon dioxide across the clialytic circuit, there is little 
decline in the arterial carbon dioxide tension (normocapneic 
hypoventilation). During hemoclialysis with acetate, hypox
emia is most prominent during the first 60 minutes of hemocli
alysis and may be associated with an approximately 35-mm 
Hg decline in arterial oxygen tension [ 1 1 5 , 1 1 6] .  

Because o f  the amelioration o f  many intradialytic symptoms 
with bicarbonate-containing dialysates, and the increased use 
of high-efficiency and high-flux hemodialysis, acetate is used 
for hemoclialysis in Jess than 20% of the dialysis facilities in the 
United States . Bicarbonate dialysis is now feasible because of 
the widespread availability of proponioning systems that per
mit mixing of the separate concentrates containing bicarbonate 
and divalent cations close to the final ent1y point of the dialy
sate into the dialyzer. Unlike the more acidic and hyperosmolal 
acetate-based clialysate, liquid bicarbonate concentrates and 
reconstituted bicarbonate dialysates suppon the growth of 
Gram-negative bacteria such as Pseudomonas, Acinetobacter; 
Flavobacterium, and Achromobacter, filamentous fungi; and 
yeast [78]. Because of the propensity of the clialysate to suppo1t 
bacterial growth, and the morbidity associated with the pres
ence of such growth in the clialysate, strict guidelines exist for 
the acceptable limit of bacterial growth, the presence of 
lipopolysaccharicle in the dialysate, and clialyzer reuse [ 1 17]. 

A bicarbonate-based clialysate of 30 to 35 mEq per L is typ
ically used. Bicarbonate concentrations above 35 mEq per L 
may result in the development of a metabolic alkalosis with 
secondary hypoventilation, hypercapnia, and hypoxemia. If a 
bicarbonate clialysate is unavailable, acetate at an equivalent 
concentration is suitable, but large-surface-area clialyzers or 
clialyzers with high-efficiency or high-flux transpo1t character
istics cannot be used. 

CALCTUM. Patients with renal failure are prone to develop 
hypocalcemia, hyperphosphatemia, hypovitaminosis D, and 
hyperparathyroidism. Positive calcium balance is thus useful as 
an adjunct during hemodialysis for controlling metabolic bone 
disease [ 118--120]. In patients with renal failure requiring dialy
sis, over 60% of the calcium is not bound to plasma proteins and 
is in a diffusible equilibrium during hemodialysis [121] .  Assum
ing free conductance of calcium across the dialysis membrane 
seconcla1y to diffusive clearance and an additional contribution 
seconcla1y to convective losses, a clialysate calcium concentra
tion of roughly 3.5 mEq per L (7.0 mg per ell) is necessary to 
prevent intradialytic calcium losses [ 122]. Because such elevated 
calcium clialysates transiently induce hypercalcemia, which tem
porarily reduces parathyroid hormone secretion [123], they had 
been tl1e standard clialysate calcium concentration. 

Over the last decade, increasing and appropriate concerns 
arose for the development of aluminum intoxication syn
dromes seconcla1y to the protracted use of oral aluminum 
hydroxide as a phosphate binder. The three aluminum intoxi
cation disorders, which arise because of the intestinal absorp
tion and retention of ingested aluminum, are progressive 
osteornalacia, iron-resistant rnicrocytic anemia, and progressive 
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encephalopathy [1 24-126]. Instead of using aluminum salts 
alone, calcium carbonate, calcium acetate, or sevelamer have 
been increasingly used alone or with small quantities of alumi
num hydroxide as oral phosphate binders [ 127-129]. However, 
because variable amounts of calcium are absorbed from the 
ingested calcium salt, persistent hypercalcemia is a frequent 
complication of a dialysate calcium of greater than 3.0 mEq per 
L, especially if a vitamin D supplement is also used. To mini
mize the likelihood of hypercalcemia and consequently soft 
tissue calcification [130], there is a trend toward lower dialysate 
calcium concenu·ations [1 18]. In most dialysis facilities, a clialy
sate calcium concentration of 2.5  to 3.0 mEq per L is used. 

A reduction in the clialysate calcium may increase vascular 
instability during hemodialysis [1 30-132). Dialysis-induced 
changes in the serum calcium concentration correlate with the 
intradialytic systolic and diastolic blood pressures. Intraclia
lytic increases in serum ionized calcium concentration aug
ment lefr ventricular performance without an accompanying 
alteration in the peripheral vascular resistance [ 133]. 

MAGNESIUM. The serum magnesium concentration, like that 
of potassium, is a poor determinant of total body magnesium 
stores. Only approximately 1 % of the total body magnesium is 
present in the extracellular fluid and only 60% of this amount 
(approximately 25 mEq) is free and diffusible [ 134). Because of 
scant exu·arenal clearance, removal during hemoclialysis is the 
prima1y route of elimination for magnesium in renal failure. 
The magnesium flux that occurs during a dialysis session is dif
ficult to predict despite knowledge of the serum and dialysate 
magnesium concenu·ations. When using a low-magnesium 
dialysate, the postdialytic decline in serum magnesium con
centration is virtually corrected after 24 hours [ 1351. 

Because the ideal serum magnesium concenu·ation in 
patients with ESRD is debatable, the appropriate clialysate 
magnesium concentration is unresolved. Many centers use a 
1 .0-mEq per L dialysate magnesium concentration, and mild 
interclialytic hypermagnesemia is often observed. 

CHLOIUDE. Chloride is the major anion in tl1e dialysate. 
Because its concentration is defined by tl1e constraints of 
maintaining electrical neutrality in the dialysate, chloride con
centration varies depending on the concentration of cations. 

Dialysates for Continuous Hemoclialysis and Hemocliafil
tration. Typical dialysate flow rates for continuous hemoclialy
sis or hemocliafiltration are 800 to 1 ,000 mL per hour (vs. 500 
to 800 ml per minute for conventional hemodialysis), and tl1e 
clialysate is usually delivered into the clialyzer by a continuous 
infusion pump. Because it is impractical to mix and store con
ventional hemoclialysis fluid for continuous hemoclialysis and 
hemodiafilu·ation, and tl1e formation of a custom clialysate in 
the volumes required for these techniques is cumbersome and 
costly, most hospitals use conventional peritoneal clialysate for 
CAVHD, CVVHD, CAVHDF, and CVVHDF. Despite the use of 
commercially prepared clialysate formulations, which typically 
are Jess costly than custom preparations, the clialysate costs 
associated witl1 CAVHD and CVVHD render these techniques 
more expensive than CAVH or CVVH. Altl10ugh peritoneal 
clialysate presents the most conveniently available fluid for 
use, its glucose concentration is higher tl1an optimally desired. 
A further drawback is that it is relatively hyponatremic (sodium 
concentration of 132 mEq per L), almough this may be benefi
cial for patients witl1 hypernatremia. Peritoneal clialysate for
mulations are discussed in greater detail below. 

The need for a custom dialysate for hemofilu·ation most often 
arises in situations in which me calcium concenu·ation requires 
modification or me patient cannot tolerate a lactate-buffered 
clialysate. Commercial clialysates for peritoneal dialysis are usu
ally available in tl1ree calcium concenu·ations: 3.5, 3.0, and 2.5 
mEq per L. Such a limited selection of dialysates compromises 

tl1e treatment of hypercalcemic patients by tl1ese modalities. 
\XThen such circumstances arise, the dialysate formula hould be 
tailored to the individual using an appropriately red ced cal
cium concentration. The standard lactate buffering of peritoneal 
dialysates may become problematic for patients witl1 an 
impaired capacity to metabolize lactate, such as tl1ose wim 
reduced hepatic and renal function or hypotension witl1 ongo
ing tissue ischemia. Hyperlactatemia has been shown to occur 
in hemodiafilu-ation using lactate-buffered dialysate [136). In 
tl1ese circumstances, a custom dialysate should be formulated 
witl1 bicarbonate as tl1e buffer. Successful experiences have 
been reported witl1 a custom bicarbonate dialysate c ntaining 
sodium 144 mEq per L, bi arbonate 37 mEq per L, potassium 3 
or 4 mEq per L, calcium 3 mEq per L, and magnesium 1 .4 mg 
per dL. No solute precipitation was observed, and bacterial 
contamination was not a problem [137). 

Replacement Solutions for Continuous Hema.filtration. 
The principal mechanism for solute clearance in techniques 
using hemofilu·ation is by convection. To achieve adequate sol
ute clearance, tl1e ulu·afiltered volume is large (12 to 24 L per 
clay), which makes fluid replacement obligatory for CAVH, 
CVVH, CAVHDF, and CVVHDF. Because me composi on of me 
ulu·afilu·ate is sinlliar to lasma water, tl1e ideal replacement 
solution should approximate tl1e normal plasma composition 
minus tl1e solutes tl1at need removal. Numerous replacement 
solutions have been used. Lactated Ringer's solution [138) and 
peritoneal clialysate [ 139) are two conunonly used c nunercial 
replacement solutions. Al ough convenient, mey do not offer 
the same flexibility in composition as on-site preparati ns. Both 
lactated Ringer's solution and peritoneal dialysate have lactate 
as buffer and may not be suitable in association with liver fail
ure and lactic acidosis. Lactated Ringer's solution also provides 
an obligate potassium load, and peritoneal dialysate as a high 
glucose content. A specially formulated hemodiafilu·ation fluid 
is being marketed currently (Table 30-3). Altl10ugh it contains 
lactate, it is normoglycemic and has a higher sodium concentra
tion than peritoneal dialysis fluid or Ringer's solution (see Table 
30-2 for comparison). This preparation can also be 1sed as a 
dialysate for CRRT. 

In situations in which lactate buffer is less than ideal and a 
bicarbonate solution is pr ferred, me latter can be prepared on 

Tabk 30-3. Infusion Fluids for Replacement in 
Continuous.Renal Replacement Therapies 

Hyperalimentation solutions 
Lactated Ringer's solution 

Na+ 130 mEq/L 
1 10 mEq/L 
28 mEq/L 
4 mEq/L 

c1-
Lactate 
K+ 
ca+ 3 mEq/L 

Alternative solutions 
1 L IV 0 1 0  0.9% normal saline with 5 mEq calcium gluconate and 

0-4 mEq magnesium sulfate, followed by 
1 L IV 0 10 0.45% normal saline with 44 mEq (1 amp) N HC03, fol

lowed by 
1 L IV 010 0.9% normal saline with 5 mEq calcium gluconate and 

0-4 mEq magnesium sulfate, followed by 
1 L IV 010 W with 132 mEq (3 amp) :-.JaHC03 
Cycle can then be repeated 

Net: a• 140 mEq/L 
CJ- 96 mEq/L 
HC03- 44 mEq/L 
K+ 0 1nEq/L 
ca• :2.5 mEq/L 
Mg• 0-2 1nEq/L 

010 W, dextrose 10% in wa1er. 



site, but must be used soon after preparation because of its 
inherent instability. On-site replacement solutions can be made 
by the addition of various solutes to standard intravenous dex
trose 5% water or saline. The single-bag approach is easiest, in 
which bicarbonate is mixed with calcium and magnesium. 
Because of the potential for solute precipitation, single bags 
have limited use. Alternately, bicarbonate can be prepared sep
arately from the calcium- and magnesium-containing solutions, 
and the two bags of replacement solutions can be infused 
sequentially or concurrently through different infusion ports . 
Because these fluids are prepared when needed, they can be 
custom formulated to the requirements of tl1e patient. 

Anticoagulation for Intermittent Hemodialysis. Despite tl1e 
impaired capacity of platelets to aggregate and adhere in most 
patients witl1 advanced renal failure, tl1e interaction of plasma 
witl1 the dialysis membrane results in activation of tl1e clotting 
cascade, tl1rombosis in the extracorporeal circuit, and d1e result
ant dysfunction of tl1e dialyzer (140]. Dialyzer thrombogenicity is 
determined by its composition, surface charge, surface area, and 
configuration (141] .  In addition, the propensity for intradialytic 
cloning is influenced by tl1e blood flow tlu·ough tl1e dialyzer; the 
extent of blood recirculation in the extracorporeal circuit (newly 
dialyzed blood reentering tl1e dialyzer); tl1e amount of ulu·afiltra
tion; and tl1e lengtl1, diameter, and composition of tl1e lines 
between the patient and d1e dialyzer. Patient-specific variables 
that influence tlvombogenicity and determine tl1e requirements 
for anticoagulants include tl1e presence of congestive heart fail
ure, malnuu·ition, neoplasia, blood u·ansfusions, and comorbid 
coagulopatl1ies such as disseminated intravascular coagulation, 
warfarin tl1erapy, or hepatic syntl1etic dysfunction (142]. 

Because of its low cost, ready availability, ease of adminis
tration, simplicity of monitoring, and relatively short biologic 
half-life, the anionic mucopolysaccharicle heparin is the most 
widely used anticoagulant for dialysis. The time constraints of 
hemodialysis are such that the partial thromboplastin time 
cannot be used to monitor the effectiveness of anticoagula
tion. Instead, an activated clotting time (ACT) is often used. In 
this assay, whole blood is mixed with an activator of the 
extrinsic clotting cascade, such as kaolin, diatomaceous earth, 
or ground glass, and the time necessa1y for the blood to first 
congeal is monitored. The normal range is 90 to 140 seconds. 

The precise method of heparin administration is influenced 
by the patient's comorbid illness and varies among dialysis 
providers . The simplest method of heparin administration is 
systemic administration, in which 2,000 to 5,000 U of heparin 
are administered at the initiation of dialysis followed by a con
stant infusion of 1 ,000 U per hour. The target ACT is approxi
mately 50% above baseline. Another method of systemic 
anticoagulation is to administer repeated boluses of heparin 
(100 U per kg of dry weight at the start) when the ACT falls 
below target. Because the degree of anticoagulation during 
systemic anticoagulation is relatively intensive, it is appropri
ate only for stable patients who are at no risk for bleeding. 
Therefore, in the ICU, systemic anticoagulation is rarely used. 
Less intensive anticoagulation is achieved with fractional hep
arinization, in which d1e target ACT is maintained at 1 5% 
("tight fractional") or 25% ("fractional") greater than the base
line value. Five hundred to 3,000 U of heparin are adminis
tered at the initiation of dialysis, followed by a continuous 
heparin infusion at an initial rate of 500 to 1 ,000 U per hour. 

Minimal heparinization occurs witl1 "regional" heparinization. 
By tl1is metl10d, tl1e exu·acorporeal circuit alone is anticoagulated 
wid1 heparin and tl1e effect reversed before the extracorporeal 
blood is returned to tl1e patient [143]. Five hundred units of hep
arin are given at tl1e beginning of dialysis, and 500 to 750 U per 
hour are infused into tl1e arterial line. Simultaneously, 3.75 mg 
per hour of protamine are infused into tl1e venous line. Using fre-
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quent checks of the ACT from tl1e anerial and venous lines as a 
guide, tl1e heparin and protamine infusion rates are adjusted to 
maintain tl1e ACT for the patient at baseline and for tl1e dialytic 
circuit at approximately 10 seconds. Because heparin has a 
longer half-life than protamine, an additional 50 mg of protamine 
should be given at tl1e end of dialysis [144]. Problems associated 
wid1 this metl10d of anticoagulation include complexity in bal
ancing the infusion rate, bleeding from rebound anticoagulation 
because of tl1e dissociation of tl1e heparin-protamine complex 
[145], and side effects of protamine (flushing, bradycardia, dysp
nea, and hypotension). Alternatively, regional anticoagulation 
may be achieved witl1 sodium citrate as tl1e anticoagulant [146]. 
Citrate binds to calcium and forms a dialyzable salt, tl1ereby 
depleting tl1e exu·insic and inu-i.nsic cloning cascades of the oblig
at01y cofactor, calcium. A 4% solution of trisodium citrate is ini
tially inf·used into tl1e arterial line at 200 mL per hour, and tl1e 
infusion rate is adjusted after 20 minutes to maintain the ACT of 
tl1e machine at 25% over baseline. This process is reversed on 
the venous side distal to d1e filter by infusion of 10% calcium 
chloride at 30 mL per hour. Altl10ugh very effective [146], tl1e 
principal disadvantages of this technique are tl1e requirements 
for additional infusions and close monitoring of tl1e patient's cal
cium and acid-base status (as citrate is metabolized to generate 
bicarbonate, thus increasing tl1e risk of alkalemia). 111e dialysate 
used in ciu·ate regional anticoagulation must be calcium free witl1 
lower sodium and bicarbonate concenu·ation. 

Regional anticoagulation can be associated with significant 
and relatively frequent side effects [145].  In high-risk situations 
in which regional anticoagulation may be contraindicated 
(e.g . ,  heparin-induced thrombocytopenia, allergy to prota
mine, personnel unfamiliar with technique), dialysis may be 
performed without heparin [ 146-148]. In this technique, the 
hemodialyzer is first rinsed with 1 L of 0.45% saline containing 
3,000 to 5,000 U of heparin. Hemodialysis is immediately initi
ated using the maximum blood flow tolerated, and the dia
lyzer is flushed eve1y 1 5  to 30 minutes with 50 mL of saline. 
Although not feasible with large-volume ultrafiltration, com
promised blood flow, or the intradialytic administration of 
blood products, heparin-free dialysis may be the safest choice 
for any ICU patient at risk of bleeding. 

Anticoagulation must be individualized based on the patient's 
risk of hemoIThage. Clearly, tl1e risk of tlvombosis of d1e dialytic 
circuit is a seconda1y consideration. Guidelines for anticoagula
tion based on comorbid conditions are as follows: 

1 .  Patients who are bleeding or are at significant risk of 
bleeding, have a baseline major thrombostatic defect, or 
are within 7 days of a major operative procedure or wimin 
14 days of intracranial surge1y should be dialyzed without 
heparin or by regional anticoagulation. 

2.  Patients who are within 72 hours of a needle or forceps 
biopsy of a visceral organ should be dialyzed without hep
arin or by regional anticoagulation. 

3. Patients who are beyond the temporal limits established for 
items 1 and 2 can be dialyzed by fractional heparinization. 
If they have previously received fractional heparinization, 
they can now be considered for systemic anticoagulation. 

4. Patients with pericarditis should be dialyzed without hep
arin or by regional anticoagulation. 

5. Patients who have undergone minor surgical procedures 
within the previous 72 hours should be dialyzed under 
fractional anticoagulation. 

6. Patients anticipated to receive a major surgical procedure 
within 8 hours of hemodialysis should be dialyzed without 
heparin or by regional anticoagulation. If they are within 8 
hours of a minor procedure, fractional anticoagulation is 
appropriate. 
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Anticoagulation for Continuous Renal Replacement 
Therapy. The need for anticoagulation in CRRT is driven by 
its relatively low blood flow rate (100 to 1 50 mL per minute) 
and prolonged continuous exposure of blood to the clialyzer 
membrane. Thus, even by modifying the procedure to mini
mize tlu·ombogenicity (using relatively shon arterial and 
venous lines, changing to a parallel plate configuration for the 
hemofilter, performing preclilutional hemofiltration), heparin is 
usually required [149]. Predictably, tl1e use of aggressive ultra
ftltration that results in hemoconcentration, reduced blood 
flows, and blood passage through long venous Lines, is very 
thrombogenic. In CRRT, the required intensity of anticoagula
tion usually is sinular to tl1at associated wim systemic heparin
ization for hemoclialysis. After a systenuc loading close of 
heparin, an initial maintenance infusion of approxin1ately 10 U 
per kg per hour is administered and titrated to maintain tl1e 
partial tl1romboplastin time in the arterial line 50% greater man 
control. Obviously, such concentrated heparinization compro
mises tlle use of this technique for patients at risk for bleeding. 

Alternatives to the standard systemic heparinization tech
nique described above have been proposed for patients with 
high risk of bleeding. These include citrate regional anticoagu
lation [150, 1 5 1] and use of heparin with protamine [1 52]. 

CRRT modalities can be performed without anticoagulation, 
although this usually compromises the performance of the 
hemofilter unless it is changed frequently. This technique 
involves rinsing the kidney and lines wim heparinized saline 
in the method described for heparin-free hemodialysis [ 153] . 

Thrombosis within the hemofilter is easy to recognize by me 
characteristic striped clotting of the usually white fibers witl1in 
the hollow-fiber clialyzer. However, the parallel-plate configu
ration is assembled in such a manner that the interior of tlle 
hemofilter cannot be visualized. In this circumstance, clotting 
of me hemofilter can be defined inferentially by me decline in 
the ultrafiltration rate, decrease in dialysate urea nitrogen to 
BUN ratio (less tllan 0.6 is significant), or both [154]. 

Hemodialysis Angioaccess. An adequately functioning angio
access is a prerequisite for any blood-based clialytic tech
niques. There are two categories of access-related issues in tlle 
intensive care setting: ESRD patients wim established perma
nent access and patients with ARF requiring tempora1y angio
access for hemoclialysis or CRRT. The care and maintenance of 
these permanent or tempora1y accesses are of crucial impor
tance for the support of patients needing dialysis treatments. 

The vascular access of choice for maintenance hemodialysis 
patients is the endogenous arteriovenous native vein fistula. 
This is because of its ease of construction, long-term survival, 
and lower incidence of infection compared witl1 other modal
ities of vascular access [ 155]. Many older patients and diabet
ics witl1 ESRD do not have adequate arterial or venous 
anatomy to allow the creation of an endogenous fistula. In 
these patients, a prosthetic arteriovenous fistula is generated. 
The most frequently used material for such a graft fistula is 
polytetrafluoroethylene. Relevant to care within the ICU, it 
should be appreciated that acute thrombosis of either a native 
vein or graft fistula may occur from intravascular volume 
depletion secondary to overzealous ultrafiltration, systemic 
hypotension from a comorbid condition like sepsis, or exces
sive local pressure for hemostasis after removal of the hemo
clialysis needles. Judicious care must be given to prese1ve 
patency of these fistulas. This includes their exclusion from 
use for routine cannulation or phlebotomy and prohibition of 
blood pressure measurements or application of constricting 
dressings on the fistula-side limb. An early sign of thrombotic 
graft failure is the obse1vation of an increase in me pressure of 
the venous limb during dialysis. Although hemoclialysis may 
still be performed at this stage, the efficiency of the treatment 

is compromised because turbulent nonlaminar blood flow 
occurs together with regurgitation of venous side blood back 
to the arterial side (access recirculation). 

The type of angioaccess needed for dialysis in the erring of 
ARF in tlle ICU is determined by the chosen modali of dia
lytic therapy. If hemodialysis is adopted, a venous catl1eter 
will suffice. If CRRT is preferred, mere is the option of using 
arteriovenous or venovenous methods. The latter is currently 
favored, because it allows direct regulation of blood flow and, 
consequently, 11.igher blood flows can be achieved relatively 
independent of the mean arterial pressure [1 56]. Higher blood 
flows also permit less intense anticoagulation, because they 
minin1ize clotting of the extracorporeal circuit. Acute angioac
cess for hemodialysis or venovenous CRRT may be achieved 
with vascular catheters. Vascular complications such as aneu
rysm, bleeding, and limb ischemia are less likely to occur witl1 
a venous access [ 157, 1 5  ). The oldest and safest means of 
esrablislung angioaccess for hemoclialysis is to place a single
or double-lumen coaxial catheter in the femoral vein by me 
Selclinger technique [ 159]. The incidence of serious complica
tion from femoral vein dialysis catl1eters is only 0 .2% [160). 
Under ideal situations, catl1eters should be removed within 7 
clays to minin1ize me risk of infection and thrombosis [160]. 
Femoral vein catheters are available in a number of lengms 
and diameters. The 24-cm length is preferable beca se it per
n1its less blood recirculation. 

Alternative sites for catheter-based angioaccess are me sub
clavian or internal jugular veins. Compared with the femoral 
vein, these sites have tl1e advantages of fewer local infections, 
longer local positioning, and enhanced patient mob· ity [161] .  
Early-occurring complications such as local bleeding, emotl10-
rax, pneumothorax, hemopericarclium [162], arrhythmia (163], 
and hemomecliastinum are usually related to catheter place
ment. Catheter placement under ultrasound guidance may 
make tl1is procedure safer [164]. Late-occurring complications 
such as arteriovenous fistula formation, local catl1eter infection 
or sepsis, central vein tlvombosis or stenosis [165], and cameter 
malfunction are particularly vexing. Infectious complications 
are a function of the duration of cameter usage. If the catheter 
is left in place for less than 2 weeks, me incidence of infections 
is less tl1an 5%. Longer periods of catheter placement in situ 
are associated witl1 an increased incidence of infections (as 
great as 25%) (166]. The typical pamogenesis for catl1eter infec
tions is from bacteria colonizing tlle skin adjacent to the cathe
ter entty site that migrate down the catl1eter sheath (167], which 
may be minimized by me use of topical antibiotics lik mupiro
cin (168]. When an infection occurs, tlle usual tllerapy is 10 to 
14 clays of systemic antibiotics and removal of tlle dialysis cath
eter. Suppurative mrombophlebitis or enclocarcliti5 requires 
prompt discontinuation of the cameter and 4 to 6 weeks of 
bacteriocidal antibiotics. Central venous tl1rombos1s (which 
occurs more con1fl1only witl1 subclavian vein positio11ing) 
necessitates in1fl1ediate removal of tlle catheter (169]. 

Catheter malfunction v.'irh inadequate or absent blood flow 
is most often secondary to intraluminal thrombosis or catheter 
malposition (161] .  Forced irrigation is usually of no benefit 
and may be detrimental. Instead, inadequate blood flow 
should be treated by the instillation of tissue pla sminogen 
activator in a volume sufficiently large to fill the carnet.er. The 
solution should be aspirated out of the catheter, and dialysis 
reattempted. If unsucces ful, the procedure may be repeated. 
If thrombolytic therapy is of no benefit, catl1eter malposition 
should be considered. The catheter can be threaded with a 
guiclewire, removed, and a replacement catheter rep sitioned. 

Site-specific instructions for placing venous catheters via the 
Selclinger technique can be found in Chapter 2. Although eas
iest and least risky to place, the femoral vein dialysis catheter 
confines a patient to the upine position. For this reason, and 



the higher likelihood of infection in the femoral location, 
internal jugular and subclavian catheters are a better choice if 
a long course of dialysis is anticipated or if the patient is to be 
allowed to move. The newer tunneled, cuffed, soft catheters, 
such as the Tessio catheter, are preferred for this purpose. 

Hemofiltration Angioaccess. The techniques used to estab
lish venous access for CVVH or CVVHD are exactly as described 
above. T11e principal advantage of an a1teriovenous access for 
CRRT (CAVH) is tl1at it allows the use of a ve1y simple extracor
poreal circuit witl10ut a blood pump or an air embolus monitor. 
On me other hand, arteriovenous circuits require tl1e placement 
of an additional catl1eter for arterial access. There are only two 
forms of arteriovenous access: wide-bore single-lumen femoral 
artery and vein catl1eters and, much less commonly, the Scribner 
shunt (an external plastic arteriovenous fisrula). Scribner shunts 
should not be placed in patients witl1 peripheral vascular dis
ease who may develop digital ischemia. 

Because patients on CRRT are, by definition, bed confined, 
vascular access is usually achieved by percutaneous cannula
tion of the common femoral vessels. Alternative sites, includ
ing the axilla1y arte1y and vein, and external shunts have been 
attempted but do not provide adequate blood flow for effec
tive hemofiltration. Patients with femoral artery bypass grafts 
or those with severe atherosclerotic vascular disease may be 
extremely poor candidates for arteriovenous techniques. 
Before femoral artery cannulation, dorsalis pedis pulses 
should be examined by Doppler ultrasonography. If pulses 
are inaudible or if a bruit is present over the femoral arte1y, an 
alternative dialytic modaliry (e.g. ,  conventional hemodialysis 
or CVVH or hemodialysis via the femoral, subclavian, or inter
nal jugular vein) should be considered. The proper technique 
for femoral arte1y cannulation is described in Chapter 3 .  

PERITONEAL DIALYSIS 

Dialysates. Compared with the dialysates used for hemodial
ysis or hemofiltration, the composition of the clialysates used 
for peritoneal dialysis is relatively constant (Table 30-2). The 
conventional dialysate sodium concentration is 132 mEq per L, 
potassium concentration 0 mEq per L, and lactate concentra
tion 35 rnEq per L. Hypokalemia in peritoneal dialysis patients 
is usually managed by increasing the dieta1y potassium intake. 
If oral therapy is ineffective or unfeasible, potassium can be 
added to the dialysate to attenuate tl1e diffusive gradient. A 
typical potassium concentration in the dialysate is 1 to 4 mEq 
per L. The dialysate calcium concentration varies from 2 .5  to 
3.5 mEq per L; the choice of clialysate calcium depends on the 
patient's propensity to develop hypercalcemia. Many perito
neal dialysis patients, who ingest calcium salts as phosphate 
binders, become hypercalcemic using the traditional 3 .5  mEq 
per L containing calcium dialysate. Therefore, as in hemodialy
sis, the trend has been to lower the calcium concentration in 
peritoneal dialysates. Magnesium is provided in the clialysate at 
0.5 mEq per L. The other electrolyte present in tl1e dialysate is 
chloride, the concentration of which is determined solely by 
the requirements to achieve electrical neutrality. 

Ultrafiltration during peritoneal dialysis is achieved by me 
infusion of a hyperosmolal dialysate. Dextrose in concenu·ations 
of 1 .5%, 2 .5%, or 4.25% is used to induce ultrafilu·ation. Because 
tl1e osmotic gradient is less witl1 a 1 .5% dexu·ose-containing 
dialysate man witl1 a 4.25% dialysate, me fall-off in ulu·afilu·ation 
develops relatively sooner using tl1e 1 .5% dextrose solution. 
Likewise, if me osmotic gradient is attenuated by tl1e develop
ment of hyperglycemia, ulu·afiltration will decline. Therefore, in 
peritoneal dialysis patients witl1 glucose intolerance, ulu·afiltra
tion witl1 dialysates containing high levels of glucose may be 
compromised if glycemic control is not maintained. 
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Access to the Peritoneal Cavity. Immediate access for peri
toneal dialysis may be provided in the acute setting by the 
percutaneous placement of a styler-guided catl1eter connected 
to a closed-gravity, manual instillation drainage system or to 
an automated dialysate cycler. 

The procedure for placement of a temporary peritoneal 
dialysis catheter is as follows: 

1 .  The urina1y bladder is emptied to prevent inadvertent 
perforation. 

2. The abdomen is prepared with povidone-iodine solution 
and draped, as it would be for an abdominal paracentesis. 
A point one-third of the distance between the umbilicus 
and symphysis pubis is infiltrated with local anesthetic to 
the peritoneum. 

3. To distend the peritoneum, 1 to 2 L of 1 . 5% dextrose peri
toneal dialysate is introduced into the peritoneal cavity via 
a 16-gauge spinal needle or Angiocath (Becton, Dickinson 
and Company, Franklin Lakes, NJ) .  

4. A small puncture is  made at the same site with a scalpel 
blade. 

5. The styler-guided catheter is inserted into the skin punc
ture site and passed through the skin, underlying fascia, 
and linea alba. Entrance of the catheter tip into the perito
neum is evident by a sudden reduction in resistance and 
by appearance of dialysis fluid in the transparent catheter. 
If cloudy or feculent fluid is withdrawn, the bowel has 
been punctured (170] , and the dialysis catheter should be 
left in place until a decision is made regarding the need for 
a diagnostic procedure (e.g. , conu·ast computed tomogra
phy) . Intravenous antibiotics to cover bowel bacteria (e.g. ,  
gentamicin and metronidazole or ampicillin-sulbactam) 
should be started. If peritoneal dialysis is to be continued, 
another access site should be chosen, and the above pro
cess repeated. 

6. If the peritoneal drainage is clear, the styler is withdrawn 
until the obrurator point meets tl1e catheter tip. The cathe
ter is then advanced into the posteroinferior area of the 
peritoneal cavity and connected to a closed-gravity manual 
instillation drainage system or to an automatic cycler. The 
catheter can then be secured to the skin by a superficial 
pursestring suture. 

Although simple to install and posltlon in the peritoneal 
cavity, patients must remain supine, and the risk of infection 
is so great that the catheters must be removed after 48 hours. 
If dialysis is required for more than 48 to 72 hours, a new site 
should be selected and the original catheter removed. 

An alternative means of establishing access into the perito
neal cavity with much greater permanency and one that per
mits patient ambulation is to install a flexible Silastic catheter 
with one or two Dacron cuffs. The most frequently used clual
cuffed catheter is the Tenckhoff catheter, which has an open 
encl and multiple holes in the distal 15 cm [8]. These cuffed 
catheters minimize bacterial migration down the catheter tract. 
Such catheters are not only highly desirable for ESRD patients 
on continuous peritoneal dialysis but also in the ARF popula
tion, if the expected duration of dialytic support by peritoneal 
dialysis is more than 2 weeks. Although the placement of a 
chronic dialysis catheter can be performed in the ICU by 
experienced skilled personnel using a percutaneous tech
nique, the method used in most hospitals is surgical place
ment under sterile conditions in the operating suite. 

Placement of stylet-guiclecl temporary catheters can be diffi
cult and dangerous in patients who have intraabclominal 
adhesions, which usually result from prior major abdominal 
surgery. The most common catastrophes are vascular and vis
ceral organ puncture. Even if successfully positioned, the 
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resultant compartmentalization of the dialysate in the perito
neal cavity greatly decreases the surface area available for sol
ute clearance and ultrafiltration. Similar limitations exist for 
the placement of surgically implanted Tenckhoff catheters. 
For this reason, peritoneal dialysis is not generally offered to 
renal failure patients with previous major abdominal surge1y 
and likely intraabdominal adhesions. 

Catheter malfunction, manifested by slow dialysate instilla
tion, drainage, or both, may be caused by catheter malposi
tioning (catheter tip migration, entrapment in adhesions, or 
kinking) or luminal obstruction (blood clot, fibrin, or incarcer
ated omentum). An initial approach to this problem is to 
obtain an abdominal plain radiograph to determine the posi
tion of the catheter tip. If appropriately positioned, a throm
bolytic may be instilled into the catheter (171] .  After the liquid 
is aspirated, an exchange may be attempted. If catheter dys
function continues, it should be replaced. Catheter exit site 
infection, as evident by local redness and drainage, needs to 
have antibiotic treatment and usually does not mandate a 
change of catheter to a new exit location. More extensive 
infections, such as tunnel infection with or without peritonitis, 
obligates removal of the catheter and transient substitution of 
peritoneal dialysis with another dialytic modality. 

Selected Issues in Dialytic Tberapy 
for Acute Renal Failure 

MEMBRANE BIOCOMPATIBILITY IN HEMODIALYSIS.  
The development of a wide array of dialyzers allows an easier 
selection to fulfill the dialytic solute and ultrafiltration needs of 
the patient. However, with the advent of these newer mem
branes, an added criterion for selection of membranes in the 
management of ARF and the ESRD population is its biocom
patibility (172]. The interaction of both soluble and cellular 
components of the blood with the dialysis membrane may be 
important in the pathobiology of such varied issues as dura
tion of recovery from acute ischemic renal failure (173]; 
adverse intradialytic symptoms and signs such as fever, 
hypotension, and hypoxemia (1 15 , 174-177]; immunologic dys
function and infectious susceptibility (178-180]; maintenance 
of an anabolic state (181] ;  development of �2-microglobulin 
amyloidosis (74, 182]; and the severity of hyperlipidemia (183]. 

A plethora of alterations in cellular functions and physio
logic responses has been described in association with hemo
dialysis using cellulosic-based membranes, including the 
intradialytic generation of complement-derived anaphylatox
ins, such as C3a and C5a, via the alternate complement path
way in vivo ( 184]; induction of enhanced membrane 
expression of selected granulocyte adhesion molecules such 
as membrane attack complex and leukocyte adhesion mole
cule in vivo (185, 186] ; inappropriate production of reactive 
oxygen species such as superoxide by granulocytes in vivo 
(187]; activation of the coagulation pathway in vitro (188]; for
mation of kallik..rein and bradykinin (189]; enhanced monocyte 
elaboration of cytokines such as interleukin (IL)- 1 ,  IL-6, and 
tumor necrosis factor in vitro and perhaps in vivo [175 , 190-
192]; altered IL-2 receptor expression in vivo ( 193]; altered 
monocyte phagocytosis in vitro (179]; and defective natural 
killer cell function [194]. Membranes without these pro
inflammato1y effects are described as biocompatible. Another 
aspect of biocompatibility is the ability of the membrane to 
adsorb activated proinflammatory substances from the blood. 
Highly adsorptive membranes can efficiently reduce levels of 
factor D (an essential enzyme of the alternative pathway acti-

vation) [195], bradykinin, and pyrogenic cytokines such as Il
l and tumor necrosis factor. It has been sugge ted that 
removal of these substances may offer some benefit to criti
cally ill patients, although tl1is remains unproven (24 ] .  

Dialyzer membranes composed of bioincompatible materi
als are typically derived from cellulose, whereas biocompati
ble membrane dialyzers are usually synthetic mate1ials, such 
as polysulfone, polymetl1ylmethacrylate, polyamide, or poly
acrylonitrile. Many adverse pathobiologic consequences of 
hemodialysis that arise from membrane interactions are 
thought to be attenuated by using biocompatible membranes. 
This has led to an increased preference for these membrane 
materials for dialyzers in maintenance hemodialysis. Because 
of the high ultrafiltration requirement for CRRT, and the inabil
ity of cellulosic dialyzers to fulfill this requirement. CRRT is 
always performed with highly porous biocompatible clialyzers. 

Several reviews examined the impact of dialysis membrane 
type on outcome in patients with ARF (196-1991. Ba -eel on in 
vitro models of ischemic ARF (200] and several in uivo inter
ventional trials [173,201] ,  the use of biocompatible membranes 
has been espoused to enhance patient survival, expedite 
recove1y from ARF, and diminish the need for dialytic support 
(202]. However, those reports are not uniform (203-205]. Stud
ies addressing patient symptoms such as hypotensive epi
sodes, angina, and bronchospasm during hemodialysis have 
not demonstrated any difference between membrane types 
(206]. Although catabolic effects were demonstrated in experi
mental single hemodialysis sessions witl1 bioincompatible 
membranes [181] ,  a long-term study found an increase in 
serum albumin in both groups of patients treated with bio
compatible and bioincornpatible membranes [207]. In the 
same study, flux characteristics of the membranes were not 
found to have a significant effect on nutritional parameters. 
Because of the inconsistent nature of the available e iclence, it 
is not justifiable to recommend the routine exclusion of bioin
compatible membrane clialyzers to treat patients with ARF 
(208,209]. A limitation of biocompatible membrane dialyzers is 
their increased cost compared with cellulosic membrane dia
lyzers. Although the benefits of biocompatible membrane 
materials are not conclusive, the two well-controlled. prospec
tive studies supporting their use demonstrated no detrimental 
effect when compared witl1 cuprophan (173,201] .  

Comparing tl1e results across trials is  difficult because of the 
va1ying definitions of membrane biocompatibility, clialyzer 
flux, achieved hemodialysis adequacy, and disparity in the 
patients' demographics, comorbicl conditions, cause of ARF, 
presence of oliguria, follow-up duration, and sample size. In 
conclusion, choosing a biocompatible membrane means pay
ing more for uncertain but potentially improved patient out
comes in selected patients (210] .  

DOSE OF DIALYSIS. As i s  true for maintenance peritoneal 
and hemodialysis, the amount of solute clearance provided 
during ARF likely affects outcomes (211 ] .  Using urea as a sur
rogate uremic toxin, the amount of urea removed can be 
quantitated by its fractional clearance during a di lysis ses
sion. For hemodialysis, a commonly used measure is the URR. 
For maintenance hemoclialysis patients, a URR of less than 
60% to 65% is associated with an increased odds ris· of death 
(212,213]. An alternative measurement is the KtN, w ich is the 
fractional reduction of urea adjusted for the urea distribution 
volume. A KtN less than 1 . 2  is associated with increased 
death risk for maintenance hemodialysis patients [2131 .  Argu
ably, a similar close-response relationship may exist for 
patients with ARF. 

In an outcome analy is of patient survival wit!: ARF, the 
mean delivered KtN was significantly higher among srnvivors 



(0.90 ± 0.04 vs. 0.76 ± 0.05) [2 14] .  However, it was observed 
that the quantity of hemodialysis exerted no influence for the 
highest and lowest patient disease severity quartiles but did 
have an impact on the survival of patients with moderate 
severity scores. It is not surprising that the amount of dialysis 
would have no discernible influence when the disease sever
ity and comorbidity are extreme as competing risks. There is 
inadequate information to recommend a minimum or optimal 
delivered dose of hemodialysis in ARF. However, there is no 
reason to anticipate that the delivered hemodialysis dose 
should be less than a Kt/V of 1 . 2  or URR of 65% as recom
mended for maintenance hemodialysis patients [213] .  

CONTINUOUS VERSUS INTERMIITENT DIALYTIC THER
APY. Advocates of CRRT espouse several putative advantages 
of CRRT over intermittent hemodialysis. Fluid removal is a 
common reason for initiating dialysis in ARF, and this can eas
ily be achieved by either CRRT or hemodialysis. However, 
because of its intermittent nature, significant volume expan
sion can occur between hemodialysis treatments, especially if 
the patient is receiving parenteral nutrition. In contrast, CRRT 
allows precise hourly adjustments of the ultrafiltration rate 
that readily permits the removal of more than 10 L per day. 
Because ultrafiltration with CRRT is gradual, hemodynamic 
stability may be more readily maintained. Therefore, a princi
pal advantage of CRRT is that it permits the allocation of nutri
tion with less concern for volume overload [215] .  Similarly, the 
continuous dynamic nature of CRRT may allow better correc
tion of azotemia and acidemia [2 1 6] .  Seven hours of daily 
intermittent hemodialysis are necessa1y to achieve similar lev
els of urea clearance as CRRT (21 7] .  In a comparison of CVVH 
and hemodialysis in patients with ARF, CRRT provided bener 
control of azotemia for equal amounts of therapy (218] .  

Sepsis syndrome and multiorgan failure in association with 
ARF (203] predict a poor outcome, perhaps related to the 
activity of proinflammato1y substances such as activated com
plement fragments, platelet-activating factor, arachidonic acid 
metabolites, kinins, selected cytokines, and proteases 
(219,220]. It has been speculated that CRRT may improve 
patient outcomes by removing these inflammatory mediators 
in sepsis and multiorgan failure syndrome with renal failure. 
Several human studies demonstrated that hemofiltration 
removes inflammato1y mediators like tumor necrosis factor, 
IL-1�, IL-6 , platelet-activating factor, and complement frag
ments from circulation (22 1 ,222]. The mechanism of removal 
is through convective clearance or by the adsorption to the 
hemofilter membrane. 

Despite these theoretical advantages, CRRT has not been 
demonstrated to be of added benefit over conventional dialysis 
to enhance patients' outcomes. Based on an analysis of data 
from 15 studies performed between 1986 and 1993, CRRT was 
not observed to improve patient outcomes when compared 
with d1e intermittent hemodialysis (223]. In a randomized cross
over inte1vention trial comparing d1e hemodynamic response to 
intermittent hemodialysis versus CAVH in ICU patients with 
ARF, no difference in d1e hemodynamic parameters (mean arte
rial pressure, use of ;idrenergic drugs, change in body weight) 
occurred between d1e two methods (224]. In a multicenter, ran
domized, controlled trial of 1 66 patients wid1 ARF, treatment by 
intermittent hemodialysis resulted in lower mortality (41 .5%) 
compared with CRRT (59.5%) (225]. However, patients random
ized to CRRT had more severe disease. After statistical adjust
ment for this difference, both groups had sinillar mo1tality. In a 
prospective study, 79 ICU patients with ARF were stratified by 
severity of illness and then randomized to CVVHD or intermit
tem hemodialysis [226]. Clinical and demographic variables, 
and the types of hemofilter and dialysates, were consistent 
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across modalities. Ald1ough a trend towards more renal recov
eries was observed in the CVVHD group, d1eir length of stay in 
the ICU and mortality were higher. Historically, CRRT has pref
erentially been used in patients who were believed to be too 
hemodynamically unstable for conventional hemodialysis. 
Therefore, d1e inability to demonstrate a favorable effect on 
mortality for CRRT may be a consequence of patient selection 
bias (i.e. ,  u·eatment by indication), which biases towards the 
null. The possibility also exists that CRRT may have deleterious 
consequences and so contribute to competing risks. For exam
ple, by eliminating beneficial cyrokines, IL-1 receptor amago
nist and IL-10, peptides with antagonistic effects against IL-1 ,  
and tumor necrosis factor, respectively, adverse effects may be 
produced [227]. 

There are operational drawbacks in the use of CRRT. These 
include the greater need for anticoagulation, increased fre
quency of access-related problems due to its continuous use, 
intensive nursing support requirements, lack of mobility for 
the patient (not a consideration if the patient is ventilated), 
slower onset of removal of electrolytes in emergent cases, and 
cost, which is estimated to be 2.5 times that of conventional 
hemodialysis. 

NUTRITION. The importance of adequate nutrition in 
patients with ESRD and chronic kidney disease has been 
strongly suggested [228-230]. Critically ill patients with ARF 
are at high risk for malnutrition, in part because of reduced 
nutritional intake and also hypercatabolic processes, such as 
sepsis, glucocorticoid therapy, surgical trauma, and especially 
multiple organ failure [23 1 ] .  Dialysis itself may adversely affect 
nutritional status; amino acids and water-soluble vitamins are 
readily removed with dialysis. Peritoneal dialysis can comrib
ute to substantial protein losses, far more so than conven
tional hemodialysis or CRRT. Moreover, hemodialysis with 
bioincompatible membranes may worsen catabolism. Inade
quate nutrition in ARF can lead to endogenous protein break
down and worsening catabolism, along with delayed 
postoperative healing and impaired host defenses. In turn, 
nutritional support may improve patients' outcomes [240]. 

In past years, protein intake was severely restricted in patients 
with ARF in an effort to reduce urem.ic symptoms. However, 
institution of adequate nutritional support has appropriately 
become standard practice. As stated earlier, dialysis should be 
in.itiated relatively early for ARF to perm.it adequate nuu·itional 
suppon, especially in catabolic patients. Once begun, dialysis 
may need to be more intensive, so that resultant niu·ogenous 
waste products can be sufficiently cleared and adequate volume 
removed. Dialysis should be prescribed as needed to control 
azotemia wid1out compromising nutrition, even if u·eam1ents are 
prolonged (5 to 6 hours) or more frequent (four to six per 
week). CRRT may offer especially practical and effective modal
ities for critically ill patients who require large volumes of hyper
alimentation wid1 their other obligate intake. 

Current recommendations for nutrition in patients with ARF 
include enteral or parenteral adm.inistration of 25 to 35 kcal 
per kg per day of energy and 1 . 2  to 1 .4 g of protein per kg per 
day (240]. 

DISCONTINUING DIALYSIS. Recove1y from ARF usually 
occurs within 4 weeks, but may take 6 to 8 weeks if a severe 
insult has occurred or if preexisting renal insufficiency was 
present. It is imperative to periodically examine factors diat 
may be associated with functional recovery. Generally, a urine 
output of less than 0.75 L per day is insufficient to provide 
clearance of obligate solute. However, the urine output alone 
cannot be used to gauge the safety of discontinuing dialysis, 
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particularly in critically ill patients. This aspect of care must be 
individualized, balancing the risks of holding renal replace
ment therapy against the benefit and risks of continued dialy
sis, which includes the reduced chance for recovery of renal 
function with continued therapy. 

Several laborato1y parameters may provide clues that renal 
function is returning. A urine osmolality dissimilar to that of 
plasma or a specific gravity of greater than 1 .020 or less than 
1 .010 indicates the ability of the kidney to concentrate or 
dilute the urine, a capacity lost when renal tubular function is 
severely impaired. Paradoxically, the BUN concentration may 
increase during recove1y because of improved tubular reab
sorptive capacity. As renal function improves, the serum crea
tinine concentration typically plateaus or slowly decreases. If 
the interdialytic rate of rise of the serum creatinine concentra
tion is progressively less, renal function may be improving. If 
the serum creatinine concentration decreases between dialysis 
treatments and the patient is not threatened by volume over
load or metabolic complications, dialysis should be withheld 
and the patient followed carefully. 

Discontinuing dialysis based on a relentlessly declining clin
ical condition is far more challenging because of the frequent 
uncertainty in defining the patient's prognosis [232]. In most 
critically ill patients who develop A.RF, the extent of comorbid 
disease (e.g. , sepsis, cardiac failure, surgical trauma, etc.) 
determines the clinical outcome. Withdrawing dialysis may be 
appropriate when further aggressive care is ineffective but 
will almost certainly hasten death. Like most ethical dilemmas 
encountered by ICU staff, the care of the dying patient must 
be individualized to reflect the wishes of the patient or his or 
her designated advocate [232]. It is mandatory to fully inform 
the patient or his or her health care proxy, or both, of the 
potential risks and benefits of dialysis before it is begun. In 
cases in which the patient, his or her health proxy, and the 
proximate caregivers are ambivalent because of an uncertain 
outcome, it may be helpful to recommend dialysis for a 
defined period. After this time, the patient's clinical condition 
can be reassessed and the decision to proceed with additional 
dialysis treatments readdressed. The institution of dialysis 
does not mandate that this intervention is continued indefi
nitely. Many patients agree to short-term dialysis therapy but 
elect a priori to decline chronic dialysis if it is deemed neces
sa1y, based on quality of life considerations. A thoughtful, 
realistic, and compassionate approach to the patient with A.RF 
should allow the patient, his or her family, and physicians to 
share in decision making [232]. 

MATCHING THE DIALYSIS MODAIJTY TO THE PATIENT. 
There is no consensus as to the definitive dialysis modality for 
a particular clinical sin1ation [233,234]. We offer these guide
lines based on our experiences and our assessment of the 
available evidence (Table 30-4): 

1 .  If a large volume of fluid removal is required, hemodialysis 
or CRRT is the prefeITed treatment. In situations in which 
the expected ultrafiltration volume is more than 10% of the 
body weight, CRRT should take precedence. 

2. If solute clearance is the main consideration, hemodialysis 
or CRRT is the choice. Note that CAVHDF and CVVHDF 
achieve the greatest solute clearance with time. 

3. If rapid fluid or solute correction is needed (such as for 
hyperkalemia), hemodialysis is the most efficient in the 
shortest amount of time. 

4. If anticoagulation is contraindicated, heparin-free hemodial
ysis (for those with high demands for clearance) or perito
neal dialysis (for those with lower demands for clearance) 
would be appropriate. 

Table 30-4. Considerations Relevant to the 
Selection of a Dialysis Modaliry 

Patient specific 
Residual renal function 
Cardiovascular status 
Pulmonary status 
Volume status 
Volume load 
Medications 
Comorbid conditions 

Surgery 
Myocardial or coronary 

disease 
Coagulopad1y 
Hemorrhage 
Sepsis 
Arrhyd1mias 
Malnutrition 
Diabetes mellitus 
Burns 
Vasculopad1y 

"Applicable to peritoneal dialysis only. 

Dialysis specific 
Membrane composition 
Membrane surface area 
Ulu-afiltration coefficient 
Dialysate composition 

Sodium 
Potassium 
Base 
Calcium 
Dexu-ose 
Magnesium 

Blood and dialysate flow 
Dialysis duration and frequency 
Dialysate volume" 
Angioaccess 
Peritoneal access" 
Anticoagulation 

5. If the patient is hemodynamically unstable, peritoneal dial
ysis is the safest option. CRRT may be considered as an 
alternative. 

6. If vascular access cannot be established, peritoneal dialysis 
is the only option. 

7. Because of its restrictions on mobility, CRRT mar present 
more of a problem for conscious patients. 

8. In neurosurgical patients or patients with hepatic coma 
and cerebral edema, CRRT and peritoneal dialysi are less 
likely to increase intracerebral pressure further by induc
ing osmotic dysequilibrium [235,236] . 

9. In hypercatabolic patients who require large fluid volumes 
for nutritional support, CRRT is advantageous. 

10. If dialysis nursing support is not available, peritoneal dial
ysis is the simplest to manage. 

1 1 .  Hemodialysis is most efficient for rapid drug or toxin 
removal. 

Regardless of the dialy is modality selected, it is vital that 
the full range of dialysis techniques is available. The selection 
of one form of therapy does not preclude change to another 
when the dynamics of the clinical condition alter. 

Selected Complications of Dialysis 

CONVENTIONAL HEMODIALYSIS. The complications of 
hemodialysis are best managed conceptually as those arising 
from ultrafiltration, solute clearance, and from technical vari
ances (Table 30-5). 

Cardiovascular Complications. Hypotension durin hemo
dialysis is a common complication. TI1ere are many factors that 
may play a role in the pathophysiology of int.radialytic ypoten
sion [237-240]. These are listed in Table 30-6. Intraclialytic 
hypotension is typically ascribed to excessive ult.rafiltration 
(frank intravascular volume depletion resulting in di.."11inished 
left ventricular filling pressure) or to an excessive rate of ultrafil
tration (volume removal from the intravascular space at a rate 
that exceeds the capacity of interstitial fluid to migrate into this 
compartment). Conunon additional contributory factors include 
left ventricular clysfunctio (systolic or diastolic seconda1y to 



Tab/,e 30-5. Dialysis Complications 

Hemoclialysis 
Hypotension 
Cramps 
Bleeding 
Leukopenia 
Arrhythmias 
Infections 
Hypoxemia 
Pyrogen reactions 
Dialysis clysequilibrium syndrome 
Angioaccess dysfunction 
Technical mishaps 

Incorrect clialysate mLxture, contaminated clialysate, air embo
lism, spallation 

Hemofiltration 
Bleeding 
Thrombosis of hemofilter 
Technical mishaps 

Incorrect clialysate mixture, incorrect replacement solution, con-
taminated clialysate, air embolism 

Hemolysis 
Angioaccess dysfunction 
Hypotension 
Congestive heart failure 

Peritoneal dialysis 
Peritonitis 
Catheter infections 
Catheter dysfunction 
Abdominal pain 
Visceral perforation 
Pleural effusion 
Respirato1y failure 
Technical mishaps 

Inappropriate clialysate composition, contaminated clialysate 

comorbid illness or medications), autonomic dysfunction (sec
ondary to disease processes or medications), lack of pressor 
hormone stimulation, inappropriate vasoclilatation (seconda1y 
to sepsis, medications), disease of the pericardium or the peri
cardia! space, and bleeding. It is important to appreciate that 
other critical components of the dialysis procedure may contrib
ute to the development of hypotension. These include the 
choice of clialysate (buffer, sodium, and calcium concentration), 
clialyzer membrane composition, and porosity. Specific provoc
ative issues are the (a) vasodilatory and carclioclepressant effects 
of acetate; (b) impairment of vasoconstriction, exacerbation of 
autonomic dysfunction, and declining serum osmolality with a 
hyponatremic clialysate; (c) vasodilato1y and carcliodepressant 

Tab/,e 30-6. Pathophysiology of Hypotension during Hemoclialysis 

Contributing 
factors 

Hypovolemia 

Reduced cardiac 
output 

Autonomic dys
function 

Reduced vascu
lar tone 

Response to dial
ysis system 

Probable mechanism(s) 

Excessive fluid removal or ultrafiltration at a rate 
exceeding that at which interstitial fluid moves 
to intravascular space; hemorrhage 

Systolic or diastolic left ventricular dysfunction 
clue to drugs or comorbicl conditions; pericar
dia! disease 

Associated with uremia, comorbicl states (e.g. , 
diabetes mellitus), cenain medications (e.g. , 
beta-blockers) 

Associated with certain medications (e.g., narcotic 
analgesics) and with comorbicl states such as 
sepsis 

Acetate, low calcium, low sodium in clialysate; 
bioincompatible clialyzer membranes 
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effects of a lowered calcium dialysate; (cl) cellulosic membrane
inclucecl complement activation; (e) cellulosic membrane
induced or acetate-induced hypoxemia; (f) complement or 
pyrogen-induced production of proinflammato1y cytokines; and 
(g) dialysis membrane immediate hypersensitivity mediated by 
kalliluein/bradykinin activation [139-145,160, 161 ,218,228]. 

Preemptive strategies should be taken to prevent hypoten
sion in the setting of hemodialysis [2 13,241] .  The dialysate 
solution should have higher concentrations of sodium (140 to 
145 mEq per L), calcium (3 .5  mEq per L), and bicarbonate, if 
not othe1wise contraindicated. In some cases, the temperature 
of the dialysate can be lowered to 34° to 36°C. Cooler dialy
sate results in increased myocardial contractility [242] and 
peripheral vasoconstriction [243]. The ultrafiltration rate (as 
determined to achieve the estimated dry weight) should be 
closely regulated, and a volumetric-controlled machine is 
preferable. The time on dialysis can be increased if large
volume ultrafiltration is desired (decreased rate of ultrafiltra
tion) and sequential ultrafiltration clearance can be instituted 
to give better cardiovascular tolerance. The use of a biocom
patible clialyzer membrane may provide additional benefit as 
discussed earlier. Antihypertensive medications should be 
withheld before each treatment in patients prone to hypoten
sion during dialysis. Hypotension is managed acutely by intra
venous infusion of saline, hypenonic saline, dextran [244], or 
albumin. Ultrafiltration rate should be transiently reduced with 
continuation of hemodialysis. In hemodynamically unstable 
patients, inotropic agents and supplemental oxygen may be 
required. Other potential causes of low blood pressure during 
hemodialysis should be considered, such as myocardial 
ischemia with left ventricular dysfunction, arrhythmias, and 
pericardia! tamponade from hemorrhage and bleeding. 

Dialysis-associated arrhythmias occur most often in patients 
with comorbid cardiovascular disease, cardiac glycoside 
administration, a concurrent rapid decline in plasma potassium 
concentration, or a combination of these factors [245]. In high
risk patients, the dialysate potassium concentration should be 
increased to 3 to 4 mEq per L. lnterdialytic hyperkalemia can 
be managed by more frequent dialysis treatments or the sup
plemental administration of Kayexalate, if not contraindicated 
because of gastrointestinal dysfunction. Myocardial ischemia 
and hypoxemia must be ruled out and treated if present. 

Dialysis Dysequilibrium. The dialysis dysequilibrium syn
drome is an admixture of neurologic symptoms and signs asso
ciated with the excessive removal of solute that occurs with the 
initiation of hemodialysis or in the setting of a dramatic increase 
in the amount of hemodialysis delivered to a chronically poorly 
dialyzed patient. The precise pathobiology of this disorder is 
undefined but seems associated with increases in intracerebral 
pressure (246]. Although not uniformly supported experimen
tally [247,248], most evidence suggests that during rapid solute 
clearance with hemodialysis, urea departure from the CSF is 
delayed. The brain becomes relatively hyperosmolal, and water 
shifts into the brain (249]. Because bicarbonate enuy into the 
CSF is also relatively delayed, an additional contributor to the 
increase in inu·acerebral pressure is the transient paradoxical 
development of CSF acidosis with hemodialysis. CSF acidosis 
increases inu·acerebral osmotic activity. The intracerebral accu
mulation of organic osmolytes, such as inositol, glutamine, and 
glutamate in the brain (250], is an adaptation to the hyperosmo
lality in chronic azotemia. These osmolytes further contribute to 
the discrepancy in osmolality during rapid hemodialysis. These 
alterations result in paradoxical inu·acerebral swelling. Because 
such adaptation occurs less in ARF, dialysis dysequilibrium is 
uncommon in d1is setting. The clinical manifestations may 
range from mere headache and nausea to disorientation, sei
zures, coma, and even death when especially severe (251] .  
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The simplest way to prevent dialysis dysequilibrium is to 
slow solute clearance during hemoclialysis by using a smaller 
surface area dialyzer, decreasing blood and clialysate flows, 
circulating the blood and clialysate in a concurrent direction, 
and decreasing the duration of dialysis. Typically, a urea 
clearance of 1 to 2 ml per minute per kg is well tolerated. 
However, such a low urea clearance may delay resolution of 
uremia. This limitation can be overcome by performing hemo
dialysis with low solute clearance for 3 consecutive clays [ 142] . 
Alternatively, dialysis can also be initiated using peritoneal 
dialysis, with its lesser solute clearance. Additional preventive 
strategies include the intraclialytic administration of mannitol 
or dextrose or the use of a hypernatremic clialysate. The use 
of a high-sodium dialysate appears to be the most effective 
strategy [90]. The intent is to minimize the decline in serum 
osmolality by substituting another osmolyte for urea. Finally, 
in high-risk patients who require aggressive solute clearance, 
the patient should receive a loading dose of phenytoin before 
the initiation of hemodialysis, and a maintenance close should 
be continued over the subsequent 72 hours as a full dialysis 
schedule is achieved. Once dialysis clysequilibrium has devel
oped, therapy consists of administration of antiepileptics and 
reducing cerebral edema by inducing hyperventilation and 
administering mannitol. Neurosurgical patients with stable 
ESRD treated by hemoclialysis may exhibit a similar propen
sity to develop cerebral edema. Even in the setting of solute 
clearances that are not a consequence of major changes in the 
hemoclialysis prescription, caution should be undertaken in 
performing hemodialysis in this group of patients [235,2361. 

Hypoxemia. In some hemodialysis patients, a 5- to 35-mm 
Hg decline in arterial oxygen tension is observed. For most 
patients, this decline in arterial oxygen tension is usually of no 
clinical significance. However, in critically ill, nonventilated 
patients with preexisting respiratory and cardiac compromise, 
this decline in 02 tension can result in overt respiratory failure, 
CNS hypoxemia, cardiac arrhythmias, hypotension, or a com
bination of these. Dialysis-associated hypoxemia appears to 
result from the interaction of the dialysate, dialysis membrane, 
lungs, and respiratory control center. As discussed earlier in 
this chapter, with acetate-based clialysates, C02 is cleared from 
the blood into the dialysate. The dialysance of C02 results in 
hypocapnia, which causes compensatory hypoventilation and 
hypoxemia (normocapnic hypoventilation) [252] . Less contrib
utory to the development of dialysis-associated hypoxemia is 
the interaction between blood complement and selected dial
ysis membrane materials. Cellulosic membrane materials acti
vate complement by the alternate pathway, giving rise to 
anaphylatoxins that alter pulmonary regional ventilatory and 
perfusion patterns [253]. In addition, leukocyte interactions 
with the dialysis membrane enhance cell membrane expres
sion of selected leukocyte adhesion molecules, causing leuko
cyte pulmonary sequestration [ 1 1 5,254]. Modifications of the 
hemodialysis procedure that minimize this complication 
include the use of a bicarbonate-based dialysate containing 30 
to 35 mEq per L and use of a biocompatible dialysis mem
brane material .  Patients at high risk should have their inspired 
oxygen concentration empirically increased during the hemo
dialysis treatment. 

Technical Errors. Because the monitoring techniques for the 
performance of hemodialysis have improved, technical errors 
that compromise patient safety, such as air emboli, incorrect 
clialysates, and hemolysis, are now remarkably uncommon. As 
discussed earlier, pyrogen reactions are a persistent and vex
ing problem that result from the development of high-porosity 
dialysis membranes [76] and ultrafiltration controllers, com
bined with the greatly increased utility of bicarbonate-based 

dialysates [77]. Arguably, strict adherence to prescribed guide
lines for water and dialysate purity can minimize this occur
rence [255]. In the case of a suspected pyrogen reaction, 
blood cultures should be performed, and the patient should 
be treated with systemic antibiotics until the possibility of sep
ticemia has been eliminated. 

CONTINUOUS RENAL REPLACEMENT THERAPY. Tech
nical evolution and increased experience have made CRRT a 
well-tolerated therapy with low complication rates. The most 
frequent complications are those related to the access and the 
need for intensive anticoagulation. Less frequently, problems 
arise from balancing ultrafiltration and clearance needs. Com
plications from establishi g and maintaining angioaccess are 
discussed in an earlier section. 

Bleeding is the most vexing problem encountered in CRRT 
techniques. Its risk is increased by the continuous need for 
anticoagulation during CRRT. Bleeding may be internal (gas
trointestinal, intracerebral, or both) or localized to th catheter 
insertion site. Although not typically life-threatening, infection 
of a hematoma or distortion and compression of vase Jar anat
omy can be problematic if protracted dialysis is needed. An 
infected hematoma may lead to sepsis in a critically ill patient. 

Because automated safeguards are fewer with CRRT and 
replacement solutions are often needed, errors are more com
mon. Hence, vigilant and experienced staff is mandatory. A 
host of metabolic abnormalities may develop as a conse
quence of variances in the replacement solution or t he dialy
sate. For example, if CAVH is performed in the absence of a 
bicarbonate-containing replacement solution, severe hyper
chloremic metabolic acidosis develops [21] .  Excessive solute 
replacement can result in hypernatremia, metabolic alkalosis, 
hyperkalemia, hypercalcemia, and hypermagnesemia. Inade
quate solute replacement may cause hyponatremia, hyper
chloremic metabolic acidosis, hypokalemia, hypocalcemia, 
and hypomagnesemia. The removal of phospate is usually 
high in CRRT and may necessitate replacement. 

Techniques like CRRT, that depend on convective clear
ance, obligate the formation of large volumes of ul trafiltrate 
and require the administration of a replacement fl id. This 
must be done with precision because errors can result in gross 
fluid imbalances of both extremes. Changes in key parameters 
(central venous pressure, mean arterial pressure, pulmonary 
artery wedge pressure) should prompt reassessment and 
changes to the prescriptions. Adequate patient and technical 
surveillance can prevent this problem. A meticulously main
tained flow chart, recording the progress of the procedure and 
displaying an ongoing ledger of the patient's fluid balance, is 
absolutely essential. 

PERITONEAL DIALYSIS. The most common complication of 
peritoneal dialysis is peritonitis, which is reviewed in detail 
elsewhere [256]. Although peritonitis may occur as a conse
quence of bacteremia, it usually results from introcl ction of 
bacteria through the catheter during an exchange or from bac
terial migration along the catheter tunnel. The incidence of 
peritonitis has declined, predominantly because of improve
ments in apparatus [257l. The diagnosis of bacterial peritonitis is 
not difficult. Symptoms and signs of fever, abdominal pain and 
tenderness, and cloudy dialysate effluent are noted within 6 to 
24 hours of tl1e provocative event. It must be recognized that 
clialysate turbidity may be less apparent because of tlle rapid 
cycling and short dwell times typical of acute peritoneal dialy
sis. The diagnosis of peritonitis is made if t11e leukocyte count is 
more tl1an 500 cells per µL (or 250 polymorphonuclear leuko
cytes per µL). Routine sentinel cell counts and culture of dialy-



sate fluid may help detect early infections. Antibiotics should be 
initiated while awaiting definitive culture results. Stapbylococ
cus aureus and epidermidis account for more than 50% of the 
cases of bacterial peritonitis, although polymicrobial [258] and 
fungal infections should not be discounted in the ICU. Appro
priate antibiotics may be administered intraperitoneally (259]. In 
some severe cases of peritonitis, discontinuation of peritoneal 
dialysis should be considered. 

Common metabolic abnormalities associated with perito
neal dialysis are hyperglycemia, hyper- and hyponatremia, 
hypokalemia, and hypercalcemia. Insulin may be required for 
adequate glycemic control, and hypokalemia can be corrected 
with addition of potassium into the clialysate. 

Less common, bur with devastating ramifications, is the 
occurrence of a hydrothorax, which is present in approxi
mately 5% of patients (260] and is clue to tracking of clialysare 
into the pleural space through a defect in the diaphragm. The 
diagnosis is straightfo1warcl from rhoracocentesis; the pleural 
fluid has a high glucose and urea content. At the very least, 
hydrothorax should prompt a reduction in dwell volume. 
Placing the patient in reverse Trendelenburg position may 
reduce the tendency of dialysate to leak into the chest cavity. 
If these measures fail to control the problem, changing to 
another clialytic modality is recommended . 

Finally, dialysate in the peritoneum can also contribute to 
respiratory compromise by limiting lung expansion. This may 
pose a serious problem in patients with marginal pulmona1y 
reserve. As with hydrothorax, if reduction in dialysare dwell 
volume is nor possible or fails to correct rhe issue, alternative 
treatment options should be explored. 
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hemapheresis of, 182-186 
transfusions of. See Transfusions 

Blood flow, cerebral, 196--198, 200--201 
disorders of. See Cerebrovascular disor

ders 
Doppler imaging of, 201 , 201 f  

laser flowmetry i n ,  206 
h modynamic rese1ve in, 203 
intracranial pressure affecting, 201 
and jugular venous oxygen cont nt, 199, 

199f 
and jugular venous oxygen saturation, 

203 
monitoring of, 196--198, 200--201 
o>.1'gen delive1y in, 196, 197, 199, 199f 
p rfusion pressure in, 197, 199 

and brain tissue oxygen tension, 204f 
bronchoscopy affecting, 137-138 

radionuclide imaging of, 200--20 l 
regulation of, 197, 1 98f, 199 
in subarachnoid hemorrhage, 20 1 ,  201f 
velocity of, 201 ,  20lf 

Blood gas analysis, arterial, 146--148. See also 
Gases, arterial blood 

Blood pressure 
in hypotension. See Hypotension 
mean anerial ,  231 

affecting cerebral blood flow, 197, 198f 
and brain tissue oxygen tension, 204f 

monitoring of, 229-231 
cad1eter placement and care in, 36, 37, 

230--231 
indirect, 229-230 
in pulmona1y hypertension, 59 

Body urface area calculation, 56, 57f 
Bonanno catheter in percutaneous cystot

omy, 2 1 1 ,  212,  212f 
Brachia I arte1y 

catheterization of, 40 
for arterial pressure monitorb1g, 231 

palpation of, 40, 40f 
puncture for a1terial blood gas analysis, 

146 
Brachia! vein catheterization, 20, 2 1  

in  rempora1y cardiac pacing, 71-72 



Bradycardia 
in cardioversion complications, 77, 78 
sinus, 67 
temporary cardiac pacing in, 67 

indications for, 67 
Brain 

edema of, 190 
glucose utilization in, 1 96 
monitoring of, 196-207 

brain tissue Oll.'Ygen tension in, 
203-204 

cerebral blood flow measurements in, 
196-198, 200-201 

characteristics of devices in, 1 96, 197t 
Doppler techniques in, 201, 206 
electroencephalography in, 206 
evoked potentials in, 206-207 
goals of, 196 
imaging procedures in, 200 
intracranial pressure in, 201-203 
jugular venous Oll.'Ygenation in, 203 
neurochemical analysis in, 206 
optoacoustic, 205f, 206 
physical examination in, 198t, 198--199 
spectroscopy in, near-infrared, 

205-206 
temperature in, 199-200 

Oll.'Ygen consumption rate, 196, 197, 198f, 
199, 199f 

and jugular venous oxygen saturation, 
203 

oxygen delivery to, 196, 197, 199 
and brain tissue oxygen tension, 203 
and jugular venous oxygen saturation, 

203 
reduced, 196-197 

oxygen tension in tissue, 203-204, 204f 
traumatic inju1y of. See Head trauma 

Bronchoalveolar lavage, 136, 257, 258 
diagnostic yield in, 258 
in pneumonia, 258 
in unstable patients, 258 

Bronchopleural fistula, bronchoscopy in, 137 
Bronchoscopy, 135-138 

in asthma, 137 
in bronchopleural fistula, 137 
complications of, 137 
contraindications to, 137-138 
in hemoprysis 

diagnostic, 135 
therapeutic, 137 

indications for, 135-137 
lung biopsy in, 135-136, 256-257 

diagnostic yield in, 257, 258 
in diffuse parenchymal disease, 

135-136, 257 
specimen handling in, 260-261 

in pneumonia, 135-136 
premedication in, 138 
procedure in, 138 
in smoke inhalation, 136 
in thoracic trauma, 136 
in tracheal intubation, 1 1 ,  136, 137, 

138 
in tracheostomy, percutaneous dilata

tional, 152 
Bulge sign in joint effusions, 214, 2 15f 
Burns and inhalation injury, 136 

Bypass 
carcliopulmona1y. See Cardiopulmonary 

bypass 
in extracorporeal life support 

venoarterial, 1 18, 1 19, 1 19f, 1 19t 
venovenous, 1 18, 1 1 8f, 1 19, 119t 

Calcium 
in clialysate formulations 

in hemodialysis, 270t, 271-272, 279 
in peritoneal dialysis, 270t, 275 

serum levels of 
elevated, dialysis in, 266 
hemapheresis affecting, 185 

Calcium hydroll.'Yapatite crystals, 217 
Calcium oxalate c1ystals, 217 
Calcium pyrophosphate dihydrate deposition 

disease, 217, 218t 
Calibration of pulse oximeters, 235 
Caloric intake in renal failure and dialysis, 

277 
Calorimetry 

direct, 246 
indirect, 246-249 

breath-by-breath method, 248 
closed-circuit system in, 246 
dilution method, 248 
energy expenditure calculation in, 

246-247 
equipment and technique in, 247-249 
factors affecting accuracy of, 248--249 
future directions in, 249 
indications for, 249 
mixing chamber method, 248 
open-circuit system in, 246-249 
oxygen consumption calculation in, 

247, 249 
substrate use calculation in, 247, 249 
theoretical basis of, 246-247 

Capnography, 234, 238--239 
indications for, 238--239 
infrared technique, 238 
mainstream sampling in, 238--239 
mass spectrometry technique, 238 
sidestream sampling in, 238--239 

Carbohydrate intake, indirect calorimetry in 
assessment of, 247, 249 

Carbon dioxide 
alveolar pressure, 238 
arterial partial pressure, 146, 147 

accuracy of, 148 
affecting cerebral blood flow, 197, 

198f 
compared to end-tidal measurements, 

238, 239 
compared to transcutaneous partial 

pressure, 237 
continuous invasive monitoring of, 239 
errors in analysis of, 147 
in hyperthermia, "148 
in hypothermia, 148 
normal variations in, 147 

central venous pressure, 148 
end-tidal, 238--239, 239f 

and brain tissue Oll.'Ygen tension, 204f 
compared to arterial partial pressure, 

238, 239 
in venous gas embolism, 239 

expired fraction, 247 
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expired pressure, 148, 238--239, 239f 
extracorporeal removal in respiratory fail-

ure, 1 18, 120, 124 
hypercapnia, 146 
inspired fraction, 247 
production of, indirect calori.rneuy in cal

culation of, 246-249 
total content, 148 
transcutaneous partial pressure, 148, 

236-238 
compared to arterial partial pressure, 

237 
Cardiac output, 55-56 

in heart failure, 1 12  
in  inu·aaortic balloon pump and counter

pulsation, 103 
measurement of, 55-56 

Fick technique, 56 
thermodilution technique, 55-56 

and mixed venous Oll.'Ygen saturation, 56 
Cardiac surgery, cardiogenic shock after, 

1 03-104, 1 13. See also Postcar
diotomy carcliogenic shock 

Cardiopulmonary bypass, 1 13, 1 17-124 
historical aspects of, 1 1 3  
postoperative management in, 1 17 
prognostic factors in, 1 17 
weaning from 

intraaortic balloon pump and counter
pulsation in, 103-104, 1 1 1 ,  1 12, 
1 1 3  

left ventricular assist devices i n  failure 
of, 1 14, 1 1 5 

Cardiotomy, cardiogenic shock after, 
103-104, 1 13 .  See also Postcar
diotomy cardiogenic shock 

Cardiovascular disorders 
in anesthesia for bedside procedures, 

221-222, 223, 224, 225 
arrhythmias in. See Arrhythmias 
echocardiography in, 80-94 
in hemodialysis, 278--279, 279t 
intraaortic balloon pump and counterpul

sation in, 102-1 1 1  
myocardial ischemia and infarction in. 

See Myocardial ischemia and 
infarction 

pericardiocentesis in, 97-101 
ventricular assist devices in, 102, 1 1 2-1 17 

Cardioversion, 73-79 
affecting implanted pacemakers and car

dioverter-defibrillators, 78--79 
anticoagulant therapy in, 76t, 76-77 
in atrial fibrillation, 75t, 75-77, 77t 

and anticoagulant therapy, 76t, 76-77 
complications of, 75-76, 77 
resistance to, 77, 77t 
urgent, 77, 77t 

cognitive and technical skills required in, 
75t, 75-76, 76t, 77 

and minimum training requirements, 
76 

electrical units in, 73-74 
electrode positioning in, 76 
with implantable cardiovener-defibrilla

tors, 78--79 
patient preparation in, 76, 76t 
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Cardi overs ion-continued 
shock waveforms in, 74, 74f 
in ventricular tachycardia, 73, 75t, 77-78 

acceleration of tachycardia in, 78 
complications of, 78 

Carotid arte1y puncture in jugular vein cathe
terization, 23 

Catheter-over-needle technique 
in paracentesis, 166 
in thoracentesis, l 42f, 142-143 

Catheterization 
antibiotic-impregnated catheters in, 30 
antiseptic-coated catheters in, 30 
arterial, 36--43. See also Arterial catheter-

ization 
central venous, 1 7-32. See also Central 

venous catheterization 
in drainage procedures, 253-254 

in lumbar drainage of CSF, 189-190, 
194 

in pericardia! effusions, 98, 98t, 99f, 
100-101 

in extracorporeal life support, 1 18-1 19, 
1 20f 

technologic advances in, 123 
in hemodialysis, 274-275 
infections related to 

in anerial catheterization, 42-43 
in central venous catheterization, 

28-32 

definitions of terms related to, 28 
diagnosis of, 28 
duration of catheterization in, 30 
epidemiology of, 28 
in femoral vein catheterization, 25-26 
in hemodialysis, 274, 275 
insenion site and technique in, 29, 30 
pathophysiology of, 28-29 
prevention of, 20t, 29 
in pulmonary artery catheterization, 

62 
rype of catheter in, 29 

insertion sites in 
in a1terial catheterization, 38 
in central venous catheterization, 

17-18, 18t, 30 
infections related to, 29, 30 

materials and coatings of catheters in, 30 
in peritoneal dialysis, 275-276 
in peritoneal lavage, 167, 1 68,  169 
pulmonary anery, 45-63. See also Pulmo-

nary artery catheterization 
in temporary cardiac pacing, 70-71 

complications of, 71-72 
in myocardial infarction, 68, 69t 
transvenous, 68, 69, 69f, 69t 

in tracheostomy, percutaneous dilata
tional, 152 

urina1y, 210-213 

in percutaneous cystotomy, 21 1-213 
urethral, 210-2 1 1  

Cation exchange resins i n  hyperkalemia, 265, 
279 

Celiotomy in abdominal trauma, 167, 169 
Central ne1vous system disorders, CSF analy

sis in 
in infections, 187, 188 
in tumors, 189 

Central venous catheterization, 17-32 
antecubital approach in, 18, 18t, 20-21 
antibiotic-impregnated catheters in, 30 
antiseptic-coated catheters in, 30 
catheter embolism in, 19 
catheter maintenance in, 29 
catheter tip location in, 19 
coagulopathy affecting, 19 
complications of, 18-20, 60 

in hemodialysis, 274, 275 
in tempora1y cardiac pacing, 71-72 

fever in, 30-32, 3 lf 
gas embolism in, 19 
guidewire exchanges in, 30 
in hemapheresis, 183 
in hemodialysis, 274-275 
historical aspects of, 17  
indications for, 17,  18t 
infections related to, 28-32 

in hemodialysis, 274, 275 
insertion site in, 30 
prevention of, 20t, 29 

new technologies in, 30 
peripherally inserted catheters in, 18t 
pneumothorax in, 129 
site selection in, 17-18, 18t 
sterile techniques in, 29 
in tempora1y cardiac pacing, 70-71 

complications of, 71-72 
thrombosis in, 19-20 

in femoral catheter, 26 
in subclavian catheter, 28 

vascular erosions in, 19 
Vita-Cuff in, 30 

Centrifugal pumps 
in extracorporeal life support, 1 19-1 20, 

123 
in ventricular assist devices, 1 13, 1 1 5, 1 17 

Cephalic vein catheterization, 20-21 
Cerebral blood flow. See Blood flow, cerebral 
Cerebrospinal fluid 

analysis of, 187-188 
in meningitis, 188 
in subarachnoid hemorrhage, 187, 188 

aspiration procedure, 187-194 
cervical puncture in, 189, 192 
cisternal puncture in, 192 
contraindications to, 187 
diagnostic indications for, 187-189 
lumbar puncture in, 190f, 190-192, 

191f 

from reservoirs and shunts, 188, 1 92f, 
192-193, 193f 

technique in, 190-194 
therapeutic indications for, 189-190 

drainage of, 189-190, 194 
leak in fistulas, 189-190 

in skull fractures, 189 
pressure of, 187, 190. See also lntracranial 

pressure 
shunt systems, 188, 192f, 192-193, 193f 

Cerebrovascular disorders 
embolism 

in arterial catheterization, 42 
gas, 42 

hemorrhage, cerebrospinal fluid analysis 
in, 187, 188 

ischemia, 196-198 

brain tissue oxygen tension in, 204, 
204f 

electroencephalography in, 206 
neurochernical monitoring in, 206 
temperature monitoring in, 1 99-200 
threshold for tolerable durati n in, 

197, 197f 
types of insults in, 196-197, 197t 

in ventricular assist devices, 1 1 7  
Ce1vical puncture for CSF access, 192 

in myelography, 189, 192 
Cervical spine injuries 

airway management in, 13  
transesophageal echocardiograp y in ,  86 

Chemotherapy 
intrathecal, 190 
tumor lysis syndrome in, 266 

Chest trauma.  See Thoracic trauma 
Chest tubes, 127-134 

complications of, 131-132, 134f 
contraindications to, 1 30 
Heimlich valves in, 1 34 
indications for, 1 27, 1 28t, 128-130 
in ertion technique, 130-1 3 1 ,  132f, 133f 

equipment in, 130, 130t 
malposition of tube in, 131  
patient position in ,  130 ,  131f  

management of, 132 
pleural anatomy and physiology in, 

1 27-128 
removal of, 132-133 
unde1water seal and suction regulation in, 

132 
Children 

caJorimet1y in, indirect, 248-249 
cerebrospinal fluid analysis in, 187, 188 

lumbar puncture technique in, 190, 191 
cricothyrotomy in, 158 
e>..tracorporeal life support in, 1 18, 1 19 

indications for, 120-1 21 
results of, l 22t,  1 23 

intraaortic balloon pump and counterpul
sation in, 104 

ketamine anesthesia in, 222 
tracheotomy and tracheostomy in 

complications of, 1 56, 157 
in emergency, 1 5 1  

Chin-lift maneuver i n  ailway obstruction, 4 
Chloride in dialysate formulations 

in hemodialysis, 270t, 272 
in peritoneal dialysis, 270t, 275 

Cholangiopancreatography, endoscopic ret
rograde, 161 ,  162 

indications for, 161 ,  16lt  
Cholecystostomy, 255 
Cholesterol 

in pleural fluid, 1 44-145 
in serum, low-densiry lipoproteL-1 aphere

sis in elevated levels of, 183 
in synovial fluid, 218 

Chylothorax, 129 
causes of, 1 29 
chest tube drainage in, 129 

Circulato1y dysfi.mction syndrome ai'ter para
centesis, 1 66 

Cirrhosis 
diuretic therapy in, 164 
p· racentesis in, 164-167 



Cisatracurium, 224t, 225 

Cisterna magna puncture for CSF access, 192 

Citrate in hemodialysis, 273 

Coagulation disorders 

central venous catheterization in, 19, 23 

drainage procedures in, 251 

echocardiography in, transesophageal, 86 

esophageal variceal hemorrhage in, 

172-173, 174 

in liver disease, 1 66 

paracentesis in, 166 

Colonoscopy, 161-162 

in pseudo-obstruction, 163 

technique in, 163 

Combitube for ai1way management, 1 1 ,  13 ,  

13f 

Computed tomography 
in drainage procedures, 252f, 253, 254f 

in neurologic disorders, 200 

prognostic value of, 200, 200t 

in thoracentesis guidance, 143 

Conscious sedation in endoscopy, 162-163 

complications of, 162 

Contrast agents in transthoracic echocardio

graphy, 83-84 

Coronary atherosclerosis 

anesthesia in, 221 
intraaortic balloon pump and counterpul

sation in, 104 

Corticosteroid therapy 
interaction with neuromuscular blocking 

agents, 225 

intraarticular injection in, 214 

Cost considerations 

in bedside procedures, 225 

in dialysate formulations, 272 

in open and closed structure of ICU, 254 
Counterpulsation with intraaortic balloon 

pump, 102-1 1 1  

complications of, 109-1 10 

contraindications to, 104 

indications for, 103-104 

physiology of, 103 

triggering and timing of, 108, 1 09f 

weaning from, 108-109 

Cranial nerve disorders after lumbar punc

ture, 192 

Cricothyrotomy, 13, 1 57-158 

anatomy in, 1 58 

complications in, 158 

contraindications to, 158 

in emergency, 1 57-158 

needle method in, 13, 14f 
C1yoprecipitate in renal insufficiency and 

platelet dysfunction, 266 

Ciystals in synovial fluid, 217-218, 218t 
Cultures 

of pleural fluid, 145 

of synovial fluid, 218 
in vascular catheter-related infect.ions, 28 

catheter segment cultures in, 28 

Cystotomy, percutaneous, 2 1 0-213 
catheter care in ,  2 1 2-213 
catheter types in ,  211 ,  212 ,  2 1 2f 
complications in, 2 1 2t, 2 1 2-213, 2 13f 

contraindications to, 2 1 1 ,  2 1 1 t  

indications for, 2 1 1 ,  2 l l t  

technique in, 21 1-2 1 2, 2 1 2f 

Cyta pheresis, 182-183, 184 

Cytology in pleural fluid analysis, 145 

Damping coefficient in blood pressure moni

toring, 37 

Defibrillation, 73-79 

critical mass theo1y on, 74 
electrical units in, 73-74 

factors affecting efficacy of, 74-75 

guidelines on, 78, 78t 
with implantable cardioverter-defibrilla

tor, 78-79 

shock waveforms in, 74, 74f 

charge-burping theory on, 74 

upper limit of vulnerability in, 74 

Dextran in intraaortic balloon pump and 

counterpulsation, 107, 1 1 0  

Dialysates 

in hemodialysis 
composition of, 269-272, 270t 
flow rate of, 269, 272 

in peritoneal dialysis, composition of, 

270t, 272, 275 

Dialysis, 263-281 
anticoagulant therapy in, 273-274, 278 

clearance of solutes in, 267, 268-269 

comparison of continuous and intermit-

tent therapy, 277 

complications of, 278-281, 279t 

continuous ambulato1y, 264, 264t 

continuous cycling, 264, 264t 
dialysates in 

composition of, 269-272, 270t, 275 

flow rate of, 269, 272 

discontinuation of, 277-278 

ethical issues in, 278 

close of, 276-277 
clysequilibrium syndrome in, 279-280 

in end-stage renal disease, 263-264, 

265 
hemoclialysis. See Hemoclialysis 

historical aspects of, 263 

in hypercalcemia and malignancy, 266 

in hyperkalemia, 265 

in hypervolemia, 265 

indications for, 265-266 
membrane biocompatibility in, 276 

in metabolic acidosis, 265-266 
modalities in, 263, 264t 

selection of, 278, 278t 
nutrition in, 277 

in platelet dysfunction, 266 
preservation of residual renal function in, 

266-267 

principles of, 267-269 

timing of initiation, 266-267 

in toxic conditions, 266 
in tumor lysis syndrome, 266 

ultrafiltration in, 267-268, 269, 275 

in uremia, 265 
vascular access for, 274-275, 275-276 

Dialyzers in hemoclialysis, 269 
biocompatibility of membranes in, 276 

Diarrhea in enteral nutrition, 180 
Disopyramide close and pharmacokinetics in 

renal failure, 23t 

Diuresis, postobstructive, in percutaneous 
cystotomy, 213  
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Diuretic therapy 
in ascites, 164 

in cirrhosis, 164 

in extracorporeal life support, 1 22 

in hypervolemia, 265 

Dopamine in ventricular assist devices, 1 1 5  
Doppler imaging 

blood pressure measurement in, 229-230 
of cerebral blood flow, 201,  201f 

laser flowmetry in, 206 
in echocarcliography, 81 ,  82 

in aonic regurgitation after thoracic 

trauma, 93, 93f 

color-flow mapping in, 81 

in heart failure, 88, 89f 

in myocardial infarction, 89 

in intraaortic balloon pump and counter
pulsation, 107, 1 08 

Dorsalis pedis anery catheterization, 39-40 
anatomy in, 39, 40f 

for arterial pressure monitoring, 231 
Doxacurium, 224t, 225 

Drainage procedures, 251-255 

cerebrospinal fluid, 189-190, 194 

complications of, 251 ,  254-255 

contraindications to, 251 

indications for, 251 ,  253t 

in pericardia! effusions, 98, 98t, 99f, 100--101 
technique in, 252-254 

Drugs 
administration of 

in enteric feeding tube, 180, 181 

intrathecal, 190 

antibiotic. See Antibiotic therapy 

anticoagulant. See Anticoagulant therapy 

hemapheresis affecting, 186 

psychiatric side effects of ketamine, 222 
Duoclenostomy tubes, transgastric, 179 

Duodenum, enteral nutrition infusion into, 
176, 179 

Dyes, intravascular, affecting pulse oximeny 

accuracy, 236 

Dysequilibrium syndrome in dialysis, 

279-280 

Dyshemoglobinemia, pulse oximet1y accu

racy in, 236 

Dysphagia in tracheotomy, 155, 1 57 

Ear, tympanic temperature measurement in, 

227, 228 

Echocardiography, 80-94 
in aortic dissection, 92-93, 93f 

aortic pressure estimation in, 230 

in aortic stenosis and prosthetic valve sur-

ge1y, 87-88, 88f 

clinical applications of, 87-93 

in enclocarclitis, 90-92, 92f 
endocarclitis prophylaxis in, 85 
equipment in, 81, 84, 84f 
future directions in, 94 
in hypotension, 87-88, 88f 

and pericardia! effusions, 94f 

in intraaonic balloon pump insenion, 
105, 107 

of left venn·icular structure and function, 

87-89 
automated bounda1y detection in, 87, 

88f 
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Echocardiography-continued 
ejection fraction in, 87, 88, 88f, 1 16 
in heart failure, 88, 89f 
in myocardial infarction, 89, 90f, 91f 
pulmonary venous flow in, 88--89 
in ventricular assist devices, 1 16 

in myocardial ischemia and infarction, 89, 
90f, 91f 

in pericardia! disease, 93, 94f 
and pericardiocentesis, 93, 98 

principles in, 81  
in pulmonary embolism, 93,  93f 
in thoracic trauma, 93, 93f 
transesophageal, 80, 84--87 

anesthesia in, 85 
complications of, 85, 86--87 
contraindications to, 86 
endocarditis prophylaxis in, 85 
examination procedure in, 84t, 84--86, 

86f 
image acquisition in, 86, 86f, 87f 
indications for, 84, 84t 
patient preparation and monitoring in, 

85 
personnel required for, 84 
probe insertion in, 85-86, 87 
sedation in, 85 
in tracheal intubation, 86 

transthoracic, 80, 81-84 
apical views in, 82f, 83 
contrast agents in, 83-84 
Doppler, 81 ,  82 

Edema 

harmonic imaging in, 83, 83f 
limitations of, 83-84 
M-mode, 81 ,  82 
parasternal views in, Slf, 82f, 82-83 
subcostal view in, 83 
technique in, 81-83 
two-din1ensional, 81 ,  Slf, 82, 82f 

cerebral, 190 
laryngeal, in tracheal intubation, 1 5  
pulmona1y, pulmonary artery catheteriza-

tion in, 57-58 
subglottic, in tracheotomy complications, 

157 
Education of staff. See Staff training 
Effusions 

joint 
aspiration and analysis of, 214-218 
bulge sign in, 214, 215f 
hemorrhagic, 216, 217t 

pericardial, 97-101 .  See also Pericardia[ 
effusions 

pleural, 128, 1 29-130. See also Pleural 
effusions 

Ejection fraction, echocardiography in esti
mation of, 87, 88, 88f 

in ventricular assist devices, 1 16 
Elderly 

pain management in, 220 
ventricular assist device placement in, 

1 14-1 15 
Electrical units in cardioversion and defibril

lation, 73-74 
Electrocardiography, 231-233 

in atrial fibrillation, 232 
in cardioversion, 76 

in echocardiographic examination, 82 
in intraa01tic balloon pump and counter

pulsation 
artifacts in, 108 
for triggering and tinling, 108 

in myocardial ischemia and infarction, 
232, 233 

in pericardiocentesis, 101 
in routine monitoring, 231-233 

automated ST segment analysis in, 
232, 233 

personnel in, 233 
technical considerations in, 232-233 
telemet1y principles in, 233 

in tempora1y cardiac pacing, 70f, 70-71 
in ventricular tachycardia, 232 

Electrocoagulation in gastrointestinal bleed
ing, 163 

Electrodes 
in cardioversion, positioning of, 76 
in tempora1y cardiac pacing 

epicardial, 70 
esophageal, 69 
eA1:ernal,  69 
placement of, 70 

Electroencephalography, 206 
Elect1·omyography of respirato1y muscles, 234 
Embolism 

in arterial catheterization, 42 
in atrial fibrillation, 76t, 76-77 
cerebral,  42 
gas or air. See Gas embolism 
in intraaortic balloon pump and counter

pulsation, 110  
pulmona1y 

capnography in, 239 
echocardiography in, 93, 93f 
pulmona1y artery catheterization in, 59 

Emphysema 
in chest tube complications, 131 
subcutaneous, in tracheotomy, 156 

Empyema, 129 
in chest tube complications, 131 
drainage procedures in, 128t, 129, 255 

Encephalopathy, uremic, 265 
Endocarditis 

echocardiography in, 90-92, 92f 
prophylaxis of 

in bronchoscopy, 137 
in transesophageal echocardio

graphy, 85 
Endoscopy, 160-163 

aspiration problems in, 162 
bronchial, 135-138. See also Bronchos

copy 
cholangiopancreatography in, ret1·0-

grade, 161,  162 
indications for, 161,  16lt 

complications of, 162,  162t 
conscious sedation in, 162-163 

complications of, 162 
cont1·aindications to, 162, 162t 
equipment in, 160-161, 161f 
feeding tube placement in, 161,  176-181 

complications of, 179 
nasoenteric, l 77f, 177-178, l 78f 
in percutaneous gastrostomy and 

jejunostomy, 161, 178-179 

in gast1·ointescinal hemorrhage, 1 6 1-162 
in diagnosis, 173 
technique in, 162-163 
in therapy, 163 
in variceal bleeding, 163, 173 

gastrointestinal hemorrhage after, 162 
indications for, 161 ,  16lt 
of lower gastrointestinal tract, 161t, 

161-162, 163 
in pseudo-obsm1ction of colon, 163 
technique in, 162-163 
thoracic. See Thoracoscopy 
of upper gastrointestinal tract, 161,  161t, 

162-163 
Endotracheal intubation, 6-16 

airway management in, 13-14 
anesthesia in, 7-9, 9t, 224, 225 
bronchoscopy in, 1 1 ,  136, 137, 138 
capnography in, 239 
complications of, 14-15, 15t 
conversion to t1·acheostomy, 16 
in difficult aitways, 1 1-13, 12f  
echocardiography in,  transesophageal, 86 
equipment in, 6-7, 7f 
e}..1:ubation in, 16 

complications after, 15 ,  15t 
indications for, 6, 6t 
laryngeal edema in, 15 
nasotracheal, 10, l l f  
orotracheal, 9-10, lOf 
preintubation evaluation in, 6, 7f 
techniques in, 9-10 
tube cuffs in, 7 
tube dimensions in, 7, St 
in variceal hemorrhage, 172 

Energy expendirure 
basal, 246 
indirect caloritnetiy in calculation of, 

246-249 
Weir equation in, 246-247 

resting, 246 
total, 246 

Enteral nutrition, 161 ,  176-181 
access sires in, 176-177 
aspiration problems in, 180 
bacterial contamination in, 181 
bolus feeding in, 180 
complications in, 177, 179, 180-181 
continuous pump infusion of, 1 80 
delive1y of formula in, 180 
diarrhea in, 180 
drng administration in, 180, 181 
endoscopic placement of feeding tubes 

in, 161,  176-181 
gastric intramucosal pH monitoring in, 

241 
gastrointestinal intolerance in, 1 77, 180 
gastrostomy for, 161 ,  178-179 

complications in, 179 
gravity infusion of, 180 
indications for, 176 
jejunostomy for, 179f, 179-180 

complications in, 179 
percutaneous endoscopic, 1 78-179 

nasoenteric tubes in, l 77f, 177-178, l 78f 
occlusion of feeding tube in, 1 0, 181 

Enzymes, pancreatic, in maintenance of feed-
ing tubes, 181 



Epicarclial pacing, 70 
Equipment 

in arterial catheterization, 36-37 
in arthrocentesis, 215,  216t 
in calorimeny, indirect, 247-248 
in chest tube insertion, 130, 130t 
in dialysis, 269 
in echocarcliography, 81 

transesophageal, 84, 84f 
in endoscopy, 160--161 ,  161f 
in enclotracheal intubation, 6-7, 7f 
in extracorporeal life support, 1 18, 

1 19-120 
technologic advances in, 123-124 

in intraa01tic balloon pump, 102, 103t, 105 
in pericarcliocentesis, 98, 98f, 98t, 99f 
in pulse oximetry, 234 

calibration of, 235 
in temperature monitoring, 227 
in tempora1y cardiac pacing, 68-70 

pulse generators in, 70 
in ventricular assist devices, 1 13, 1 15 ,  1 15f 

Erythrocytapheresis, 183, 183t 
Eiythrocytes 

in cerebrospinal fluid, 188 
in hemapheresis for sickle cell disease, 

183, 183t 
in peritoneal lavage fluid, 167, 168, 169, 

169t 
in pleural fluid, 145 

Eryduomycin in enteral nun·ition, 177, 180 
Esophagus 

fistula with trachea 
bronchoscopy in, 136 
in tracheotomy complications, 157 

perforation and rupture in tracheotomy, 
157 

temperature measurement in, 228 
in transesophageal echocarcliography, 80, 

84-87 
intubation of, 85-86, 87 

in transesophageal temporary cardiac 
pacing, 69 

varices of, bleeding. See Variceal bleed-
ing, esophageal and gastric 

Ethical issues in dialysis, 278 
Ed1ylene glycol toxicity, dialysis in, 266 
Etomiclate in bedside procedures, 221t, 222 
Evoked potentials, 206-207, 207f 

brainstem auditory, 206 
motor, 207 
sensory, 206-207 
somatosenso1y, 206, 207 
visual, 206 

Ewald tube in esophageal variceal hemor
rhage, 173 

Extracorporeal life support, 1 13, 1 17-124 
anticoagulant therapy in, 1 19, 121  
cannulation in ,  1 18-1 19, 120f, 123 
contraindications to, 121 ,  121t  
fluid balance in ,  122 
heat exchanger in, 120 
historical development of, 1 1 8  
indications for, 120--121 ,  1 2 1 t  
oxygenators in, 1 18, 1 20, 123 
pumping systems in, 1 1 9-120, 123 
in respirato1y distress syndrome, acute, 

123 

results of, 122t, 122-123 
servoregulation of, 123-124 
technologic advances in, 123-124 
transfusions in, 121-122 
venoanerial perfusion in, 1 18, 1 19, 1 19f 

cannulation in, 1 19, 1 20f 
compared to venovenous perfusion, 

1 19t 
indications for, 121 
weaning from, 122 

venovenous perfusion in ,  1 18, 1 18f, 119 
compared to venoarterial perfusion, 

1 19t 
weaning from, 122 

weaning from, 122 
Extremity ischemia in intraaortic balloon 

pump and counterpulsation, 
107-108, 1 10 

Extubation, enclotracheal, 16 
complications after, 15 ,  15t 

Face mask ventilation, 4-5 
Faraci, 73 
Fat intake, indirect calorin1et1y in assessment 

of, 247, 249 
Femoral artery 

anatomy of, 40, 41f  
catheterization of, 40--41 

in anerial pressure monitoring, 231 
in hemofiltration, 275 
in intraaortic balloon pump and coun

terpulsation, 105, 105f, 106f 
puncture for a1terial blood gas analysis, 

146 
Femoral vein 

anatomy of, 25, 25f 
catheterization of, 18, 18t, 24-26 

complications in, 25-26 
in hemapheresis, 183 
in hemoclialysis, 274-275 
technique in, 25 
in temporary cardiac pacing, 71 ,  72 

Fentanyl 
in bedside procedures, 220, 220f, 223-224 
in transesophageal echocarcliography, 85 

Fever in ce11t1·al venous cad1eterization, 30--32, 
31f 

Fibrillation 
atrial. See Atrial arrhythmias, fibrillation 
ventricular 

clefibrillation in, 73-79. See also 
Defibrillation 

electrocardiography in, 232 
Fibrinolytic therapy in myocardial ischemia 

and infarction, 68 
Fibrosis, pulmonary, bronchoscopy in, 135 
Fick law on diffusion, 267, 268 
Fick technique in cardiac output determina

tion, 56 
Fistula 

bronchopleural, bronchoscopy in, 137 
cerebrospinal fluid leaks in, 189-190 

in skull fractures, 189 
gastrocolic, in enteral feeding tubes, 

179 
intestinal, in enteral feeding tubes, 179 
tracheoarterial, in tracheotomy complica

tions, 156-157 
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tracheocutaneous, in tracheotomy com
plications, 1 57 

tracheoesophageal 
bronchoscopy in, 136 
in tracheotomy complications, 157 

Fluid management in extracorporeal life sup-
port, 122 

Flu-like symptoms in hemapheresis, 186 
Flumazenil, 223 
Fluoroscopy 

in gastrostomy and jejunostomy, percuta
neous, 179 

in intraaortic balloon pump insertion, 
105, 106, 107f 

Flutter, atrial, temporary pacing in, 67-08 
Foot temperature, 228 
Foreign body airway obstruction, bronchos

copy in, 136-137 
Formulas in enteral nutrition, 180 

bacterial contamination of, 181 
Fractures of skull, cerebrospinal fluid fistula 

in, 189 

Gallbladder 
drainage of, 254f, 255 
pH in, 240 

Gas embolism 
in anerial catheterization, 42 
capnography in, 239 
in central venous catheterization, 19 
cerebral, 42 
mill wheel murmur in, 19  

Gas  exchange measurement, 234-239 
indirect calorimet1y in, 246-249 
pulse oximetry in, 148, 234-236 
transcutaneous panial pressure of oxygen 

and carbon dioxide in, 148, 
236-238 

Gases, arterial blood, 146-148 
accuracy of analysis, 147, 148, 236 
in extracorporeal life suppon, 120--121 ,  

1 2lt, 122 
in hypenhermia, 148 
in hypod1ermia, 148 

accuracy of pulse oximetry in, 
236 

normal variations in, 147 
specimen collection for analysis of, 

1 46-147 
percutaneous anerial puncture in, 

146-147 
Gastrointestinal disorders 

in endoscopy complications, 162 
endoscopy in, 160--163, 173 
in enteral feeding tubes, 179 
hemorrhage 

in endoscopy complications, 162 
endoscopy in, 161-162. See also Endo

scopy, in gastrointestinal hem
orrhage 

shock in, 172-173 
in varices. See Variceal bleeding, 

esophageal and gastric 
vasopressin therapy in, 171,  173 

from opioicls, 223 
in paracentesis and intestinal injury, 166 
pH monitoring in, gastric inn·amucosal, 

240--241 
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Gastrostomy 
laparoscopic, 179 
percutaneous endoscopic, 161 ,  178-179 

complications in, 179 
introducer technique, 178 
pull technique, 178 
push technique, 178 

percutaneous fluoroscopic, 179 
surgical ,  179 

Glasgow Coma Scale, 198t, 198-199 
Glomerular filtration rate in hemodialysis, 

266 
Glomerulonephritis, rapidly progressive, 

hemapheresis in, 185 
Glottis, anatomy of, 3 
Glucose 

in cerebrospinal fluid, 187 
in dialysate formulations 

in hemodialysis, 269-270, 270t 
in peritoneal dialysis, 270t, 275 

in pleural fluid, 144 
in synovial fluid, 218 
utilization in brain, 196 

Glutamate in cerebral extracellular fluid, 206 
Glycopyrrolate and neostigmine in reversal 

of neuromuscular blocking 
agents, 225 

Gonorrhea, arthritis in, 218 
Goodpasture's syndrome, hemapheresis in, 

184t, 185 
Gout, 217,  218t 

synovial fluid analysis in, 217 
Gram's stain of synovial fluid, 218 
Guedel ai1way, 5 
Guillain-Barre syndrome, hemapheresis in, 

184, 184t 

Haldane equation, 247 
Harmonic imaging in transthoracic echocar

diogra phy, 83, 83f 
Headache 

in lumbar puncture, 191 
in subarachnoid hemorrhage, 188 

Head tilt-chin lift maneuver, 4 
Head trauma 

anesthesia for bedside procedures in, 
220-221 

brain tissue m .. ')'gen tension in, 204, 204f 
bronchoscopy complications in, 137-138 
cerebrospinal fluid fistula in, 189 
Glasgow Coma Scale in, 198t, 198-199 
intracranial pressure increase in, 190, 

201-203 
management of, 202f, 202-203 

neurochemical monitoring in, 206 
skull fractures in, 189 
temperature monitoring in, 200 

Health care workers, training of. See Staff 
training 

Hearing loss in lumbar puncture, 192 
Heart 

arrhythmias of. See Arrhythmias 
echocarcliography of, 80-94 
enclocarclitis of. See Endocarclitis 
pacing of, 67-72. See also Pacing, cardiac 
tamponacle of 

pericardiocentesis in, 97-101 
pulmona1y ane1y catheterization in, 59 

transplantation of 
extracorporeal life support as bridge 

to, 121  
intraaortic balloon pump and counter

pulsation as bridge to, 104 
ventricular assist devices as alternative 

to, 1 1 7  
ventricular assist devices a s  bridge to, 

1 1 3, 1 14, 1 1 5 
trauma in pulmona1y artery catheteriza

tion, 61-62 
valvular disorders of. See Valvular heart 

disorders 
Hean block, tempora1y pacing in, 67, 68 
Heart failure 

echocardiography in, 88, 89f 
extracorporeal life support in, 1 22 

indications for, 121  
results of, 1 22t, 1 23 

pathophysiology in, 1 12-1 13 
pulmona1y a1te1y catheterization in ,  58, 

58t 
ventricular assist devices in, 102, 1 1 2-117 

intraaortic balloon pump, 104,  1 1 2, 
1 1 3  

Heat exchanger device i n  extracorporeal life 
SU pport, 1 20 

Heater probe therapy in gastrointestinal 
bleeding, 163 

Heimlich valves of chest tubes, 134 
Hemapheresis, 182-186 

adverse effects of, 185-186 
contraindications to, 185 
effectiveness of, 184, 184t 
in Gooclpasture's syndrome, 184t, 185 
in Guillain-Barre syndrome, 184, 184t 
indications for, 183t, 183-185 
mechanisms in, 182-183 
in myasthenia gravis, 184t, 184-185 
in poisoning and overdose, 185 
in thrombocytopenic purpura, 183, 184t, 

185 
treatment schedules and endpoints in, 

184, 184t 
Hematuria in percutaneous cystotomy, 213 
Hemodiafiltration, 264. See also Hemofiltra

tion and hemodiafiltration 
Hemodialysis, 263-264, 264t 

aluminum toxicity in, 271-272 
anticoagulant therapy in, 273, 278 
clearance of solutes in, 267 

and sequential ultrafiltration, 268 
comparison of continuous and intermit-

tent therapy, 277 
complications of, 278-280, 279t 
continuous arteriovenous, 264, 264t, 268 
dialysates in 

composition of, 269-272, 270t 
flow rate of, 269 

dialyzers in, 269 
biocompatibility of membranes in, 276 

close of, 276-277 
dysequilibrium syndrome in, 279-280 
glomerular filtration rate in, 266 
in hyperkalemia, 265 
in hypervolemia, 265 
hypotension in, 266, 278-279, 279t 
hypoxemia in, 280 

indications for, 278 
in metabolic acidosis, 266 
principles of, 267-268 
technical errors in, 280 
timing of initiation, 266 
in toxic conditions, 266 
u ltrafiltration in, 267-268 

and sequential clearance, 268 
urea removal rate in, 276-277 
vascular access for, 274-275 

Hemodynamic monitoring, 37 
in echocarcliography, transesophageal ,  85 
in el\.1:racorporeal life suppo1t, 1 20-1 2 1 ,  

1 2 1t 
technologic advances in, 1 23-124 

pulmona1y a1te1y catheterization in, 48t, 
52-56, 54t 

derived parameters in, 56, 58t 
normal resting profile in, 56. 58t 

in ventricular assist devices, 1 1 5 .  l l 5t, 1 16 
Hemofilters, 269 
Hemofiltration and hemodiafiltration, 264, 

264t 
clearance of solutes in, 267 
complications of, 279t, 280 
continuous aneriovenous, 264, 264t 
continuous venovenous, 264, 264t 
dialysates in, 272 
hemofilters in, 269 
principles of, 267-268 
replacement solutions in, 272-273, 280 
ultrafiltration in, 267-268 
vascular access for, 275 

Hemoglobin, 146 
and cerebral blood flow, 199, 199f 
fetal, affecting pulse oximet1y accuracy, 

236 
pulse oximetry in measurement of, 

234-236 
Hemolytic anemia in imraaortic balloon 

pump and counterpulsation, 
1 10 

Hemoperitoneum, 167 
Hemophilia, hemapheresis in, 183 
Hemoptysis, bronchoscopy in 

diagnostic, 135 
therapeutic, 1 37 

Hemorrhage 
in arthrocentesis complications, 214  
in  diagnostic tests, blood loss in, 42  
in  extracorporeal life suppon, 1 21-122 
gastrointestinal .  See Gastrointes1 inal disor-

ders, hemorrhage 
in hemofiltration, 280 
hemoptysis in, 1 35, 1 37 
intracranial 

cerebrospinal fluid analysis J1, 187, 
188 

subarachnoid. See Subarachnoid hem-
orrhage 

joint effusions in, 216, 217t 
in paracentesis complications, 166 
pulmona1y, hemoptysis in, 135, 1 37 
shock in, 172-173 
in thoracentesis complications, 141  
in  tracheotomy complications, 156 

in innommate arte1y rupture, 1 56-157 
in ventricular assist devices, 1 1 6  



Hemothorax, 128, 1 29 
chest rube inse1tion in, 128t, 129 
differential diagnosis in, 145 
in thoracic trauma, 1 29 

Henderson-Hasselbalch equation, 147, 148, 
240 

Heparin therapy 
arterial blood gas analysis in, 147-148 
in extracorporeal life support, 1 19, 12 1  
in  hemodialysis, 273 
in intraao1tic balloon pump and counter

pulsation, 107, 1 09, 1 1 0  
thrombocytopenia i n  

i n  atterial catheterization, 42 
in intraaortic balloon pump and coun

terpulsation, 1 1 0  
i n  ventricular assist devices, 1 1 5, 1 17 

complications of, 1 1 6  
Historical aspects 

of arterial catheterization, 36 
of balloon tamponade in variceal hemor-

rhage, 171 
of dialysis, 263 
of extracorporeal life support, 1 18 
of ventricular assist devices, 1 1 3  

HIV infection, lung biopsy in, 258, 259 
Humidification of inspired air 

in tracheal intubation, 1 4  
i n  tracheostomy, 155 

Hyaluronic acid in synovial fluid, 216-217 
Hydrocephalus, 190 

normal pressure, 189 
Hydrothorax in peritoneal dialysis, 281 
Hyperbilirubinemia, pulse oximet1y accuracy 

in, 235-236 
Hypercalcemia of malignancies, dialysis in, 

266 
Hypercapnia, 146 
Hypercholesterolemia, low-density l ipopro

tein apheresis in, 183 
Hyperkalemia in renal failure 

dialysis in, 265, 279 
sodium polystyrene sulfonate in, 265, 

279 
Hyperleukocytosis, 183, 183t 
Hypernatremia in enteral nutrition, 180--181 
Hypersensitivity reactions in hemapheresis, 

185-186 
Hypertension 

intracranial. See Intracranial pressure, 
increase in 

pulmonary, pulmonary artery catheteriza
tion in, 59 

Hyperthermia 
arterial blood gas analysis in, 148 
temperature monitoring in, 227, 228, 229 

of brain, 1 99-200 
Hyperuricemia, 217, 218t 
Hyperventilation therapy in head trauma 

cerebral oxygenation monitoring in, 
197-198, 198f 

and intracranial hypertension, 202f 
Hypervolemia, dialysis in, 265 
Hypnotic agents in bedside procedures, 220, 

221-223 
Hypocalcemia, transient, in hemapheresis, 

185 
Hypomagnesemia in hemapheresis, 185 

Hypoperfusion 
gastric intramucosal pH monitoring in, 

240--241 
pulse oximeuy accuracy in, 236 
transcutaneous measurement of oxygen 

and carbon dioxide in, 237 
l-lypopha1ynx, anatomy of, 3 
Hypotension 

in cystotomy, percutaneous, 213 
echocardiography in, 87-88, 88f, 94f 
in hemapheresis, 186 
in hemodialysis, 266, 278-279, 279t 
in paracentesis, 166 
in pericardia! effusions, 94f, 97 
in thoracentesis complications, 141 

Hypothermia 
arterial blood gas analysis in, 148 

accuracy of, 236 
temperature monitoring in, 227, 228, 

229 
of brain, 1 99-200 

Hypovolemia 
echocardiography in, 87, 88f 
in esophageal variceal hemorrhage, 

172-173 
pulmonary arte1y catheterization in, 

56-57, 58t 
Hypoxemia, 146 

in hemodialysis, 280 
pulse oximet1y in, 236 

Iliac arte1y perforation in intraaortic balloon 
pump insertion, 1 10 

Immunocompromised hosts, respirato1y 
infections in 

differential diagnosis of, 259, 259t 
lung biopsy in, 258-259, 260, 261 
management of, 259t, 259-260 

lmmunoglobulin IgG removal from plasma in 
hemapheresis, 183 

Impedance measurements in respiratory 
monitoring, 233-234 

Infarction 
myocardial. See Myocardial ischemia and 

infarction 
pulmona1y, from pulmona1y anery cathe

terization, 60 
Infections 

antibiotic therapy in. See Antibiotic ther
apy 

in arthrocentesis complications, 214 
catheter-related. See Catheterization, 

infections related to 
cerebrospinal fluid analysis in, 187, 188 
in chest tube insertion, 131 
empyema in, 129 
in enteral feeding tubes, 179 
in intraaortic balloon pump and counter-

pulsation, 1 1 0  
peritoneal lavage in, 167 
pleural effusions in, 1 44, 144t, 145 
synovial fluid analysis in, 218 
in tracheostomy, 157 
in ventricular assist devices, 1 16-1 17 

Infrared techniques 
in capnography, 238 
in near-infrared spectroscopy of brain 

oxygenation, 205f, 205-206 
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lnfrasound devices in blood pressure mea
surement, 230 

Inhalation inju1y 
bronchoscopy in, 136 
and burns, 136 

lnnominate a1te1y rupture in tracheotomy, 
1 56-157 

Intercostal arte1y laceration in thoracentesis, 
141 

lnterventional radiology, drainage techniques 
in, 251-255 

Intoxication 
dialysis in, 266 
hemapheresis in, 185 

lntraaonic balloon pump, 102-1 1 1  
complications of, 107-108, 109-1 10, 

1 1 1  
contraindications to, 104 
entrapment of, 1 10 
equipment in, 102, 103t, 1 05 
indications for, 103-104, 1 12, 1 13  
inse1tion of, 1 04--108, 105f, 1 06f, 107f 

complications in, 107-108, 109-110 
in emergency, 106-107 
sheathless technique, 106 
transthoracic route, 1 09-1 1 0  

ischemia from, 107-108, 1 10 
physiology in, 103 
removal of, 108, 109, 1 10 

complications in, 1 1 0  
rupture o f  balloon in, 1 10 
in shock, 103-104 
size of, 102, 103t, 105 
triggering and timing of, 108, 109f 
weaning from, 108-109 

lntracorporeal respiratory suppo1t device, 
124 

lntracranial pressure, 187, 1 90 
bronchoscopy affecting, 137-138 
in hydrocephalus, 189 
increase in, 189, 190 

cerebrospinal fluid aspiration in, 189, 
1 90 

in head u·auma, 190, 201-203 
ketamine anesthesia in, 222 
management of, 202f, 202-203 
signs and symptoms in, 201 

in lumbar puncture, 191 
monitoring of, 187, 190, 201-203 

complications in, 201 
indications for, 201 

in pseudorumor cerebri, 189 
Introducer technique percutaneous endo-

scopic gastrostomy, 178 
Intubation. See Tubes 
Irrigation. See Lavage 
lschemia 

cerebral. See Cerebrovascular disorders, 
ischemia 

intestinal, gastric intrarnucosal pH moni
toring in, 240--241 

myocardial .  See Myocardial ischemia and 
infarction 

pulse oximetry accuracy in, 236 
transcucaneous measurement of oxygen 

and carbon dioxide in, 
237 

rvox respiraco1y suppo!t device, 124 
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Jaw 
anatomy of, 3 
thrust maneuver, 4, 4f 

Jejunostomy 
laparoscopic, 179 
needle-catheter, 179f, 179-180 
percutaneous endoscopic, 178--179 
percutaneous fluoroscopic, 179 
transgastric tubes in, 1 79f, 179-180 

Joint effusions 
aspiration and analysis of, 214--218 
bulge sign in,  214, 215f 
hemorrhagic, 216, 217t 

Joule, 73 
Jugular veins 

anatomy of, 2 1 ,  24 
catheterization of, 18, 18t, 21-24, 22f, 24f 

in hemodialysis, 274, 275 
pneumothorax in, 23, 1 29 
in temporary cardiac pacing, 7 1 ,  72 
in venous oxygen saturation monitor

ing, 203 
oxygen saturation in, 197-198, 198f, 199, 

199f 
and brain tissue oxygen tension, 203, 

204, 204f 
monitoring of, 203 
and mortality rate, 203, 203f 

Ketamine in bedside procedures, 22lt, 222 
Kidney disorders 

anesthesia for bedside procedures in, 220, 
221 

dialysis in, 263-281 
encephalopathy in, 265 
hyperkalemia in, 265 
metabolic acidosis in, 265-266 
in multiorgan dysfunction syndrome, 277 
nutrition in, 277 
sepsis in, 277 
uremia in, 265 

Knee aspiration, 214--218 
indications for, 214 
technique in, 2 1 5f, 215-216, 216f 

Korotkoff sounds, 229, 231 
Kussmaul's sign in myocardial infarction, 59 

Lactate, in dialysate formulations, 270t, 272, 275 
Lactate dehydrogenase 

in pleural fluid, 143, 144 
in synovial fluid, 218 

L1.paroscopic gastrostomy and jejunostomy, 179 
Laryngeal mask ailway, 1 1-13, 1 2f, 13f 
Laryngoscopes, 7 

blade types for, 7, 8f 
in difficult airway, 13,  14f 

Larynx 
anatomy of, 3-4, 4f 
edema in endotracheal intubation, 1 5  

Laser techniques 
in Doppler flowmetry of cerebral blood 

flow, 206 
in gastrointestinal hemorrhage, 163 

Lavage 
bronchoalveolar, 136, 257, 258 

diagnostic yield in, 258 
in pneumonia, 258 
in unstable patients, 258 

peritoneal, 167-170. See also Peritoneal 
lavage 

Lawrence catheter in percutaneous cystot
omy, 2 1 1 ,  212, 212f 

Lazarus-Nelson peritoneal lavage technique, 
167, 169 

Left ventricular assist devices, 102, 1 1 2-117.  
See also Ventricular assist 
devices 

Legionella il1fections, lung biopsy in, 258, 260, 
261 

Leukapheresis, 183, 183t 
Leukemia, leukapheresis in, 183, 183t 
Leukocyte count. See White blood cell count 
Leukostasis, 183, 183t 
Lidocaine in bronchoscopy, 138 
Life support measures, 1 1 2-124 

extracorporeal. See Extracorporeal life 
support 

in respiratory distress syndrome, 1 23 
ventricular assist devices in. See Ventricu

lar assist devices 
Light, ambient, affecting pulse oximetiy mea

surements, 235 
Limb ischemia in intraaortic balloon pump and 

counterpulsation, 107-108, 1 10 
Linoleic acid in enteral nutrition, 181  
Lipids 

dietary, indirect calorimeuy in assessment 
of, 247, 249 

elevated levels of 
low-density lipoprotein apheresis in, 

183 
pulse oximetry accuracy in, 236 

Lipoproteins, low-density, removal from 
plasma in hemapheresis, 183 

Liquid crystal display of thermometers, 227 
Liver disorders 

anesthesia for bedside procedures in, 220, 
221 

ascites and paracentesis in, 164--1 67 
coagulopathy in, 166 

Lumbar puncture, 187 
in children, 190, 191 
complications of, 191  
contraindications to, 187 
in hydrocephalus, 189 
in myelography, 189 
needle types in, 191 ,  192 
pressure measurements in, 191  
in pseudotumor cerebri, 189 
in subarachnoid hemorrhage, 188 
technique in, 190f, 190--192, 191f 

Lung biopsy, 135-136, 255-261 
in cancer, 258 
closed procedures in, 256t, 256-257 
complications in, 137 
contraindications to, 256, 256t 
diagnostic yield in, 257-259, 260 
in diffuse parenchymal disease, 135-136, 

257t, 257-258 
in ilnmunocomprornised host, 258--259, 

260, 261 
indications for, 255, 259-260 
open procedures in, 256, 256t 
for Pneu.mocystis carinii pneumonia. See 

Pnewnocystis ca.rinii pneumo
nia, lung biopsy in 

for pneumonia . See Pneumonia, lung 
biopsy in 

selection of procedure for, 260 
specimen handling in, 260--261 
for thoracoscopy. See Thoracoscopy, lung 

biopsy in 
in stable patients, 258 
in unstable patients, 258--259 

M-mode echocardiography, 81, 82 
Magill forceps in nasotracheal intubation, 10, lOf 
Magnesium 

in dialysate formulations 
in hemodialysis, 270t, 272 
in peritoneal dialysis, 270t, 275 

serum levels in hemapheresis, 1 5 
Magnetic resonance imaging 

in aortic dissection, 92, 93 
in neurologic disorders, 200 

Mannitol in head trauma, 202f 
Marfan's syndrome, aortic dissectio in, 93f 
Mask ventilation, 4--5 
Mechanical ventilation. See Ventilatory sup

port 
Meningitis, cerebrospinal fluid analysis in, 188 
Meperidine in transesophageal echocardio

gra phy, 85 
Mercury in thermometers, 227 
Metabolism 

basal rate of, 246 
in enteral nutrition, 1 80--181 
etomidate affecting, 222 
propofol affecting, 222 

Methanol toxicity, dialysis in, 266 
Metoclopramide il1 enteral nutritio , 177, 180 
Midazolam, 222-223, 225 

characteristics of, 221 t 
in echocardiography, transesophageal, 85 
in gastrostomy, percutaneous endoscopic, 

178 
Mill wheel murmur in gas embolism, 19 
Millnesota tube in variceal hemorrhage, 171 ,  

173 ,  173f 
i ertion and placement of, 174, 174f 
maintenance of, 175 

Minure ventilation monitoring, 233 
Mitra! regurgitation, pulmonary a11ery cathe

teriza ti on in, 58, 59f 
Monitoring 

o: a11erial pressure, 229-231 
direct, 36, 37, 230--231 
indirect, 229-230 

in echocardiography, transesop ageal, 85 
electrocardiography in, 231-233 
of gas exchange, 234--239 
of gaw·ic intramucosal pH, 240--241 
of intracranial pressure, 187, 190, 201-203 
neurologic. See Neurologic disorders, 

monitoring in 
pulmonary artery catheterization in, 48t, 

52-56, 54t 
respiratory, 233-234 
routine procedures in, 226-241 
of temperature, 227-229 

in arterial blood gas analysis, 148 
in neurologic disorders, 1 99-200 

Morphine 
in bedside procedures, 223 



in transesophageal echocardiography, 
8S 

Mouth 

anatomy of, 3 
temperature measurement in, sublingual, 

228 
Mucin clot test of synovial fluid, 217,  217t 
Multiorgan dysfunction syndrome, 277 
Murmurs 

mill wheel, in gas embolism, 19 
in myocardial infarction, 89, 91f 

Myasthenia gravis, hemapheresis in, 184t, 
184-18S 

Mycobacterial infections, lung biopsy in, 260, 
261 

Myelogenous leukemia, leukapheresis in, 
183, 183t 

Myelography 
ce1vical puncture in, 1 89, 192 
lumbar puncture in, 189 

Myocardial ischemia and infarction 
aneurysm of left ventricle in, 90f 

cardiogenic shock in 

intraaortic balloon pump in, 103 
venu-icular assist devices in, 1 14, 1 15 

echocardiography in, 89, 90f, 91f 
electrocardiography in, 232,  233 
left ventricular dysfunction after, 90f 
murmurs in, 89, 91f 
pulmonary artery catheterization in,  59 
stunning of myocardium in,  1 14 
temporary cardiac pacing in, 68, 69t 

guidelines on, 69t 
thrombolytic therapy in, 68 
ventricular septa! rupture in 

echocardiography in, 89, 91f 

intraaortic balloon pump in,  103 
wall motion abnormalities after, 89 

Naloxone reversal of opioids, 223 
Nasoenteric feeding tubes, 1 77f, 177-178, l 78f 
Nasopharyngeal airway, Sf, 5-6 

Nasopharynx anatomy, 3 
Nasotracheal intubation, 10 

Neck injuries 
ai1way management in, 1 3  
transesophageal echocardiography in, 86 

Needle aspiration biopsy of lung 
diagnostic yield in, 257-258, 258 
specimen handling in, 261 
transbronchial, 257 
transthoracic, 256 
in unstable patients, 258 

Needle-catheter jejunostomy, 1 79f, 179-180 
Neonates. See also Children 

cerebrospinal fluid analysis in, 187, 188 
lumbar puncture technique in, 190, 1 9 1  

extracorporeal life support i n ,  1 18, 1 19 
indications for, 1 20-12 1  
results of, 1 22t, 1 2 3  

Neostigmine reversal o f  neuromuscular 
blocking agents, 225 

Neurochemical monitoring of cerebral exu-a
cellular fluid, 206 

Neurologic disorders 
in anesthesia for bedside procedures, 222, 

223, 224-225 
cerebrospinal fluid aspiration in, 187-194 

cerebrovascular. See Cerebrovascular dis

orders 
in dialysis dysequilibrium syndrome, 

279-280 

Glasgow Corna Scale in, 198t, 1 98-199 
in head trauma. See Head trauma 
monitoring in, 196-207 

characteristics of devices in, 196, 1 97t 
goals of, 196 
imaging procedures in, 200 
of intracranial pressure, 187, 190, 

201-203 
physical examination in, 198t, 198-199 

techniques in, 198-207 

temperature in, 199-200 
Neuromuscular blocking agents, 224t, 

224-225 
adverse effects of, 224-225 
characteristics of, 224t 
interaction with other drugs, 225 
nondepolarizing, 224, 225 
reversal of, 225 

Nitroprusside pharmacokinetics, 220, 220f 

Nocardia infections, lung biopsy in, 258 
Nose, anatomy of, 3 
Nuclear scans of cerebral blood flow,200-201 
Nutrition 

enteral, 161 ,  176-1 8 1 .  See also Enteral 
nutrition 

indirect calorimetry in assessment of, 247, 
249 

in renal failure and dialysis, 277 
and thermogenesis, diet-induced, 246 
in tracheostorny, 1 55, 1S7 

Obesity, lumbar puncture technique in, 191  
Octreotide in variceal hemorrhage, 171 ,  173 
Ohm's law, 73 
Ommaya reservoirs, 193, 193f 
Opioids 

in bedside procedures, 220, 223-224, 225 
respiratory disorders from, 223 

Optoacoustic monitoring, 20Sf, 206 

Optode catheters, 239 

Oropharynx 
anatomy of, 3 
intubation in airway management, 5, Sf 

Orotracheal intubation, 9-1 0  
Oscillation methods i n  blood pressure mea

surement 
automated, 230 
manual, 229 

Otorrhea, cerebrospinal fluid, 189 
Overdose and poisonings 

dialysis in, 266 
hernapheresis in, 185 

Oxalate c1ystals in synovial fluid, 217 
Oximetry, pulse, 148,  234-236 

artifacts in, 235 , 236 
calibration of equipment in, 235 
factors affecting accuracy of, 235f, 

235-236 
indications for, 236 
site of measurement in, 235 
technology in, 234-235 

Oxygen 
alveolar-arterial gradient, 148, 239 
arterial content, 199 
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and jugular venous OA)'gen saturation, 
203 

arterial partial pressure, 146, 147 
accuracy of, 148 

and cerebral blood flow, 198f, 199, 
199f 

compared to transcutaneous partial 
pressure, 237 

continuous invasive monitoring of, 
239 

errors in analysis of, 147 

in hyperthermia and hypothermia, 148 
normal variations in, 147 

arterial saturation, 1 46, 147 
normal values for, 54t 
pulse oxirnetry in measurement of, 

234-236 
brain tissue tension, 203-204, 204f 
cerebral delive1y of, 196, 197, 199 

and brain tissue oxygen tension, 203 
and jugular venous oxygen saturation, 

203 

reduced, 196-197 

consumption of 
cerebral metabolic rate in, 196, 197, 

198f, 199, 203 
Haldane equation on, 247 
indirect calorimet1y in measurement 

of, 246-249 
expired fraction, 247 
hypoxemia, 146 

in hemodialysis, 280 

pulse oximetiy in, 236 
inspired fraction, 247 

jugular venous content, 199, 199f, 203 
jugular venous saturation, 1 97-198, 198f, 

199, 199f, 203 
and brain tissue oxygen tension, 203, 

204, 204f 
and mortality rate, 203, 203f 

mixed venous saturation, 56 
myocardial supply and demand, 1 1 3  
transcutaneous partial pressure, 148, 

236-238 
compared to arterial partial pressure, 

237 

venous partial pressure of, 147 
Oxygenation, extracorporeal membrane, 1 13, 

1 17 .  See also Extra corporeal life 
support 

Oxygenators in extracorporeal life support, 
1 18, 120, 1 23 

Oxyhemoglobin saturation, 146 
pulse oxirnetry in measurement of, 

234-236 

Pacing, cardiac 
cardioversion and defibrillation affecting, 

78-79 
intraao1tic balloon pump and counterpul

sation in, 108 
temporary, 67-72 

atrial, 67-68, 70, 70t, 7 1  
in bradycardia, 67 
complications of, 71-72 
diagnosis of rapid rhythms in, 68 
dual-chamber, 70, 70t, 71 
electrocardiography in,  70f, 70--71 



300 Index 

Pacing, cardiac-continued 
epicardial, 70 
equipment in, 68--70 
guidelines on, 69t 
indications for, 67--68, 68t 
in myocardial ischemia and infarction, 

68, 69t 
in supraventricular tachycardia, 67--68 
technique in, 70--71 
ventricular, 68, 70, 70t, 71 

transcutaneous, 69-70 
equipment in, 69-70 
in myocardial infarction, 68, 69t 

transesophageal, 69 
transvenous, 69 

equipment in, 69, 69f 
in myocardial infarction, 68, 69t 

in ventricular tachycardia, 67, 68 
Pain in bedside procedures, 219-225 

age-related changes affecting, 220 
levels of discomfort in, 220, 221t 
total intravenous anesthesia in, 219-225 

Palpation in blood pressure measurement, 229 
Pancreatic enzymes in maintenance of feed

ing tubes, 181 
Pancuronium, 224t, 225 
Papilleclema in intracranial pressure increase, 

201 
Paracentesis, 164-167 

access sites for, 164-165, 165f 
complications of, 166-167 
indications for, 164 
large-volume, 166 
technique in, 164-166, 165f 

catheter, 165, 166 
needle, 165-166 
ultrasound guidance, 165, 166 

Paraneoplastic syndromes, cerebrospinal 
fluid analysis in, 189 

Pediatric patients. See Children 
Perfusion 

and hypoperfusion 
gasu·ic intramucosal pH monitoring in, 

240--241 
pulse oxin1etty accuracy in, 236 
transcutaneous measurement of oxy

gen and carbon dioxide in, 237 
and ventilation mismatch, capnography 

in, 239 
Pericardia! disease, 93, 97-101 

anatomy in, 97-98 
echocardiography in, 93, 94f, 98 
pericardiocentesis in, 93, 97-101 

Pericardia! effusions 
anatomy in, 97-98 
diagnostic sn1dies on fluid in, 100, lOOt 
echocarcliography in, 93, 94f, 98 
etiologies of, 101 ,  lOlt  
hypotension in, 94f, 97 
intrapericardial catheter drainage in, 98, 

98t, 99f, 100--101 
pericarcliocentesis in,  97-101 
surgical management of, 101 ,  lOlt 

Pericardiocentesis, 97-101 
anatomy in, 97-98 
complications of, 101 ,  lOlt  
diagnostic studies on fluid in,  100,  lOOt 
echocarcliography in, 93, 98 

equipment in, 98, 98f, 98t, 99f 
indications for, 97 
intrapericardial catheter drainage in, 98, 

98t, 99f, 100--101 
procedure in, 98--101 

advancement of needle in,  100, lOOf 
direction of needle in, 99-100, l Olf 
insertion of needle apparatus in, 99, 

99f 
patient preparation in, 99 
selection of needle entry site in, 99, 

99f 
subxiphoid approach in, 98, 99f, 99-101 

Pericarditis, uremic, 265 
Peripheral vascular disorders, Allen's test in, 

38--39, 146 
Peritoneal dialysis, 264. See also Dialysis 
Peritoneal effusions, 25 1 ,  253t 
Peritoneal lavage, 167-170 

in abdominal trauma, 167-170 
complications of, 170 
conu-ainclications to, 167 
indications for, 167 
interpretation of, 169t, 169-170 
techniques in, 167-169 

closed percutaneous, 167, 168, 168f, 169 
open, 167, 168--169 
semiclosed, 167, 168 

Peritonitis in peritoneal dialysis, 280--281 
antibiotic therapy in, 281 

Personnel, training of. See Staff training 
pH 

of arterial blood, 146, 147, 148, 148t 
accuracy of, 148 
in hyperthermia and hypothermia, 148 

of cenu-al venous blood, 148 
gastric, 240--241 

in shock, 240 
of pleural fluid, 144 

Pharmacokinetics in anesthesia for bedside 
procedures, 220, 220f 

context-sensitive half-times of drugs in, 
220, 220f, 225 

Photocoagulation, laser, in gastrointestinal 
bleeding, 163 

Pipecuronium, 224t, 225 
Plasma exchange therapy, 182-186 
Plateletpheresis, 183, 183t 
Platelets 

dialysis in dysfunction of, 266 
hemapheresis in elevated count of, 183, 

183t 
Plethysmography, respiratory inductive, 234 
Pleural disorders 

anatomy in, 127-128 
in bronchopleural fistula, 137 
chest tube insertion in, 127-134 
effusions in, 1 28, 129-130 

Pleural effusions, 128, 129-130 
analysis of, 143-145 
causes of, 144t 
chest tube drainage in, 128t, 129-130, 

132-133 
chylous, 144-145 
diagnostic algorithm on, 141f . 
differential diagnosis in, 130 
exuclative, 129-130, 144, 144t, 145 
indications for drainage of, 251 ,  253t 

sclerosing agents in, 1 30 
thoracentesis in, 1 40--145 
thoracoscopy in, 140 
transudative, 1 29, 144, 144t 

Pleuroclesis, chemical, 130 
Pneumatic pumps of ventt"icular assist 

devices, 1 13, 1 17 
Pneurnocystis carinii pneumonia, lung 

biopsy in, 257, 258 
indications for, 259 
specimen handling in, 261 

Pneumomediastinum in u-acheotomy compli-
cations, 1 56 

Pneumonia 
aspiration, in variceal hemorrhage, 171 ,  

172 
bronchoscopy in, 135-136 
lung biopsy in, 257, 258 

indications for, 259 
specimen handling in, 261 

in ventilatory suppon, 1 36 
Pneumonitis, interstitial, bronchosc py in, 

135-136 
Pneumoperitoneum in enteral nutrition, 179 
Pneumotachometers in respiratory monitor

ing, 234 
Pneumothorax, 1 28--129, 130 

chest tube insertion in, 128t, 1 28--1 29, 
133--134, 140 

complications of, 131, 132 
and removal, 132-133 

differential diagnosis in, 130 
iau-ogenic, 129 
in jugular vein catheterization, 23, 129 
postoperative, bronchoscopy in, 136 
spontaneous, 1 28 
in subclavian vein catheterization, 28, 1 29 
tension, 129 
in thoracentesis, 1 29, 140--141 
thoracentesis in,  140, 143 
in tracheotomy complications, 156 
traumatic, 1 28--129 
in ventilato1y support, 1 29 

Poisoning and overdose 
dialysis in, 266 
hemapheresis in, 185 

Polymorphonuclear cell count in synovial 
fluid, 217, 217t 

Portocaval shunt, transjugular intr epatic, in 
ascites, 164 

Positive encl-expiratory pressure 
bronchoscopy in, 138 
plethysmography in, 234 

Postcardiotomy cardiogenic shock. 1 03--104, 
1 1 3  

intraao1tic balloon pump and counterpul
sation in, 1 03--104 

left ventricular assist devices in. 104, 1 14, 
1 1 6, 1 17 

weaning from cardiopulmonarv bypass 
in, 103-104, 1 1 3  

Potassium 
in dialysate formulations 

in hemodialysis, 270t, 270--Z-71, 272, 279 
in peritoneal dialysis, 270t, 275 

serum levels in renal failure, 265, 279 
transcellular shifts in hemoclialysis, 

270--271 



Potts-Cournand needle, 105f, 106f 
Predictive value of monitoring, 197t 
Pregnancy, diagnostic peritoneal lavage in, 

167, 169 
Premeclication in bronchoscopy, 138 
Prokinetic agents in enteral nutrition, 177, 

180 
Propofol 

in bedside procedures, 221-222, 225 
characteristics of, 221t 
context-sensitive half-times of, 220f, 221 , 

224 
Prosorba columns in hemapheresis, 183, 185 

flu-like symptoms from, 186 
Prosthetic hean valves in aonic stenosis, 

87-88, 88f 
Protamine sulfate reversal of heparin, in 

hemoclialysis, 273 
Protein 

in cerebrospinal fluid, 187-188 
dietary intake in renal failure and dialysis, 

277 
metabolism of, 247 
in pleural fluid, 143, 144 
in synovial fluid, 218 

Pseuclocyst drainage, 251 ,  252f, 255 
Pseuclogout, 217, 218t 

synovial fluid analysis in, 217 
Pseudo-obstruction, intestinal, colonoscopy 

in, 163 
Pseuclotumor cerebri, 189 
Psychiatric disorders from ketamine, 222 
Pull technique in percutaneous endoscopic 

gastrostomy, 178 
Pulmonary a11e1y 

catheterization of. See Pulmonary anery 
catheterizarion 

perforation in catheterization, 60-61 
pressure in 

elevated, pulmonary arte1y catherer
ization in, 59 

wedge tracings of, 52, 53f, 54-55 
Pulmona1y a1tery catheterization, 45-63 

in arrhythmia diagnosis, 59-60 
balloon inflation in, 47-48, 49f, 5 1 ,  53f 
basic catheter in, 47 
cardiac output measurement in, 55-56 
in cardiac tamponacle, 59 
clinical applications of, 56-60, 58t 
complications of, 60t, 60-62 
controversies in, 45-47 
current recommendations for, 47 
derived parameters in, 56, 58t 
fluoroscopic guidance in, 52 
guiclewire introduction in, 50, 50f 
in heart failure, 58, 58r 
in hypovolemia, 56-57 
indications for, 45, 47, 48t 
infections in, 62 
insenion techniques in, 48-52 
introducer sheath in, 50, 5 1 ,  52f 
in mitral regurgitation, 58, 59f 
mixed venous blood analysis in, 56 
normal resting profile in, 56, 58t 
pressure transducers in, 48 
in pulmonary edema, 57-58 
in pulmonary embolism, 59 
in pulmonary hypertension, 59 

puncture sire enlargement in, 50, 51f 
right atrial pressures in,  52, 53f, 54f 
in right ventricular infarction, 59 
right ventricular pressure tracings in, 52, 

53f, 54 
safety guidelines in, 62-63 
in shock, 56-57, 58t 
special considerations in, 52 
temperature monitoring in, 228 
in temporary cardiac pacing, 69 
in tricuspicl insufficiency, 58 
in ventricular septa! rupture, acute, 58-59 
verification of catheter position in, 55, 55r 
vessel dilator-sheath apparatus in, 50, 51f  

Pulmona1y veins, echocarcliography of, 88-89 
Pulsatile pumps of ventricular assist devices, 

1 13, 1 14, 1 1 5  
Pulse generator i n  tempora1y cardiac pacing, 

70 
Pulse oximet1y. See Oximet1y, pulse 
Pulse wave arrival rin1e in blood pressure 

measurement, 230 
Pump systems 

in extracorporeal life support, 1 18, 
1 19-120, 123 

in ventricular assist devices, 1 13-1 14, 1 15 ,  
117 

in intraaorric balloon counterpulsa
tion, 102-1 1 1  

Purpura, thrombocytopenic, hemapheresis 
in, 183, 184t, 185 

Push technique in percutaneous endoscopic 
gastrostomy, 178 

Pyorhorax, 129 

QRS complex, automated analysis of, 232 

Radial artery 
Allen's rest of, 38-39, 146 
anatomy of, 38, 38f 
catheterization of, 38-39, 39f 

for arterial pressure monitoring, 231 
for continuous oxygen and carbon 

dioxide monitoring, 239 
gas embolism in, 42 
in intraaortic balloon pump and coun

terpulsation, 105 
puncture for arterial blood gas analysis, 

146-147 
Racliocontrasr agents in transthoracic 

echocarcliography, 83-84 
Raclionuclicle scans of cerebral blood flow, 

200-201 
Raniticline in gastric intramucosal pH moni-

toring, 241 
Rectal temperature measurement, 227, 228 
Reel blood cells. See E1ythrocytes 
Remifentanil in bedside procedures, 223-224, 

225 
context-sensitive half-times for, 220f, 224 

Rese1voirs in CSF shunt systems, 188, 192f, 
192-193, 193f 

Respirato1y disorders 
airway management in, 3-16 
anatomy in, 3-4, 4f 
biopsy of lung in, 255-261 
bronchoscopy in, 135-138 
extracorporeal life support in, 1 1 7-124 
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in immunocompromisecl hosts 
differential diagnosis of, 259, 259t 
lung biopsy in, 258-259, 260, 261 
management of, 259, 259r 

intracorporeal support device in, 124 
from miclazolam, 223 
monitoring in, 233-239 

gas exchange measurements in, 
234-239 

of respiratory rate and tidal volume, 
233-234 

from opioicls, 223 
in peritoneal dialysis, 281 

Respirato1y distress syndrome, exrracorporeal 
life support in, 123 

Respirato1y failure 
extracorporeal life support in, 1 1 7-124 
intracorporeal support device in, 1 24 

Respiraro1y rare, 233-234 
Rhinorrhea, cerebrospinal fluid, 189 
Rickham reservoir, 192f 
Riva-Rocci pressures, 229, 230 
Rocuronium, 224t, 225 
Roller pumps 

in extracorporeal life suppon, 1 18, 1 19, 123 
in ventricular assist devices, 1 1 3  

Salicylare toxicity, dialysis in, 266 
Sclerotherapy in variceal hemorrhage, 163, 

171  
balloon tarnponacle compared to, 171 

Sedation 
in carclioversion, 76 
in echocarcliography, rransesophageal, 85 
in endoscopy, 162-163 

complications of, 162 
in lumbar puncture, 190 

Seizures, electroencephalography in, 206 
Selclinger technique 

in drainage procedures, 253 
in hernodialysis, 274 
in paracentesis, 166 

Sellick's maneuver in orotracheal intubation, 
9 

Sengsraken-Blakemore tube in variceal hem
orrhage, 1 7 1 ,  173, 174f 

Sensitivity of monitoring devices, 197t 
Sepsis 

arthritis and synovial fluid analysis in, 
214, 217, 217t, 218 

renal failure and dialysis in, 277 
Serositis, 265 
Shock 

carcliogenic 
intraaorric balloon pump in, 103-104 
postcardiotomy, 103-104, 1 1 3. See 

also Postcardiotomy carclio
genic shock 

pulmonary arre1y cad1ererizarion in, 
58, 58t 

ventricular assist devices in, 1 14, 1 1 5, 
1 17 

gastric intramucosal pH monitoring in, 
240 

hypovolemic 
in gastrointestinal bleeding, 172-173 
pulmonary a1te1y cathererization in, 

56-57, 58t 
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Shock-continued 
intraaottic balloon pump in, 103-104 
pulmonary attery catheterization in, 

56--57, 58, 58t 
Shunt systems 

cerebrospinal fluid 
lumboperironeal, 193 
obstruction of, 188 
rese1voirs and valves in, 188, 192f, 

192-193, 193f 
ventriculoatrial, 192 
ventriculoperironeal,  188, 192 

transjugular intrahepatic po1tocaval, in 
ascites, 164 

Sickle cell disease, erythrocytapheresis in, 
183, 183t 

Sigmoidoscopy, 163 
Sinus bradycardia, tempora1y cardiac pacing 

in, 67 
Skin color affecting pulse oximet1y measure

ments, 235 
Skull fractures, cerebrospinal fluid fistula in, 

189 
Small intestine, enteral nutrition infusion into, 

176, 179 
Smoke inhalation inju1y 

bronchoscopy in, 136 
and burns, 136 

Sniffing position in oron·acheal in[Ubation, 9 
Sodium 

in dialysate formulations 
in hemodialysis, 270, 270t, 272, 279 
in peritoneal dialysis, 270t, 275 

dietary intake in ascites, 164 
serum levels in enteral nutrition, 180-181 

Sodium citrate in hemodialysis, 273 
Sodium polystyrene sulfonate in hyperkale-

mia, 265, 279 
Specific gravity of pleural fluid, 144 
Specificity of monitoring devices, 197t 
Specimen collection and handling 

in atterial blood gas analysis, 1 46--147 
in lung biopsy, 260-261 

Spectrometry, mass, in capnography, 238 
Specn·oscopy, near-infrared, of brain oxygen

ation, 205f, 205-206 
Sphygmomanometer in blood pressure mea

surement, 229 
Spinal injuries, cervical 

ai1way management in, 13 
transesophageal echocardiography in, 86 

ST segment in electrocardiography, auto
mated analysis of, 232, 233 

Staff training 
on cardioversion, 75t, 75-76, 76t, 77 

minimum requirements in, 76 
on echocardiography, transesophageal, 

84 
on electrocardiography, 233 

Staining techniques 
in pleural fluid analysis, 145 
in synovial fluid analysis, 217, 218 

Stamey catheter in percutaneous cystotomy, 
2 1 1 ,  2 12f 

Starling's law on heatt function, 1 1 2  
Stent placement i n  corona1y arte1y, intraaor

tic balloon pump and counter
pulsation in, 104 

Stomach 
enteral nutrition infusion into, 176 
motor function in enteral nutrition, 177, 

180 
pH monitoring, intramucosal, 240-241 
variceal bleeding of. See Variceal bleed-

ing, esophageal and gastric 
String sign in synovial fluid analysis, 216,  217 
Stroke. See Cerebrovascular disorders 
Stroke volume in heart failure, 1 1 2  
Stunning o f  myocardium, 1 14 
Subarachnoid hemorrhage 

in aneu1ysm rupture, 188, 20lf 
cerebral blood flow velocity in, 201,  20lf 
cerebrospinal fluid analysis in, 187, 188 

Subclavian vein catheterization, 18, 18t, 26--28 
anatomy in, 26, 26f 
in hemapheresis, 183 
infraclavicular approach in, 27, 27f 
pneumothorax in, 28, 129 
supraclavicular approach in, 27, 27f 
in tempora1y cardiac pacing, 71 ,  72 

Subglottis 
edema after tracheotomy, 157 
stenosis after cricothyrotomy, 1 58 

Succinylcholine, 224t, 224-225 
Sufentanil in bedside procedures, 223-224, 

225 
pharmacokinetics of, 220f, 224 

Supraventricular tachycardia 
cardioversion in, 73, 75t, 75-77 
temporary cardiac pacing in, 67-68 

Suxamethonium anesd1esia after hemaphere-
sis, apnea in, 186 

Swallowing disorders in tracheostomy, 155,  
1 57 

Swan-Ganz catheterization. See Pulmonary 
arte1y catheterization 

Synovial fluid aspiration and analysis, 
214-218 

bulge sign in, 214, 215f 
color and clarity in,  216, 217t 
complications of, 214-215 
contraindications to, 214 
crystals in ,  217-218, 218t 
equipment in, 215, 216t 
in gout, 217 
indications for, 214 
mucin clot test in, 217, 217t 
string sign in, 216, 217 
technique in,  215f, 215-216, 216f 
viscosity in, 216--217, 217t 

Tachycardia 
cardioversion in, 73-79 

in reentrant rhythms, 75, 75t 
electrocardiography in, 232 
tempora1y cardiac pacing in, 67-68 

Tamponade, cardiac 
pericardiocentesis in, 97-101 
pulmona1y artery catheterization in, 59 

Telemet1y 
in electrocardiographic monitoring, 233 
in temperature monitoring, 227 

Temperature, 227-229 
in arterial blood gas analysis, 148 
axillary, 228 
brain, 199-200 

core, 227-228, 229 
in hyperthennia. See Hyperthermia 
in hypothermia. See Hypothermia 
measurement of, 227-229 

equipment in, 227 
indications for, 229 
radiotelemetry technique, 227 
sites used in, 227-229 
zero-heat flow technique, 227 

in neurologic disorders, 1 99-200 
rectal, 227, 228 
tympanic, 227, 228 

Tenckhoff catheters in peritoneal dialysis, 
275 

Thermistors in mermometers, 227 
Thermocouples in thermometers, 227 
Thermodilution technique in cardiac output 

determination, 55-56 
Thermogenesis, diet-induced, 246 
Thermometers, types of, 227 
Thoracentesis, 140-145 

complications of, 140-141 
pneumomorax in, 129, 140-141 

contraindications to, 140 
indications for, 140 
insufficient fluid in, 141 
interpretation of pleural fluid in, 143-145 
techniques in, 141-143, 142f 

catheter-over-needle, 142f, 142-143 
Thoracic trauma 

of aona, 93 
aortic regurgitation in, 93, 93f 
bronchoscopy in, 1 36 
echocardiography in, 93, 93f 
hemothorax in, 1 29 

Thoracoscopy 
lung biopsy in, 256 

contraindications to, 256t 
in diffuse parenchymal disease, 257, 

257t 
specimen handling in, 260 

in pleural effusions, 140 
Thoracostomy, 1 27-134. See also C est [Ubes 
Thoracotomy for lung biopsy, 256 

contraindications to, 256t 
Threshold values in monitoring, 197t 
Thrombocytopenia 

in heparin merapy, 1 10 
in arterial cad1eterization, 4 

in intraao1tic balloon pump and counter
pulsation, 107, 1 1 0  

and purpura, hemapheresis in, 183, 184t, 
185 

Thrombocytosis, plateletpheresis in, 183, 
183t 

Thrombolytic merapy in myocardial ischemia 
and infarction, 68 

Thrombosis 
in arterial cameterization, 42, 61 
in atrial fibrillation, anticoagulant therapy 

in, 76t, 76--77 
in central venous cameterizatio , 19-20 

with femoral catheter, 26 
with subclavian cad1eter, 28 

deep venous, pulmona1y embolism in. 
See Embolism, pulmona1y 

in hemodialysis, 273 
in myocardial ischemia and infarction 



echocardiography in, 90f 
thrombolytic therapy in, 68 

in pulmonary artery catheterization, 61 
in thrombocytopenic purpura, hemapher

esis in, 184t, 185 
in ventricular assist devices, 1 15-1 16, 1 1 7  

Tidal volume, 233-234 
Tonometry 

a1terial, 230 
gastric, 240, 241 

Toxic conditions 
dialysis in, 266 
hemapheresis in, 185 

Trachea 
anatomy of, 4 
in(llbation of, 6-16. See also Endotracheal 

intubation 
stenosis of 

in endotracheal intubation complica
tions, 1 5  

i n  tracheotomy complications, 1 57 
Tracheoarterial fistula in tracheotomy compli

cations, 1 56-157 
Tracheocutaneous fistula in tracheotomy 

complications, 1 57 
Tracheoesophageal fistula 

bronchoscopy in, 136 
in tracheotomy complications, 157 

Tracheotomy and cracheoscomy, 1 50-157 
advantages and disadvantages of, 150, 151 c  
after tracheal incubation, 16 
aspiration problems in ,  155 ,  1 57 
complications in, 1 5 1 ,  1 55t, 1 55-157 
contraindications co, 150 
in emergency, 1 5 1  
indications for, 150, 1 5 1 t  
open surgical, 1 50, 1 5 2  
percutaneous dilatational, 1 50, 1 51-1 52 

technique in, 152-154, 153f-154f 
postoperative care in, 1 54-155 
swallowing disorders in, 155 
timing of, 150-15 1  
tracheoanerial fistula in, 1 56-157 
tubes and cannulas in, 1 54 

displacement or dislodgement of, 1 56 
misplacement of, 1 57 
obstruction of, 1 56 
postoperative care of, 1 54-155 

Training of staff. See Staff training 
Transfusions 

in blood loss from frequent diagnostic 
tests, 42 

in extracorporeal life support, 122 
in renal insufficiency and platelet dys

function, 266 
Transplantation 

of heart. See Heart, transplantation of 
respiratory infections and lung biopsy in, 

258 
Trauma 

abdominal, peritoneal lavage in, 167-170 
of aorta, 93 
of bladder in paracentesis, 166 
cerebrospinal fluid fistula in, 189 
of cervical spine 

aiiway management in, 1 3  
transesophageal echocardiography in, 

86 

chest tube insertion in, 131  
of  head. See Head trauma 
of heart in pulmona1y arte1y catheteriza-

tion, 61-62 
hemothorax in, 129 
inhalation injury and burns in, 136 
in intraaortic balloon pump insertion, 1 1 0  
intracranial pressure increase i n ,  190 

in head trauma, 190, 201-203 
pneumothorax in, 1 28-129 
in pulmona1y arte1y catheterization 

intracardiac damage in, 61-62 
pulmona1y ane1y perforation in, 60-61 

thoracic, 93, 93f 
bronchoscopy in, 136 
hemothorax in, 1 29 

tracheotomy and tracheostomy in, emer
gency, 151  

Tricuspid regurgitation, pulmonary a1te1y 
catheterization in, 58 

Triglycerides in pleural fluid, 144-145 
Tubes 

in balloon tamponade of esophageal 
variceal hemorrhage, 171-172, 
173-174 

insertion and placement of, 174, 175f 
maintenance of, 175 
migration of, 171 
removal of, 175 
traction on, 174-175 

chest tubes, 1 27-134. See also Chest tubes 
endotracheal, 7, St. See also Endotracheal 

intubation 
feeding, 1 6 1 ,  176-181 

complications of, 177, 180-181 
drug therapy through, 180, 181 
gastrostomy, 161 ,  178-179 
jejunostomy, 178-179, 180 
nasoenteric, 177f, 177-178, 178f 
occlusion of, 180, 181 

tracheostomy 
characteristics of, 154 
displacement and dislodgement of, 

1 56 
insenion of, 152-154 
misplacement of, 157 
obstruction of, 1 56 
postoperative care of, 154-155 

in transesophageal echocardiography, 
85-86 

Tumors 
cerebrospinal fluid analysis in, 189 
dialysis indications in, 266 
hypercalcemia in, 266 
pleural effusions in, 130, 145 

Tympanic temperature measurement, 227, 
228 

Ultrafiltration 
in hemodialysis, 267-268 
in peritoneal dialysis, 269, 275 
slow continuous, 264, 264t 

Ultrasonography 
in drainage procedures, 252-253, 254f 
of heart, 80-94. See also Echocardio

graphy 
in paracentesis guidance, 165, 1 66 
in thoracentesis guidance, 143 
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Upper extremity veins, anatomy of, 20, 20f 
Urate crystals in synovial fluid, in gout, 217 
Urea, removal rate in dialysis, 276-277 
Urea nitrogen blood levels in uremia, 265 
Uremia 

dialysis in, 265 
encephalopathy in, 265 
pericarditis in, 265 

Urethral catheterization, 210-2 1 1  
Uric acid serum levels, 217, 218t 
Urinary catheterization, 210-213 

in percutaneous cystotomy, 21 1-213 
urethral, 210-2 1 1  

Urine assessment in discontinuation of dialy
sis, 277-278 

Valvular heart disorders 
aortic 

in thoracic trauma, 93, 93f 
valve replacement and echocardio

graphy in, 87-88, 88f 
echocardiography in, 89-92 

in endocarditis, 90-92, 92f 
in postoperative hypotension, 87-88, 

88f 
in thoracic trauma, 93, 93f 

mitral, pulmona1y arte1y cath�terization 
in, 58, 59f 

in thoracic trauma, 93, 93f 
tricuspid, pulmonary anery catheteriza

tion in, 58 
Variceal bleeding, esophageal and gastric 

balloon tamponade in, 171-175. See also 
Balloon tamponade in variceal 
bleeding 

band ligation in, 163, 1 7 1  
endoscopy in, 163 

diagnostic, 173 
therapeutic, 163 

management algorithm on, 172f 
octreotide in, 171, 173 
sclerotherapy in, 1 63, 171 

balloon tamponade compared to, 171 
vasopressin therapy in, 171, 173 

Vasopressin therapy 
in renal insufficiency and platelet dys

function, 266 
in variceal hemorrhage, 171 ,  173 

Vecuronium, 224t, 225 
in transesophageal echocardiography, 86 

Vegetations in endocarditis, echocardio
graphy in, 90, 9 1 ,  92f 

Venoarterial perfusion in extracorporeal life 
support, 1 18, 1 1 9, 1 19f 

cannulation in, 1 1 9, 1 20f 
compared to venovenous perfusion, 1 19t 
indications for, 121  
weaning from, 122 

Venovenous perfusion in extracorporeal life 
support, 1 18, 1 1 8f, 1 1 9  

compared t o  venoarterial perfusion, 1 19t 
weaning from, 1 22 

Ventilation and perfusion mismatch, capnog
raphy in, 239 

Ventilato1y support 
barotrauma in, 129 
bronchoscopy in, 136, 138 
pneumonia in, 136 
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Ventilatory · supporr-continued 
pneumothorax in, 1 29 
positive end-expiratory pressure in, 138 

plethysmography in, 234 
rracheoromy and tracheostomy in, 150, 151t 

Ventricles, cardiac 
arrhythmias of. See Ventricular arrhytlunias 
left 

assist devices for, 102-1 17 
dysfunction after myocardial infarc

tion, 90f 
echocardiography of. See Echocardio

graphy, of left ventricular struc
ture and function 

right 
infarction of, 59 
pressure measurements, 52, 53f, 54 

septa! rupture of 
echocardiography in, 89, 9lf 
intraaortic balloon pump and counter

pulsation in, 103 
in myocardial infarction, 89, 91f, 103 
pulmona1y a1tery catheterization in, 

58-59 
Ventricular arrhytlunias 

fibrillation 
defibrillation in, 73-79. See also 

Defibrillation 
electrocardiography in, 232 

tachycardia 
after cardioversion for atrial fibrilla

tion, 77 

cardioversion in, 73, 75t, 77-78 
monomorphic, 77-78 
temporary cardiac pacing in, 67, 68 

temporary pacing in, 67, 70, 70t 
indications for, 68 
procedure in, 71  

in ventricular assist devices, 1 17 
Ventricular assist devices, 102, 1 12-1 1 7  

a s  alternative to cardiac transplantation, 
1 17 

as bridge to cardiac transplantation, 1 13, 
1 14 ,  1 1 5  

complications of, 1 1 6t, 1 16--1 17 
contraindications to, 1 1 4t, 1 14-1 15 
features of, 113 
future directions in use of, 1 17 
historical aspects of, 1 13 
indications for, 1 14, 1 14t 
infections in, 1 16--1 17 
intraaortic balloon pump as, 102-1 1 1  
placement of, 1 13, 1 15, 1 1 5f 
postoperative management in, 1 1 5t, 

1 15-1 16 
pumps in ,  1 1 3-114, 1 15,  1 1 7  
removal of, 1 1 6  
results with, 1 17 
weaning from, 1 16 

Ventriculoperitoneal shunts, 188, 192 
obstruction of, 188 

Ventriculostomy, 190, 193-194 
Viscosity of synovial fluid, 2 16--217, 217t 

mucin clot test of, 217, 217t 

string test of, 2 16, 217 
Voltage in cardioversion and defibrillation, 73 
Volume clamp technique in blood pressure 

measurement, 230 
von Willebrand factor in thrombotic thromb

ocytopenia purpura, 1 85 

Weaning 
from cardiopulmonary bypass 

intraaortic balloon pump and counter
pulsation in, 103-104, 1 1 1 ,  1 12,  
1 13 

ventricular assist devices in failure of, 
1 1 4, 1 1 5  

from extracorporeal life support, 122 
from intraaortic balloon pump and coun

terpulsation, 108-109 
from ventricular assist devices, : 1 6  

Weir equation, modified, 246--247 
White blood cell count 

in cerebrospinal fluid, 188 
in hyperleukocytosis, 183, 183t 
in peritoneal lavage, 167, 168, 1 69, 169t 
in pleural flu.id, 145 
in synovial fluid, 216, 2 17, 217t 

Wright's stain of synovial fluid, 217  

Xanthochromia of  cerebrospinal fluid, 188 
Xenon 133 scans of cerebral blood flow, 

200--201 

Z-track technique in paracentesis, 1 65, 166 
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