






















































































































































































































































































































































































































































































































































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-

29: Lung Biopsy 255 

[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 



272 Procedures and Techniques in Intensive Care Medicine 

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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Abdominal trauma, peritoneal lavage in, 
167-170 

Abducens ne1ve palsy after lumbar puncture, 
192 

Abscess 
drainage techniques in, 251 ,  253, 253t 
intracardiac, in endocarditis, 90, 92f 

ACE inhibitors and hemapheresis reactions, 
185-186 

Acetylcholine receptor antibodies in myas­
thenia gravis, 184, 185 

Acetylcysteine, 136 
in asthma, 136 

Acid secretion, gastric, 240-241 
Acidosis 

gastric intramucosal pH monitoring in, 
240 

in renal failure, dialysis in, 265-266 
Age. See also Children 

and pain management, 220 
in ventricular assist device placement, 

1 14-1 15 
AIDS, lung biopsy in ,  258, 259 
Air embolism. See Gas embolism 
Airway management, 3-16 

ace masks in, 4-5 
anatomy in, 3-4, 4f 
bag-mask ventilation in, 4-5 
bronchoscopy in, 1 1 ,  136-137 

in excessive secretions, 1 36 
in foreign body, 1 1 ,  136-137 

in ce1vical spine injuries, 13 
Combitube in, 1 1 ,  13, 13f 
cricothyrotomy in, 13,  1 57-158 

needle method in, 13, 14f 
difficult, 1 1-13, 1 2f 
in emergency, 4-6 
in esophageal variceal hemorrhage, 172 
head tilt-chin lift maneuver in, 4 
jaw thrust maneuver in, 4, 4f 
la1yngeal mask in, 1 1-13, 12f, 13f 
la1yngoscopes in, 13,  14f 
nasopha1yngeal airway in, Sf, 5-6 
in obstruction, 4, 4f 

bronchoscopy in, 1 1 ,  136-137 
oropha1yngeal airway in, 5, 5f 
in tracheal intubation, 13-14 
tracheal intubation in, 6-10 
tracheostomy in, 16, 150-157 

Albumin, serum to ascites gradient, 1 66 
Alfentanil in bedside procedures, 220f, 

223-224 
Alkaline phosphatase in peritoneal lavage 

fluid, 169 
Allen's test, 38-39, 146 

Allergic reactions in hemapheresis, 185-186 
Aluminum toxicity in hemodialysis, 271-272 
Amnesia in anesthesia for bedside proce-

Ampere, 73 
Amylase 

dures, 222, 223, 225 

in peritoneal lavage fluid, 168, 169, 169t 
in pleural fluid, 1 44 

Anemia 
hemolytic, in intraaortic balloon pump 

and counterpulsation, 1 10 
pulse oxin1etry accuracy in, 236 

Anesthesia 
in bronchoscopy, 138 
hemapheresis affecting, 186 
intravenous, in bedside procedures, 

219-225 
characteristics of agents in, 221t, 

221-225 
context-sensitive half times in, 220, 

220f, 225 
dosage in, 219-220, 220f, 225 
pharmacokinetics in, 220, 220f, 225 
practical considerations in, 225 
selection of agent in, 220-221 

local 
in arthrocentesis, 2 15 , 216t 
in peritoneal lavage, 167, 168 
in transesophageal echocardio-

graphy, 85 
in tracheal intubation, 7-9, 9t, 224, 225 

Aneurysm 
incracranial, subarachnoid hemorrhage in, 

188, 201 f  
o f  left ventricle i n  myocardial infarction, 

90f 
Angina pectoris, unstable, intraaonic balloon 

pump and counterpulsation in, 
103, 104 

Angioplasty, coronary, intraaortic balloon 
pump and counterpulsation in, 
104 

Angiotensin-converting enzyme inhibitors 
and hemapheresis reactions, 
185-186 

Ankle-arm blood pressure index in intraaortic 
balloon pump and counterpul­
sation, 105, 107 

Anoscopy, 163 
Antecubital vein catheterization, 18, 1 8t, 

20-21 
in hemapheresis, 183 

Antibiotic therapy 
in intraaortic balloon pump and counter­

pulsation, 107 

in peritoneal dialysis and peritonitis, 281 
in transesophageal echocardiography and 

endocarditis prophylaxis, 85 
Anticoagulant therapy 

in atrial fibrillation and cardioversion, 76t, 
76-77 

in extracorporeal life suppon, 1 19, 121 
in hemodialysis, 273, 278 
heparin in. See Heparin therapy 
in intraao1tic balloon pump and counter­

pulsation, 107, 109, 1 10 
in ventricular assist devices, 1 1 5-116, 1 17  

Antidiuretic hormone therapy 
in renal insufficiency and platelet dys­

function, 266 
in variceal hemorrhage, 171 ,  173 

Anxiety in ventricular assist device place­
menc, 1 16 

Aorta 
balloon pump in, 1 02-1 1 1 .  See also 

lntraaortic balloon pump 
dissection of 

echocardiography in, 92-93, 93f 
magnetic resonance imaging in, 92, 93 

pressure estimation with Doppler 
echocardiography, 230 

trauma of, 93 
echocardiography in, 93 

Aortic valve disorders 
in thoracic trauma, 93, 93f 
valve replacement and echocardiography 

in, 87-88, 88f 
Apnea 

capnography in, 238-239 
impedance monitors in, 233-234 
inductive plethysmography in, 234 
in suxamethonium anesthesia after hema­

pheresis, 186 
Arrhythmias 

atrial. See Atrial arrhythmias 
bradycardia. See Bradycardia 
cardioversion and defibrillation in, 73-79 
in cardioversion complications, 77, 78 
electrocardiography in, 231-233 
in hemodialysis, 279 
in pulmonary anery catheterization, 6 1  
pulmona1y anery catheterization in ,  59-60 
tachycardia. See Tachycardia 
temporary pacing in, 67-72 
ventricular. See Ventricular arrhythmias 
in ventricular assist devices, 1 15, 1 17 

Arterial catheterization, 36-43 
for blood pressure monitoring, 36, 37, 

230-231 
advantages and disadvantages of, 231 

289 
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Alterial catheterization-conlinu.ed 
line placement and care in, 36, 37 
sources of error in, 37-38 

cerebral embolism in, 42 
complications of, 41t,  41-43 

predisposing factors in, 42t 
damping coefficient in, 37 
diagnostic blood loss in, 42 
equipment for, 36--37 
fast-flush test in, 37, 37f 
gas embolism in, 42 
historical aspects of, 36 
indications for, 36, 37t 
infections related to, 42-43 
insenion sites in, 38 
for OX')'gen and carbon dioxide monitor­

ing, 239 
of pulmona1y a1tery, 45-63. See also Pul-

mona1y artery catheterization 
reconunendations for, 43 
technique of, 38-41 
thrombocytopenia in, heparin-associated, 

42 
thrombosis in, 42, 61 

Arthritis 
etiologies of, 214, 215t 
gonococcal, 218 
inflammato1y, 214, 2 1 5t, 217t 
septic, 214, 217, 217t, 218 
synovial fluid analysis in, 214-218 

Arthrocentesis, 214-218. See also Synovial 
fluid aspiration and analysis 

Mtifacts 
in elecu·ocardiography and intraaonic bal­

loon pump, 108 
in pulse oximeuy, 235, 236 

Ascites 
diuretic therapy in, 164 
paracentesis in, 1 64-167 
saphenous-peritoneal anastomosis in, 167 

Aspiration problems 
in endoscopy, 162 
in enteral nutrition, 180 
in esophageal variceal hemorrhage, 171 ,  

172 
pneumonia in, 171 ,  172 
in tracheostomy and tracheotomy, 155, 157 

Aspiration procedures 
cerebrospinal fluid, 187-194 
indications for, 251 ,  253t 
lung biopsy in, 256, 257, 258 

diagnostic yield in, 257-258, 258 
specimen handling in, 261 
transbronchial needle, 257 
transthoracic needle, 256 
in unstable patients, 258 

synovial fluid, 214-218 
technique in, 253 

Assist devices, ventricular, 102-1 17. See also 
Ventricular assist devices 

Asduna, bronchoscopy complications in, 137 
Atelecrasis, bronchoscopy in, 1 35, 136 
Atherosclerosis 

anesthesia in, 221 
intraaortic balloon pump and counterpul­

sation in, 1 04 
complications of, 109, 1 10 
and corona1y angioplasty, 104 

low-density lipoprotein apheresis in, 183 
An"ial aIThytlunias 

fibrillation 
anticoagulant therapy in, 76t, 76--77 
in cardioversion for venu·icular tachy­

cardia, 78 
cardioversion in, 75t, 75-77, 77t. See 

also Cardioversion, in atrial 
fibrillation 

electrocardiography in, 232 
thromboembolism in, 76t, 76--77 

flutter, temporary pacing in, 67-68 
tempora1y pacing in, 70, 70t 

indications for, 67-68 
procedure in, 71 

Atrioventricular block, temporary pacing in, 
67, 68 

Atrium 
arrhyd1mias of. See Atrial arrhythmias 
left, cannulation in ventricular assist 

device placement, 1 15 
right pressure measurements, 52, 53f, 54f 

Auscultation methods in blood pressure mea-
surement, 229, 230 

Axillary artery cad1eterization, 41 
Axillary temperature, 228 
Azotemia in enteral nutrition, 180--181 

Bacterial colonization of vascular catheter, 28 
Bacterial contamination of enreral solutions, 

181 
Bacterial infections 

antibiotic therapy in. See Antibiotic dler­
apy 

synovial fluid analysis in, 218 
Bag-mask ventilation, 4-5 
Balloon pump, i1maaortic, 102-1 1 1 .  See also 

Intraaortic balloon pump 
Balloon tamponade in variceal bleeding, 

171-175 
complications of, 171 
contraindications to, 172 
efficacy of, 171 
equipment in, 173f, 173-174, 174f 
historical development of, 171 
indications for, 171-172 
insertion and placement of tube in, 174, 

174f, l 75f 
Minnesota tube in, 171 ,  173, 173f 

inse1tion and placement of, 174, 174f 
maintenance of, 175 

position of balloon in, 171, 173f 
removal of, 175 
Sengstaken-Blakemore tube in, 171 ,  173, 

174f 
technique in, 172-175 
traction on tube in, 174-175 

Band ligation in variceal bleeding, 163, 171 
Barotrauma in ventilatory suppo1t, 129 
Basilic vein catheterization, 20--21 

in tempora1y cardiac pacing, 71 
Bedside procedures 

anesthesia in, 219-225 
levels of discomfort in, 220, 221t 

Beer's law, 205-206 
Berman airway, 5 
Bernoulli equation, 81,  230 
Bias in monitoring, 197t 

Bicarbonate 
in dialysate formulations, 270t, 271,  279 
serum levels of, 146, 147, 240 

accuracy of, 148 
and treatment recommendati ns in 

metabolic acidosis, 265-266 
dlerapy in renal failure, 266 

Bilirubin levels affecting pulse oxi.metry 
accuracy, 235-236 

Biocompatibility of membranes in hemodial­
ysis, 276 

Biopsy of lung, 135-136, 255-261 .  See also 
Lung biopsy 

Bladder 
drainage of 

percutaneous cystotomy in, 2 10--213 
urethral catheterization in ,  21 0--21 1  

pH in, 240 
spasms in percutaneous cystotomy, 212 
temperature measurement in ,  228 
trauma in paracentesis, 166 

Bleeding. See Hemorrhage 
Blood 

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 
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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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