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As the title implies, The Little ICU Book is a smaller, more con
densed version of its older sibling, The TCLT Book, and is in
tended as compact reference for the bedside. A majority of  
the chapter titles in The ICU Book have been retained in the 
"little book", but each chapter has been completely rewritten 
to include only the most essential information, and the con
tent is presented in outline form for easy access. Although 
small in stature, The Little ICU Book is densely packed with 
facts and formulas that represent the essentials of patient 
care in the (adult) ICU. 
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Chapter 1 

INFECTION CONTROL 
INTHEICU 

This chapter describes the patient care practices that are 
designed to prevent the growth and spread of pathogenjc 
orgarusrns in the hospital setting. 

I. SKIN HYGIENE 

Common organisms isolated from the skin of ICU persoru1el 
are (in order of decreasing prevalence): Stnphylococcus epider
m idis (over 90% of people cultured), gram-negative aerobic 
bacilli (20%), Candida species (15%) and Stnphylococcus au
reus (5 - 10%). Eradicating these organisms from the skin is 
a major concern of infection control. 

A. Soap and Water 

Soaps are detergents that can disperse particulate and organ
ic matter, but they lack antirrucrobial activity. Cleanmg the 
skin with plain soap and water will remove dirt and grease 
but will not eradicate the microbial flora on the skin. The 
eradication of microbes (called decontn111inntion) requires the 
application of agents that have antin1icrobial activity. 

B. Antiseptic Agents 

Antirillcrobial agents used to decontaminate the skin are 
called nntiseptics, and those used to decontaminate inanimate 
objects are called disinfectnnts. The antiseptic agents used 
most commonly are described below (see Table 1 . 1 )  (1-3). 
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TABLE 1 .1 Common Antiseptic Agents 

Agent 

Alcohol 

lodophors 

Chlorhexidine 

Major Advantage 

Broad coverage 

Broad coverage 

Good residual activity 
(� 6 hrs) 

From References 1-3. 

1. Alcohols 

Major Disadvantage 

Little residual activity 

Inconsistent residual 
activity 

Limited coverage 

The alcohols (ethanol, propanol, isopropyl alcohol) are 
germicidal against most bacteria, fw1gi, and viruses 
(including HIV). 

a .  Alcohols have a rapid onset of action, but have little 
persistent (residual) activity. 

b. Repeated use of aqueous alcohol solutions can cause 
drying and irritation of the skin. This effect is min
imized when a waterless alcohol gel is used. 

c. The alcohols are less effective in the presence of dirt 
and organic matter, so skin that is dirty or soiled with 
body fluids should be cleaned before applying alcohol. 

2. Iodophors 

Iodine has broad-spectrum germicidal activity (like the 
alcohols), but it is irritating to the skin and soft tissues. 
Skin irritation is reduced by employing a carrier mole
cule to release iodine slowly. Iodine preparations that use 
a carrier molecule are called iodophors. The most popu
lar iodophor in the United States is povidone-iodine. 

a. Since the active ingredient in iodophors (iodine) is re
leased slowly, iodophors must be left in contact with 
the skin for a few minutes to achieve maximum anti-
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sepsis. Prolonged contact with iodine can be irritating, 
so iodophors should be wiped from the skin after dry
ing. This removal limits the persistent (residual) anti
septic activity. 

b .  Iodophors are neutralized by organi c  matter, so skin 
that is soiled with blood and body fluids should be 
cleaned before applying an iodophor. 

3.  Chlorhexidine 

Chlorhexidine gluconate is a germicidal agent that is 
effective against gram-positive bacteria, but has less ac
tivity than alcohol and iodophors against gram-negative 
bacilli and fungi. 

a .  The major advantage of chlorhexidine is its prolonged 
activity, which can last for 6 hours or longer (2). This 
activity is reduced by soaps and hand creams. 

b. Chlorhexidine is available in 0.5% to 4% aqueous solu
tions. The 4% solution is most effective, but repeated 
use can cause skin irritation. Chlorhexidine is also an 
ocular irritant, and care should be taken to avoid con
tact with the eyes. 

4.  Spore-Formin9 Or9anisms 

Antiseptic agents are not effective against spore-forming 
organisms like Clostridium difficile and Bacillus nnthracis 
(1) .  Proper use of gloves is required to prevent the spread 
of these organisms. 

C. Handwashing 

Appropriate handwashing is the cornerstone of infection 
control, and Table 1 .2 presents the guidelines for hand wash
ing issued by the Centers for Disease Control. 

1 .  Genera/ Recommendations 

a. Antiseptic soaps and gels are preferred to plain soap 
and water for handwashing. 
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TABLE 1 .2 Recommendations for Handwashing 

I .  Handwashing with soap (plain or antiseptic) and water is 
recommended: 

1 .  When hands are dirty or soiled with blood or body fluids. 

2 .  Before eating. 

3. After leaving a restroom. 

I I .  Handwashing with an antiseptic preparation* is recommended: 

1 .  Before direct contact with a patient. 

2. After contact with a patient's skin (intact or non-intact). 

3. After contact with body fluids, secretions, excretions, mucous 
membranes, wound dressings, and contaminated items. 

4. Before donning sterile gloves to insert central intravascular 
catheters or other invasive devices that do not require a 
surgical procedure. 

5. Before inserting urinary catheters, peripheral venous 
catheters, or other invasive devices that do not require a 
surgical procedure. 

6. After removing gloves. 

7 .  When moving from a contaminated to a clean body site. 

8 .  After contact with inanimate objects in the immediate vicinity 
of the patient. 

*A waterless alcohol gel is preferred to antiseptic soaps, but the 
hands must be clean prior to appl ication. 

From References 2 and 3. 

b. If the hands are not visibly soiled, a waterless alcohol 
gel is reconrn1ended for handwash.ing (alcohol has 
proven more effective than iodophors or chlorhexidine 
for reducing bacterial counts on the ha11ds) (3) . The gel 
should be rubbed into the hands until the hands feel 
dry. 

c. Antiseptic soaps are recommended when the hands 
are dirty or soiled with body fluids. The soap should 
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be rubbed over the entire surface of the hands for at 
least 30 seconds (2,3). The soap is then removed with a 
tap water rinse, and the hands should be dried com
pletely (residual moisture on the skin will promote 
microbial growth). 

d.  Hot water is not recommended for handwashing (3) 
because it is not more effective than warm or cold 
water for removing skin microbes (4), aJ1d it can be ir
ritating to the skin. 

e. During handwashing, special attention should be gi
ven to the subtmgual areas under the fingernails, 
where microbes tend to congregate. 

Despite the importance of handwashing, smveys reveal 
that only a small percentage of ICU personnel adhere to 
the handwashing guidelines, and physicians are consis
tently the worst offenders (1-3). 

I I .  PROTECTIVE BARRIERS 

Protective barriers like gloves, gowns, masks, and eye 
shields provide a physical impediment to the transmission 
of infectious agents in blood and body fluids. 

A. Gloves 

1. Indications 
The tasks that require gloves (sterile and nonsterile) are 
listed in Table 1.3. 

a .  Sterile gloves are required when catheters are placed 
in arteries, large central veins, and closed spaces 
(including the epidural and subarachnoid spaces). 

b .  Nonsterile gloves are used for contact with blood, 
body fluids, secretions, excretions, nonintact skin, and 
mucous membranes. 
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c. Nonsterile gloves can be used for insertion of periph
eral vein catheters as long as a "no touch" tecluuque is 
used (i.e., the gloved hands do not touch the shaft of 
the catheter). 

2. Gloves and Handwashin9 

a. The use of gloves does not eliminate the need for 
hand washing. 

b. Hand washing is recommended both before donning 
gloves, and again after the gloves are removed. 

3. Latex A lle1w 

Latex is a natural rubber product that is used in the man
ufacture of several medical products, including gloves, 
face masks, blood pressure cuffs, and catheters. Repeated 
exposure to latex can promote hypersensitivity reactions. 

a .  Latex hypersensitivity is reported in 10% to 20% of 
hospital workers, compared to 1 % of the general pop
ulation (8). I t  is particularly prevalent in patients with 
spina bifida (up to 40% of patients), for w1clear rea
sons. 

b. The clilucal manifestations of latex allergy can il1clude 
atopic dermatitis (urticaria or eczema), anaphylaxis, 
rhinoconjtmctivitis, or asthma (8,9). 

c. The diagnosis of latex allergy can be elusive because 
the clilucal presentation is nonspecific, and some of the 
manifestations (rl1inoconjtmctivitis and astluna) do 
appear without direct contact with latex. Allergic reac
tions that are work-related (i.e., appear when at work 
and disappear when away from work) should raise 
suspicion of latex allergy. 

d. There are two tests for latex hypersensitivity: a skin 
test, and an assay for latex-specific IgE levels iJ.1 the 
bloodstream. Both have shortcomil1gs. The latex-spe
cific IgE assay is currently the favored test, but the sen
sitivity can be low (10). 
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TABLE 1 .3 Recommendations for Glove Use in the ICU 

I .  Sterile gloves must be worn for the following procedures: 

1 .  Central venous catheterization. 

2. Peripherally- inserted central catheters. 

3. Arterial catheterization. 

4. Placement of drainage catheters in a closed space (pleural, 
pericardia!. or peritoneal cavities). 

5. Insertion of epidural or intraventricular catheters. 

II. Nonsterile gloves are recommended for the following situations: 

1 .  When there is contact with blood, body fluids, secretions, 
excretions, nonintact skin, and mucous membranes. 

2 .  Insertion of peripheral venous catheters (the gloved hands 
must not touch the catheter). 

I l l .  General recommendations: 

1 .  Handwashing is recommended before glove use, and again 
after gloves are removed. 

2 .  Gloves should be changed between tasks involving the same 
patient if there has been contact with potentially infectious 
material . 

3. Gloves should be removed immediately after use. before con
tact with noncontaminated objects in the environment, and 
before going to another patient. 

From References 5-7. 

e. The treatment of latex allergy includes symptom relief 
and removal of latex from the subject's environment. 
Latex-free (vinyl) gloves are available in most hospi
tals, but complete removal of latex from the hospital 
enviromnent is often not possible because of the large 
number of medical products that contain latex (it i s  
even found on tongue depressors). 
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B. Masks & Other Barriers 

Face masks, eye shields, and gowns are also used as physical 
barriers to infectious agents. These barriers are recommend
ed for any procedure or patient care activity that could gen
erate a splash of blood, body fluids, secretions, or excretions. 

1. Face Masks 

There are two general types of face masks: surgical masks 
and respirators. 

a .  Surgical masks do not provide an effective barrier for 
airborne pathogens, and they should not be used as a 
preventive measure for airborne illnesses. The popu
larity of these masks in the ICU is unfounded. 

b. Respirators are devices that protect the wearer from 
inhaling a dangerous substance. Particulate respira
tors block particulate matter, and can block the inhala
tion of airborne pathogens, especially the tubercle 
bacillus. The most effective of these devices is the 
N9S respirator (11): the "N" indicates that the mask 
will block non-oil based or aqueous aerosols (the type 
that transmits the tubercle bacillus), and the "9S" indi
cates the mask will block 9S% of the intended particles. 

2. Airborne Illness 

Infectious particles that are capable of airborne trans
mission are divided into two categories: those greater 
than S microns (> S�1) in diameter, and those that are 
S microns or less ($ Sp) in diameter. The organisms and 
airborne illnesses in each category are shown in Figure 
1.1. 
a. The larger airborne particles (> Sp in diameter) usual

ly travel no farther than 3 feet through the air, and 
to prevent transmission of these particles, a surgical 
mask is recommended (despite lack of proven effica
cy!) when hospital staff or visitors are within 3 feet of 
the patient (S). 
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b. The smal ler (:::;Sp in diameter) infectious particles can 
h·avel long distances in the air. To prevent transmis
sion of these particles, patients should be isolated i_n 
private rooms that are maintained at a negative pres
sure relative to the surrom1ding areas. 

c .  For patients with u1fectious tuberculosis (pulmonary 
or laryngeal), all hospital staff and visitors should 
wear an N95 respirator mask while in the room (5,12). 

RESPIRATORY PRECAUTIONS FOR AIRBORNE INFECTIONS 

PATHOGENS & INFECTIONS 

Large Droplets (> 5µ in diameter} 

• Hemophilus influenza (type b}, 
epiglottitis, pneumonia, and meningitis 

• Neisseria meningitidis pneumonia, 
and meningitis 

• Bacterial respiratory infections: 
A. Diphtheria (pharyngeal} 
B. Mycoplasma pneumonia 
C. Group A strep pharyngitis 

and pneumonia 

• Viral respiratory infections: 
A. Influenza 
B. Adenovirus 
C. Mumps 
D. Rubella 

Small Droplets (� 5µ in diameter} 

• Mycobacterium tuberculosis 
(pulmonary and laryngeal TB} 

•Measles 

•Varicella 
(including disseminated zoster} 

RESPIRATORY PRECAUTIONS �. Place patient in private room. 
If unavailable, patient should 
not be within 3 feet of other 
noninfectious patients. 

2. Hospital staff and visitors 
should wear a surgical mask 
when within 

3 
feet of the patient. 

1. Place patient in negative 
pressure isolation room. 

2. For infectious pulmonary TB, 
hospital staff and visitors 
should wear N95 respirator 
masks while in the room. 

3. For infectious measles or 
varicella, those without a proven 
history of infection should not 
enter the room, or should wear 
an N95 respirator mask while in 
the room. 

HGUR£ l.l. Recommendations for preventing the spread of airborne 
pathogens. (From Reference 5). 
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d. For patients in the infectious stages of rubeola 
(measles) and varicella (chickenpox or herpes zoster), 
individuals with no prior history of these infections 
who are also pregnant, immunocompromised, or 
debilitated by disease should not be allowed in the 
patient's room. Other susceptible individuals can en
ter the room, but they must wear an N95 respirator 
mask. 

III .  BLOOD-BORNE INFECTIONS 

The greatest infectious risk for ICU personnel is exposure to 
blood-borne pathogens like HN, hepatitis B virus (HBV), 
and hepatitis C virus (HCV). This section will describe the 
occupational risks and preventive measures for blood-borne 
illnesses. 

A. Needlestick Injuries 

Transmission of blood-borne infections to hospital workers 
occurs primarily via needlestick injuries. Each year, about 
10% of hospital workers sustain a needlestick injury (13), 
and over 50% of housestaff and medical shidents report a 
needlestick injury at some time during their training (14). 

1. Safety-Engineered Needles 

Outside the operating room, most needlestick injuries 
occur during recapping and disposal of used needles 
(13). To prevent needlestick injuries during recapping, 
hollow needles are now equipped with a protective plas
tic housing that snaps in place over the needle after it is 
used. Such "safety-engineered" needles are now mandat
ed by law in all  health care facilities in the United States. 
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B. Human Immunodeficiency Virus (HIV) 

The spread of HIV to hospital workers is universally feared, 
but is rare. In fact, there are only 56 cases of HIV seroconver
sion in healthcare workers that can be definitely linked to 
HIV tra11smission in the workplace (13). 

1. Percutaneous Exposures 

Trallsmission of HIV via needlestick injuries is uncom
mon. 

a.  A single needlestick injury with blood from all HIV
infected patient carries an average 0.3% risk of HIV 
seroconversion (13,15). Factors that increase the risk of 
trallsnussion include a deep skin puncture, visible 
blood on the needle, alld injury from a needle that was 
placed in an artery or vein of the source patient. 

2. Mucous Membrane Exposures 

The risk of HIV transnussion through mucous mem
bralles or n011.intact skin is even less thall the risk from 
needlestick injuries. 

a. A single exposure of broken skin or mucous mem
branes to blood from an HIV-u1fected patient carries 
all average 0.09% risk of HIV seroconversion (13,15). 

3. Postexposure Management 

When a hospital worker sustains a needlestick injury, the 
HIV status of the source patient is used to deterrniJ1.e the 
need for HIV prophylaxis with antiretroviral drugs. This 
is outlined iJ1 Table 1 .4. 

a .  If HIV infection is proven or suspected in the source 
patient, prophylaxis with 2 antiretroviral agents is 
started immediately. A third drug is added if the 
source patient has symptomatic HIV infection. 
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TABLE 1 .4 Indications for Antiretroviral Drugs Following 
Possible HIV Exposure 

No Drugs Two Drugs1 Three Drugs2 

1 .  When source is 1 .  When source is 1 .  When source is 
HIV-negative HIV-positive but HIV-positive and 

asymptomatic symptomatic 

2. When HIV status 2. When HIV status 2. When source is 
of source is not of source is not HIV-positive and 
known but HIV known but HIV asymptomatic 
is unlikely3 is l ikely3 but exposure is 

severe5 

3. When source is 3. When source is 
not known but not known but 
HIV is unl ikely4 HIV is l ikely4 

From Reference 1 5 . 

1The recommended two-drug regimen is zidovudine (200 mg TIO) 
plus lamivudine ( 150 mg BID) for 4 weeks. The two agents are 
available together as COMBIVIR™. 

2Add one of the following drugs to the two-drug regimen: efavirenz 
(600 mg at bedtime), indinavir (800 mg every 8 hrs, between 
meals), or nelfinavir (2.5 g daily in 2 or 3 divided doses, with 
meals). 

3When the HIV status of the source is unknown, the likelihood of 
HIV is based on the presence or absence of risk factors. 

4When the source is unknown, the l ikelihood of HIV is based on the 
prevalence of HIV in the population served. 

5Severe exposure is defined as: deep injury, needle soiled with 
blood from source patient, and exposure from needle inserted into 
artery or vein of source patient. 

b. If the HN status of the source patient is w11cnown and 
the patient is available, a rapid HIV-antibody test can 
be performed on the source patient. The results of this 
bedside test, which are available in minutes, can be 
used to determine the need for antiretroviral drugs. A 
negative test not only eliminates the fear of acquiring 
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the il lness, it also avoids the use of drugs that tend to 
be poorly tolerated. A positive test result must be con
firmed by standard laboratory tests (e.g., a Western 
Blot or immunofluorescent antibody assay). 

c. The antibody responses to HIV infection can take 4 to 
6 weeks to become evident. Therefore, anyone with 
documented exposme to HIV infection should have 
serial tests for HIV antibodies at 6 weeks, 3 months, 
and 6 months post-exposure (5). 

C. Hepatitis B Virus (HBV) 

Hepatitis B is the most readily transmitted blood-borne ill
ness, but there is a vaccine available that can produce life
long immunity to HBV. 

1. Hepatitis B Vaccine 

The hepatitis B vaccine confers immunity by stimulating 
production of an antibody to the hepatitis B surface anti
gen (a.nti-HBs). This vaccine is recommended for anyone 
who has contact with blood, body fluids, and sharp 
instruments. The only contraindication to the vaccine is a 
history of anaphylaxis from baker's yeast (15). 

a .  The vaccine is administered in 3 doses: the first two 
doses are given 4 weeks apart, and the 3rd dose is ad
ministered 5 months later. 

b. If the vaccination series is interrupted, it is not neces
sary to repeat the fuil sequence. If the second dose is 
missed, that dose is given as soon as possible, and the 
3rd dose is given 2 months later. If the 3rd dose is 
missed, that dose is given to complete the vaccination 
series. 

Because the initial vaccination sequence does not always 
confer immwuty, the final dose of HBV vaccine should 
be followed (in 1 to 2 months) by an assay for the anti
body to the hepatitis B surface antigen (anti-HBs). 
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c. Inmrnnity is indicated by an anti-HBs level that is 
� 10 mIU I mL. If this level is not achieved, the 3-dose 
vaccination series should be repeated. 

Nonresponders have a 30% to 50% chance of responding 
to the second vaccination series (15) .  Failure to achieve 
immunity after the second vaccination series is consid
ered a vaccination failure, and nothing further is done. 
Responders do not require a booster dose of the vaccine, 
even though antibody levels wane with time (15). 

2. Risk of HB V Transmission 

The risk of acquiring HBV following an exposure is de
termined by the immunity of the exposed individual. 

a .  For individuals who lack HBV immwuty (wwaccinat
ed or rnuesponsive), exposure to HBV-infected blood 
carries a 60% risk of acquiring HBV, and a 30% risk of 
developing symptomatic hepatitis (15). 

b .  For those who are vaccinated and respond appropri
ately, there is virtually no risk of acquiring HBV infec
tion. 

3.  ilfona9ement Followin9 Possible HB V Exposure 

The management of a subject with possible exposure to 
HBV is outlined in Table 1 .5 .  The choices are guided by 
the vaccination status of the exposed individual, and the 
presence or absence of the hepatitis B surface antigen 
(HBsAg) in the blood of the source patient. 

a .  For individuals with vaccine-induced immLU'lity, no 
treatment is necessary following HBV exposure. 

b.  For possible exposure in non-in1I11une individuals, 
proof or suspicion of HBV infection in the source 
patient should prompt treahnent with hepatitis B 
immm1e globulin (0.06 mL/kg by inh·amuscular injec
tion), followed by HBV vaccination. 
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TABLE 1 .5 Management of Possible Exposure to 
Hepatitis B Virus (HBV) 

Immunity 
of Exposed 
Person 

Not 
vaccinated 

Vaccinated & 
immunec 

Vaccinated & 
not immuned 

Immunity 
unknown 

HBsAgt in Source Patient 

HBsAg (+) HBsAg (-) HBsAg (?) 

HBIG8and 
start HBV 
vaccination 

Start HBV Start HBV 
vaccination vaccination 

Do nothing Do nothing 

HBIGa and Do noth ing 
start HBV 
revaccination 
or HBIG x 2b 

Check anti-HBstt Do nothing 
in exposed 
person: 
1 .  If immune,c 

no treatment 

2. If not immune, d 
HBIG8 and 
vaccine booster 

Do nothing 

If source is high 
risk for HBV, 
treat as if source 
is HBsAg (+) 

Check anti-HBstt 

in exposed 
person: 
1 .  If immune, c 

no treatment 

2. If not immune, 
vaccine booster 
& recheck titer 
in 1 -2 months 

From Reference 15. tHBsAg = hepatitis B surface antigen. 
ttAnti-HBs = antibody to hepatitis B surface antigen. 
•HBIG = hepatitis B immune globulin, 0.06 mUkg by intramuscular injec
tion immediately after exposure. 
bHBIG x 2 = same as (a) above plus second dose one month later. 
<immunity defined as postvaccination anti-HBs �10 mlU/mL. 
dNonimmunity defined as postvaccination anti-HBs < 1 0  mlU/mL. 

D. Hepatitis C Virus (HCV) 

HCV is a blood-borne pathogen of some concern because 
infection often leads to chronic hepatitis. 
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1. Risk of HC V Transmission 

a. The prevalence of anti-BCV antibodies in hospital per
sonnel is only 1% to 2% (16), which means that the risk 
of BCV transmission in the hospital setting is low. 

b. Following a needlestick injury with BCV-infected 
blood, the average risk of BCV transmission is only 
1 .8% (15) .  Transmission from mucous membrane 
exposure is rare, and there are no doctm1ented cases of 
BCV transmission tlu-ough breaks in the skin. 

2. Postexposure Management 

a. There is no effective prophylaxis for BCV following 
exposure to infected blood. 

b.  Following a documented exposure to BCV-infected 
blood, serial measurements of anti-BCV antibodies is 
reconu-nended for 6 months (16). 
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STRESS-RELAT ED 
MUCOSAL INJURY 
Stress-related mucosal injury (SRMI) is a term used to de
scribe erosions in the gastric mucosa that occur in patients 
with acute, life-threatening illness (1,2). This chapter will 
describe the methods used to prevent troublesome bleeding 
from these lesions. 

I. GENERAL FEATURES 

A. Pathogenesis 

1. The gastric erosions that appear in acute, life-threatening 
illness are likely caused by inadequate nutrient blood 
flow in the gastric mucosa. The erosions are usually su
perficial and confined to the surface mucosa, but deeper 
craters that extend into the submucosa can develop. The 
deeper erosions resemble ulcer era ters, and are called 
stress ulcers. (The term "stress ulcer" is often used to rep
resent all types of stress-related gastric erosions. This 
chapter uses the term in a similar mam1er.) 

2. Stress-related gastric erosions have no protective cover
ing, and the acidity of gastric secretions can aggravate 
these lesions and promote further mucosa! injury. The 
acidic environment in the stomach can also promote 
bleeding from the erosions by exerting a thrombolytic 
effect. The deleterious actions of gastric acidity is the 
basis for the popularity of gastric acid supression as a 
prophylactic sh·ategy in this condition (see later). 

1 9  
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B. Clinical Manifestations 

1. Erosions in the gastric mucosa can be demonsh·ated in 
75% to 100% of patients with.in 24 hours of admission to 
the ICU (3). These lesions are often clinically silent, but 
they can promote mucosa I bleeding. 

2. Without appropriate preventive measures (see later), 
gastric erosions can cause clinically apparent bleeding in 
as many as 25% of ICU patients (3). However, significant 
bleeding (i.e., causing hypotension or requiring transfu
sion) occurs in less than 5% of ICU patients (3,4). 

TABLE 2.1 Indications for Stress Ulcer Prophylaxis 

Any of the Conditions 
Listed Below 

OR 

1 .  Mechanical ventilation > 48 hrs. 

2. Coagulopathy: 

a. Platelets <50,000/ml or 
b. INR > 1 .5 or 
c .  PTI > 2x control 

3. History of gastritis or peptic ulcer 
disease, or prior episode of upper 
GI bleeding. 

From References 1 ,4. 

C. Predisposing Conditions 

Two or More of the 
Conditions Listed Below 

1 .  Hypotension 

2. Severe sepsis 

3. Severe head injury 

4. Multisystem trauma 

5. Renal failure 

6. Hepatic failure 

7. Burns involving 
>30% of the body 
surface area 

The conditions listed in Table 2.1 are associated with an in
creased risk of troublesome bleeding from gastric erosions. 

1 .  The 3 conditions in the left column (prolonged mechani
cal ventilation, coagulopathy, and a history of gastritis, 
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peptic ulcer disease, o r  upper G I  hemorrhage) are inde
pendent risk factors, so the presence of any of these con
ditions represents a risk for significant bleeding. 

2. The conditions listed in the right colunm are not inde
pendent risk factors, and at least 2 of these conditions 
must be present to create a risk for significant bleeding. 

3. The predisposing conditions in Table 2.1 should also 
be used as indications for the preventive measures de
scribed next. 

I I .  PREVENTIVE MEASURES 

The goal of the preventive measures described here is not to 
prevent the appearance of gastric erosions (since this may 
be impossible), but rather to prevent troublesome bleeding 
from these lesions. 

A. Enteral Tube Feedings 

1. Enteral tube feedings exert a trophic effect on the bowel 
mucosa that helps to maintain the structural and ftmc
tional integrity of the mucosa (see Chapter 37). 

2 .  Clinical studies have shown that enteral tube feedings 
are effective in preventing overt bleeding from gastric 
erosions (5,6). 

3. Enteral tube feedings should be considered adequate 
prophylaxis for SRMI-induced bleeding in most patients. 
Possible exceptions are patients with a coagulopathy, 
a prior history of bleeding from gastritis or peptic ulcer 
disease, or active peptic ulcer disease. 
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B. Reduced Gastric Acidity 

The most popular preventive measure for bleeding related to 
stress ulcers is the use of drugs that can reduce the acidity of 
gastric secretions (7) . The goal of acid suppression therapy is 
to maintain a pH > 4.0 in gastric secretions. 

1 .  Histamine Type-2 Receptor Anta9onists 

a. The standard acid-suppressing drugs for stress ulcer 
prophylaxis are the histamine type-2 receptor antago
rlists (Hi-blockers). Numerous clinical trials have 
shown that these drugs reduce the incidence of stress 
ulcer bleeding to :o; 3% in high-risk patients (8,9). 

b. The Hi-blockers most often used for stress ulcer 
prophylaxis are famotidine (Pepcid) and ranitidine 
(Zantac). Both are given intravenously in the dosing 
regimens shown in Table 2.2 (10,11) .  Famotidine is 
longer-lasting than ranitidine (10-12 h 1·s. vs. 6-8 hi-s.), 
and is given less frequently. Both drugs are equivalent 
in their ability to reduce the risk of bleeding from 
stress ulcers. 

c. Famotidine and ranitidine are excreted unchanged in 
the urine, and these drugs can accumulate in renal 
insufficiency and produce a neurotoxic condition char
acterized by confusion, agitation and seizures (10,11) .  
The dosage of these drugs should be reduced in renal 
insufficiency (see Table 2.3). 

2. Proton Pump Inhibitors 

a. Proton pump inhibitors (PPis) block gastric acid secre
tion by irreversibly binding to the hydrogen ion pump 
in gastric parietal cells. These agents have 2 potential 
advantages over H2-blockers: they are more effective 
in reducing gastric acidity (and maintaining gastric 
pH above 4.0), and their effect is not diminished with 
repeated use (12). 
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b. In  the ICU setting, PPis have been used primarily to 
prevent rebleedi.ng foLlowi.ng an episode of acute (non
variceal) upper GI bleeding. There is limited experi
ence with these agents for stress ulcer prophylaxis. 

c. There are 2 PPis available for intravenous use: ome
prazole (Prilosec) and pantoprazole (Protonix) .  The 
dosage recommendations for each drug are shown i.n 
Table 2.2. Note that a continuous infusion is used 
when the drugs are given to prevent rebleeding. 

d. Despite the potential advantage of PPis over Hi-block
ers for gastric acid suppression, there is no evidence 

TABLE 2.2 Drugs Used to Prevent Bleeding from 
Stress Ulcers 

Agent Route Dose Recommendations 

1. Histamine HrReceptor 
Antagonists 

Famotidine IV a. 20 mg every 1 2  hrs. 
b. Reduce dose in renal 

insufficiency (see Table 2.3). 

Ranitidine IV a. 50 mg every 8 hrs. 
b. Reduce dose in renal 

insufficiency (see Table 2.3). 

2. Proton Pump Inhibitors 

Omeprazole IV a. 80 mg daily as a single dose 
b. To prevent rebleeding after 

GI bleed, follow initial dose 
with a continuous infusion 
at 8 mg/hr for 1 -3 days. 

Pantoprazol IV a. 40 mg daily as a single dose 
b. Same as above for 

omeprazole. 

3. Cytoprotective Agent 

Sucralfate NG Tube a. 1 g (as a slurry) every 6 hrs. 
b. Avoid drug interactions. 
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that PPis provide more protection against stress ulcer 
bleeding than Hz-blockers. At the present time, there is 
no reason to favor PPis over Hz-blockers for stress 
ulcer prophylaxis. 

TABLE 2.3 Dosage Adjustment of H2-Blockers 
in Renal Insufficiency 

Percent of Usual Dose 

Creatinine Clearance 
(ml/min) Ranitidine Famotidine 

51 - 75 75% 50% 

1 0 - 50 50% 25% 

< 1 0  25% 1 0% 

From Self TH. Mental confusion induced by Hrreceptor anatgonists: 
How to avoid. J Grit I l lness 2000; 1 5:47. 

3. The Hazards of Gastric Acid Suppression 

Most microorganisms do not survive in an acid envir
onment, as demonsh·ated in Figure 2.1.  In this case, 
Escherichia coli is completely eradicated in one hour when 
the pH of the growth medium is reduced from 5 to 3 pH 
muts. The antinucrobial effects of an acid environment 
were appreciated by Sir Joseph Lister, the father of anti
septic practices in medicine, who used carbolic acid as the 
first antiseptic agent for the skin. 

a .  In light of the germicidal actions of acidity, it is likely 
that gastric acid serves as a built-in antiseptic agent 
that eradicates nucroorganisms swallowed in saliva 
and food. 

b.  Loss of the normal antiseptic actions of gastric acid 
will result in bacterial overgrowth in the stomach, and 
tlus can predispose to certain infections, including in
fectious gastroenteritis and aspiration pneumonia (13) .  
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c.  Several clinical studies have revealed that stress ulcer 
prophylaxis with H,-blockers is associated with an 
increased incidence of pneumonia (9). This is demon
strated in Figure 2.2 (this figure is explained later in 
the chapter). 

d.  The loss of antimicrobial defenses with gastric acid 
suppression is reason to consider preventive measures 
for stress ulcer bleeding that do not involve gastric 
acid suppression. One such measure is described next. 
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FIGURE 2. 1 .  The influence of pH on the growth of Escherichia coli. (From 
Gianella J et al. Gut 1972;13:251.). 

C. Gastric Cytoprotection 

1. Sucraljate 

a. Sucralfate is an alum.i.nwn salt of sucrose sulfate that 
acts as a cytoprotective agent by forming a protective 
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covering on the gastric mucosa (10) .  The pH of gastric 
secretions is not altered. 

b.  The recommended dose of sucralfate to prevent stress 
ulcer bleeding is shown in Table 2.2. The drug is usu
ally given as a liquid slurry that is instilled through a 
nasogastric tube. 

c. Sucralfate can bind to a number of drugs in the bowel 
lumen to reduce drug absorption (14). The drug inter
actions most likely in ICU patients include coumadin, 
digoxin, fluoroquinolones, phenytoin, quinidine, 
ranitidine, tetracycline, thyroxine, theophylline. These 
drugs should be given at least 2 hours before sucral
fate to avoid drug interactions. 

d. The aluminum in sucralfate can also bind phosphate 
in the bowel, but hypophosphatemia is 1mcomrnon 
(15) .  Sucralfate should not be used in patients with 
persistent or severe hypophosphatern.ia. Prolonged 
use of sucralfate does not elevate plasma aluminum 
levels. 

D. Cytoprotection vs. Reduced Gastric Acidity 

Several clinical trials have evaluated the relative effects of 
gastric cytoprotection with sucralfate and gastric acid sup
pression with rani.tidine in patients at risk for stress ulcer 
bleeding. The results of one of these h·ials are shown in 
Figure 2.2 (8). This study involved 1 ,200 ventilator-depend
ent patients in 16 ICUs who were randomized to receive 
sucralfate or ranitidine in the usual doses. The results show 
the following: 

1. Significant bleeding occurs infrequently ( < 5%), regard
less of the prophylactic drug regimen. This indicates that 
ranitidi.ne and sucralfate are both effective agents for 
stress ulcer prophylaxis. 

2. Prophylaxis with rani.tidine is associated with fewer 
episodes of bleeding (absolute difference = 2.1 %), while 
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FIGURE 2.2. A comparison o f  the effects o f  stress ulcer prophylaxis with 
sucralfate and ran.itidine on the incidence of clinically significant bleed
ing and hospital-acquired pneumonia in ventilator-dependent patients. 
(From Reference 8). 

prophylaxis with sucralfate is associated with fewer 
episodes of pneLUnonia (absolute difference = 2.9%). 

3.  The increased incidence of pneumonia associated with 
ranitidine is consistent with the combined results of 8 
other clinical trials (9). This association is predicted by 
the loss of the antibacterial defenses in the upper GI tract 
as a consequence of reduced gastric acidity, as described 
earlier. 

4. Reasons to Avoid Gastric Acid Suppression with Ranitidine 

a. The benefit derived from gastric acid suppression with 
ranitidine (i.e., fewer episodes of bleeding from stress 
ulcers) must be weighed against the associated risk 
(i.e., more frequent episodes of pneLUTionia). Since 
nosocomial pneumonia has a higher mortality rate 
than stress ulcer bleeding (50% vs. 10%), gastric acid 
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suppression with ranitidine can result in more lives 
lost from pneumonia than lives saved from fewer 
bleeding episodes. This is one reason to avoid the use 
of gastric acid suppression with ranitidine (or any 
other drug) as a preventive strategy for stress-related 
gastric erosions. 

b. Severe sepsis and septic shock are among the leading 
causes of death in ICU patients, and the gastrointesti
nal tract is an important reservoir for pathogens in 
these conditions (16). The suppression of gastric acid
ity (by any means) will add to this problem by promot
ing microbial proliferation in the upper GI tract. For 
this reason, gastric acidity should be preserved when
ever possible to preserve the antimicrobial defense 
system in the bowel and reduce the risk of sepsis from 
bowel pathogens. 
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VENOUS 
THROMBOEMBOLISM 
Venous thromboembolism (venous thrombosis and pulmo
nary embolism) is responsible for an estimated 10% of all 
hospital deaths (1) .  This is an alarming estimate considering 
that venous tlu·omboembolism (VTE) is considered prevent
able in most cases. This chapter describes the prevention, 
diagnosis, and treatment of VTE in hospitalized patients, 
with emphasis on prevention. 

I. THE PATIENT AT RISK 

The clinical conditions that are most often accompanied by 
VTE are listed in Table 3.1 (1-3). A patient who has any of 
these conditions should receive prophylaxis for VTE. 

A. Major Surgery 

Major surgery (performed w1der general anesthesia and last
ing longer than 30 minutes) is the most common high-risk 
condition for VTE in hospitalized patients. The major factors 
promoting VTE after major surgery are vascular injury and 
thromboplastin release from injured tissues (which produces 
a hypercoagulable state). 

1. General Sur9e1y 

The risk of VTE after general surgery is determined by 3 
factors: tl1e age of tl1e patient, the type of procedure, and 
the presence or absence of other risk factors for VTE. 

3 1  
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Table 3.2 shows how these factors are used in the risk 
assessment for VTE following general smgery. 

a. The lowest risk of VTE occurs after minor procedures 
performed on yow1g patients (age < 40) who have no 
other risk factors for VTE . 

TABLE 3.1 Risk Assessment for Venous Thromboembolism 

If the patient has any of the conditions listed below, place a check
mark in the corresponding box. Check only conditions that are cur
rently present or have occurred within the past week. 

Patient Profile 

Prior h istory of thromboembolism 0 
Malignancy 0 
Hypercoagulable state (e.g . ,  estrogen f\) 0 

Surgery 

Major surgery (e.g. ,  abdominal, intracranial) 0 
Orthopedic surgery involving the hip or knee 0 

Trauma 

Spinal cord injury or spinal fracture 0 
Fractures involving the pelvis, hip, or leg 0 
Multisystem trauma 0 

Acute Medical I l lness 

Stroke or acute myocardial infarction 0 
Neuromuscular weakness (e .g . ,  Gui l lain-Barre) 0 

ICU-Related Conditions 

Mechanical ventilation > 48 hrs. 0 
Drug-induced neuromuscular paralysis 0 
Central venous or femoral vein catheter 0 

If any of the above boxes is checked, the patient should receive 
prophylaxis for venous thromboembolism. 

From References 1-3 
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b. The highest risk of  VTE occurs after major surgery in 
older patients (age > 40) who have at least one addi
tional risk factor for VTE. 

The incidence of VTE in high-risk general surgery pa
tients is 20% to 40% (1) .  

2. Orthopedic Surgery 

The highest incidence of postoperative VTE (40 to 60%) 
occurs after major surgery involving the hip or knee (1) .  

3. Other Surgeries 

a. VTE is a risk after intracranial surgery, open urologic 
procedures, and gynecologic surgery. The incidence of 
VTE following these procedures is 20% to 40% (1) .  

b.  Laparoscopy, arterial reconstruction surgery, and 
closed urologic procedures (e.g., transurethral prosta
tectomy) have a low risk of VTE, and do not require 
thromboprophylaxis unless the patient has an inherent 
risk of VTE (1) .  

B. Major Trauma 

1. Victims of major trauma have a greater than 50% chance 
of developing VTE while hospitalized, and pulmonary 
embolism is the leading cause of death in those who sur
vive the first week (1) .  

2. The trauma conditions with the highest risk of VTE are 
spinal cord injuries and fractures of the spine and pelvis 
(1,3). 

C. Medical Conditions 

1. The acute medical il lnesses with a high risk of VTE are 
sh·oke, acute myocardial infarction, and netuomuscular 
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weakness syndromes (e.g., Guillain-Barre). Of these, 
stroke has the highest incidence of VTE (20% to 50%) (1) .  

2. ICU patients can have additional risk factors for VTE 
such as prolonged mechanical ventilation, drug-induced 
neuromuscular paralysis, and central venous catheteriza
tion (4) . 

TABLE 3.2 Thromboprophylaxis for General Surgery 

Risk Categories 

I. Low Risk 
Minor surgery, age <40 yrs. 
and no other risk factorsa 

I I .  Moderate Risk 
Major surgery, age <40 yrs. 
and no other risk factors 

I l l .  High Risk 
Major surgery, age >40 yrs. 
or other risk factors 

IV. Highest Risk 
Major surgery, age >40 yrs. 
and other risk factors 

Prophylaxis Regimens 

Prophylaxis Regimens 

/ .  Early mobil ization 

II. LDUH, or LMWH,, start 
2 hr before surgery. 

I l l .  LDUH2 or LMWH2, start 
2 hr before surgery. 

IV. LDUH2 or LMWH2, (start 
2 hr before surgery) plus 
mechanical compression. 

Low-Dose Unfractionated Heparin (LDUH): 
LDUH1: 5000 units subcutaneous every 1 2  hrs. 
LDUH2: 5000 un its subcutaneous every 8 hrs. 

Low-Molecular-Weight Heparin (LMWH): 
LMWH, : Enoxaparin, 40 mg subcutaneous once daily or 

Dalteparin, 2500 un its subcutaneous once daily. 

LMWH2: Enoxaparin, 30 mg subcutaneous every 1 2  hrs. or 
Dalteparin ,  5000 units subcutaneous once dai ly. 

Mechanical Compression: 
Compression stockings or intermittent pneumatic compression. 

•Other risk factors: cancer, obesity, prior history of thromboembolism, 
hypercoagulable state (e.g., estrogen R,J 
Adapted from Reference 1 . 
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11.  THROMBOPROPHYLAXIS 

A. Mechanical Compression Devices 

The followiJ:1g mechanical compression devices are used as 
an adjLmct to anticoagulant prophylaxis, or as an alternative 
to anticoagulant prophylaxis in patients who are bleeding or 
have a high risk of bleeding. 

1. Graded Compression Stockin9s 

a. Graded compression stockings are designed to create 
18 mm Hg external pressure at the ankles and 8 m m  
H g  external pressure i n  the thigh (5). The resulting 
10 mm Hg pressure gradient promotes venous outflow 
from the legs. 

b. Although effective when used alone after abdominal 
surgery and neurosurgery (6), these stockings are the 
least effective method of thromboprophylaxis, and are 
never used alone in  patients with a moderate or high 
risk of VTE. 

2. Pneumatic Compression Devices 

a. Intermittent pneumatic compression (IPC) devices use 
an air pump to periodically inflate and deflate disten
sible bladders that are wrapped around the lower legs. 
When inflated, the bladders create 35 mm Hg external 
pressure at the ankle and 20 mm Hg external pressure 
at the thigh (5). 

b.  IPC devices are more effective than graded compres
sion stockings for prophylaxis of VTE (1), and they 
can be used alone for patients who are not suitable for 
anticoagulant prophylaxis. These devices are favored 
after intracranial surgery, spinal cord injury, and 
multisystem trauma (see Table 3.3). 
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B. Low-Dose Heparin 

Heparin is an indirect-acting anticoagulant that binds to a 
cofactor (antithrombin III or AT) to produce its effect. The 
heparin-AT complex is capable of inactivating several coag
ulation factors, including Factors Ila (thrombin), IXa, Xa, Xla, 
and Xlla. The inactivation of Factor Ila (antithrombin effect) 
is a sensitive reaction that occurs at heparin doses far below 
those needed to inactivate the other coagulation factors (7). 
This means that small doses of heparin can inhibit thrombus 
formation without producing full anticoagulation. 

1. Dosing Regimen 

a. The standard heparin preparation is called tmfraction
ated heparin to distinguish it from low-molecular
weight heparin (see later). 

b.  The regimen for low-dose unfractionated heparin 
(LDUH) is 5,000 units given by subcutaneous injection 
two or three times daily. The more frequent dosing 
regimen (three times daily) is recommended for high
er risk conditions (see the LDUH2 regimen in Tables 
3.2 and 3.3). 

c. When LDUH is used for surgical prophylaxis, the first 
dose should be given 2 hours before the procedure 
(because thrombosis can begin during the procedure). 
Postoperative prophylaxis is continued for 7 to 10  
days, o r  tmtil the patient i s  fully ambulatory. 

d. Monitoring laboratory tests of coagulation is not nec
essary with low-dose heparin. 

2. Indications 

a. LDUH provides effective thromboprophylaxis for 
high-risk medical conditions and most non-orthopedic 
surgical procedures (see Tables 3.2 and 3.3). 

b .  LDUH is not recommended for thromboprophylaxis in 
major trauma (including spinal cord injury), and for 
orthopedic surgery involving the hip and knee. 
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a. Bleeding is not considered a complication of low-dose 
heparin. 

b. The heparin-antithrombin III complex binds to platelet 
Factor 4, and some patients develop a heparin-in
duced antibody that cross-reacts with this platelet 
binding site to produce platelet clumping and subse
quent thrombocytopenia. This is called heparin-induced 
thrombocytopenia, <md it promotes thrombosis rather 
than bleeding (see Chapter 31) .  

TABLE 3.3 Thromboprophylaxis for Selected Conditions 

Clinical Conditions 

1 .  Major trauma 

2. Spinal cord injury 

3. lntracranial surgery 

4. Gynecologic surgery 
a. Benign disease 
b. Malignancy 

5. Urologic surgery 
a. Closed procedures 
b .  Open procedures 

6 .  H igh-risk medical condition 

Prophylaxis Regimens 

Prophylaxis Regimens 

1 .  LMWH2 or IPC 

2. LMWH2 plus IPC 

3. IPC 

4a. LDUH1 
4b. LDUH2 or LMWH2 

5a. Early mobil ization 
5b. LDUH, or IPC 

6 .  LDUH2 or LMWH, 

Low-Dose Unfractionated Heparin (LDUH): 
LDUH, :  5000 un its subcutaneous every 1 2  hrs. 
LDUH2: 5000 un its subcutaneous every 8 hrs. 

Low-Molecular-Weight Heparin (LMWH): 
LMWH, :  Enoxaparin ,  40 mg subcutaneous once daily or 

Dalteparin, 2500 un its subcutaneous once daily. 

LMWH2: Enoxaparin ,  30 mg subcutaneous every 1 2  hrs. or 
Dalteparin, 5000 units subcutaneous once daily. 

Intermittent Pneumatic Compression (/PC) 

Adapted from Reference 1 . 
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C. Low-Molecular-Weight Heparin 

l. Comparison ef Hepa1·in Preparations 

a .  Standard (w1fractionated) heparin contains molecules 
that vary widely in size. The anticoagulant activity of 
heparin is dependent on the size of the molecules 
(smaller molecules have more activity), so the variable 
size of the molecules in Lmfractionated heparin gives it 
variable anticoagulant activity. 

b. Heparin molecules of variable size can be cleaved 
enzymatically to produce smaller molecules of more 
uniform size. Because smaller molecules have more 
anticoagulant activi ty, the resultant low-molecular
weight heparin (LMWH) is more potent and has more 
wuform anticoagulant activity than unfractionated 
heparin. 

c. The advantages of LMWH over tmfractionated hep
arin include less frequent dosing, a lower risk of bleed
ing and heparin-induced thrombocytopenia, and no 
need to monitor anticoagulant activity (7,8). 

2. Indications for LM WH 

LMWH is preferred to Lmfractionated heparin for throm
boprophylaxis in: 

a .  Major trauma, including spinal cord injury (see Table 3.3). 

b.  Orthopedic procedures involving the !up and knee 
(see Table 3.4). 

For other conditions where anticoagulant prophylaxis is 
recommended, LMWH can be used as an alternative to 
low-dose unfractionated heparin. 

3.  Drugs and Dosing Regimens 

Two LMWH preparations have been sh1died for tlu·om
boprophylaxis: enoxaparin (Lovenox) and dalteparin 
(Fragmin). Both drugs are given by subcutaneous injec
tion in the doses shown in Tables 3.2-3.4 (see LMWH1 
and LMWH2). 
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a. Enoxaparin: 40 mg once daily for moderate-risk condi
tions, and 30 mg twice daily for high-risk conditions. 

b.  Dalteparin: 2500 units once daily for moderate-risk 
conditions, and 5000 Lulits once daily for high-risk con
ditions. 

c. For hip and knee surgery, the first dose of LMWH 
should be given 6 hours after surgery (9). For other 
surgical procedures, the first dose of LMWH can be 
given 2 hours before the procedure (I ) .  

d. For patients with renal failure, the prophylactic dose of 
enoxaparin should be decreased from 30 mg twice 
daily to 40 mg once daily for high-risk patients (1) .  No 
dose adjustment is needed for dalteparin. 

TABLE 3.4 Thromboprophylaxis for Hip and Knee Surgery 

Drug Regimens 

1 .  Low-molecular-weight heparin (LMWH) 
a. Enoxaparin ,  30 mg subcutaneous every 1 2  hrs. or 
b. Dalteparin, 2500 units subcutaneous i nitially, then 5000 un its 

subcutaneous once daily. 
c. Give first dose 6 hrs. after surgery. 

2. Fondaparinux 
a. 2.5 mg by subcutaneous injection once daily. 
b. Give first dose 6 hrs. after surgery. 
c .  Contraindicated when creatinine clearance < 30 mUmin. 

3. Adjusted-dose warfarin 
a. 1 0  mg initially, then 2.5 mg daily. Adjust dose to achieve 

INR = 2 - 3. 
b. Give first dose the evening before surgery. 

Duration of Prophylaxis 
1 .  For elective hip and knee surgery, continue for 1 O days after 

surgery. 
2. For hip fracture surgery, continue for 28 to 35 days after 

surgery. 

A dapted from Reference 1 . 
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e. The use of LMWH with spinal anesthesia for hip and 
knee surgery can result in spinal hem a toma and paral
ysis. When spinal anesthesia is used, the first dose of 
LMWH should be delayed until 12 to 24 hours after 
surgery (9), or adjusted-dose warfarin should be used 
for thromboprophylaxis. 

D. Adjusted-Dose Warfarin 

Adjusted-dose warfarin is one of three effective regimens for 
hip and knee surgery (see Table 3.4) It is the most popular 
prophylactic regimen for hip replacement surgery in North 
America, despite evidence that LMWH is more effective (1 ) .  
Warfarin may be preferred in patients who require pro
longed prophylaxis after hospital discharge (see later), be
cause of the convenience of oral dosing. For the dosing reg
imen, see Table 3.4. The target INR of 2 to 3 is not reached 
for at least 3 days. 

E. Fondaparinux 

Fondaparinux (Arixtra, GlaxoSmithKline) is a synthetic anti
coagulant that selectively inhibits coagulation Factor Xa. The 
benefits of fondaparinux over heparin include a predictable 
anticoagulant effect (obviating the need for laboratory mon
itoring), and lack of an immune-mediated thrombocytopenia 
(8,10). 

1 .  Dosing Regimen 

a. The prophylactic dose of fondaparinux is 2.5 mg given 
once daily as a subcutaneous injection. When used for 
surgical prophylaxis, the first dose should be given 
6 hours after surgery (if given sooner, there's an in
creased risk of bleeding) (1) .  

b.  Fondaparinux is cleared by the kidney, and is contrain
dicated when the creatinine clearance is < 30 mL/min 



Venous Thromboembolism 41 

(11) .  It is also contraindicated in patients who weigh 
< 50 kg because of an increased risk of bleed.i.ng (11). 

2. Indications 

Fondaparinux is as effective as LMWH for thrombopro
phylaxis after hip and knee surgery (see Table 3.4) (5). 

F. Special Consideration After Hip and Knee 

Surgery 

Following hip and knee surgery, there is an increase in 
symptomatic VIE after prophylaxis is terminated and pa
tients are discharged from the hospital, and symptomatic 
VIE is the most common cause of readmission after hip 
replacement surgery (1) .  These observations prompted the 
following recommendations (1 ) :  

1 .  After hip and knee surgery, thromboprophylax.i.s should 
be continued for at  least 10 days, even after patients are 
discharged. 

2. After hip surgery, patients with additional risk factors for 
VIE (e.g., malignancy, advanced age, prior history of 
VIE), should receive prophylaxis for a total of 28 to 35 
days. 

III .  DIAGNOSTIC APPROACH 

Thrombosis in the deep veins of the legs is often clinically 
silent, and becomes apparent only when a portion of the 
thrombus breaks loose and becomes evident as a pulmonary 
embolus. Therefore, the diagnostic evaluation of suspected 
VTE usually involves an evaluation of suspected acute pul
monary embolism. 
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TABLE 3.5 Clinical and Laboratory Findings in Patients 
with Suspected Pulmonary Embolism 

Positive Negative 
Findings Predictive Value Predictive Value 

Dyspnea 37% 75% 
Tachycardia 47% 86% 
Tachypnea 48% 75% 
Pleuritic chest pain 39% 71 % 

Hemoptysis 32% 67% 
Hypoxemia 34% 70% 

Elevated plasma 0-dimera 27% 92% 

Increased dead space 36% 92% 
ventilationb 

Positive predictive value is the percentage of patients with the finding 
who had a pulmonary embolus. It expresses the likelihood that a pul
monary embolus is present when the finding is present. 

Negative predictive value is the percentage of patients with the finding 
who did not have a pulmonary embolus. It expresses the likelihood that a 
pulmonary embolus is not present when the finding is also not present. 

•From Reference 14. bfrom Reference 1 5. Other data from Reference 1 2. 

A. The Clinical Evaluation 

The clinical presentation of acute pulmonary embolism is 
non-specific, and there are no clinical or laboratory findings 
that will confirm or exclude the presence of pulmonary 
embolism with certainty (12). The poor predictive value of 
clinical parameters in the diagnosis of pulmonary embolism 
is shown in Table 3.5. Two of the parameters in this table 
deserve mention: plasma D-dimer assays and the alveolar 
dead space measurement. 

1 .  Plasma D-Dimer Levels 

a. Cross-linked fibrin monomers, also called degrada
tion-dimers or D-dimers, are products of clot lysis, and 
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plasma levels of these D-dimers are elevated in the 
presence of active tlu·ombosis. 

b. Unfortunately, several conditions other than tlu·ombo
sis can be associated with e levated p lasma D-dimer 
levels. These include sepsis, malignancy, pregnancy, 
heart failure, renal failure, and advanced age (13). As 
a result, up to 80% of ICU patients can have elevated 
plasma D-dimer levels in the absence of venous 
tlu-ombosis (14). 

c .  In the ICU, plasma D-dimer levels may be more valu
able for excluding the diagnosis of VTE. As shown in 
Table 3.5, the negative predictive value of t11e plasma 
D-dimer level is 92%, which means t11at a normal 
D-dimer level can exclude the presence of VTE with 
> 90% certainty. 

d. The value of the D-dimer assay in excluding VTE is 
limited by the high prevalence of elevated D-dimer 
levels in ICU patients. 

2. Alveolar Dead Space 

a. One of the major consequences of a pulmonary embo
lus is a decrease in pulmonary blood flow and an in
crease in alveolar dead space ventilation. 

b. In patients who present to the emergency room with 
suspected pulmonary embolism, a normal dead space 
measurement (i.e., < 15% of total ventilation) can ex
clude tl1e presence of VTE with > 90% certainty (see 
the negative predictive value in Table 3.5) (15) .  

c. The predictive value of the dead space measurement 
has not been studied in ICU patients. 

Because the clinical evaluation of suspected pulmonary 
embolism has poor predictive value, specialized tests are 
required. These tests are included in t11e flow diagram in 
Figme 3.1 .  
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1 .  PROXIMAL LEG VEIN 
ULTRASONOGRAPHY 

Lung Disease? Anticoagulation 

2. SPIRAL CT 
ANGIOGRAM 13. RADIONUCLIDE 

LUNG SCAN 
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Anticoagulation 
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PULMONARY 
ANGIOGRAM 

Go to 2 

FIGURE 3 . 1 .  Flow diagram for the evaluation of suspected pulmonary 
embolism. 

B. Venous Ultrasound 

Most pulmonary em.boll are believed to originate from 
thrombi located in large, proximal leg veins (e.g., femoral 
vein), so the evaluation of suspected pulmonary embolism 
can begin with an evaluation of the leg veins. 

1. Reliability of Venous Ultrnsound 

a. For the detection of deep vein thrombosis (DVT) in the 
thigh (proximal DVT), ultrasound has a sensitivity 
;:::: 95%, a specificity ;:::: 97%, a positive predictive value 
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as high as 97%, and a negative predictive value as high 
as 98% (16). These numbers indicate that ultrasow1d 
has a high degree of accuracy for the detection of prox
imal DVT in the legs. 

b. For the detection of venous thrombosis below the knee 
(calf DVT), ultrasound has a sensitivity of only 33% to 
70% (2). Therefore, ultrasmmd is not a reliable method 
for the diagnosis of DVT below the knee. 

2. When Venous Ultrasound is Unrevealing 

a. As many as 30% of patients with acute pulmonary 
embolism show no evidence of venous thrombosis in 
the legs (17) .  As a result, a negative venous ulh·asow1d 
evaluation of the legs does not exclude the diagnosis 
of pulmonary embolus. 

b.  When venous ultraso1md is w1.Teveali.ng, the next step 
in the evaluation of pulmonary embolism is either spi
ral computed tomography (CT) or a radionuclide 11mg 
scan (see Figure 3.1) 

C. Radionuclide Lung Scan 

Ventilation-perfusion lung scans are diagnostic for pul
monary embolism in only 25% to 30% of cases (18). The 
problem is that the presence of lung disease will produce an 
abnormal scan in about 90% of cases (18). L1mg scans are 
most helpful in patients with no underlying lung disease 
(which, unfortunately, excludes most ICU patients). If the 
decision is made to proceed with a l1mg scan, the results can 
be used as follows ( 18): 

1. A normal lung scan excludes the presence of a pulmo
nary embolus, whereas a high-probability 11mg scan car
ries a 90% probability that a pulmonary embolus is pres
ent. 

2. A low-probability lung scan does not reliably exclude 
the presence of a pulmonary embolism. However, when 
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combined with a negative ultrasound evaluation of the 
legs, a low-probability scan is sufficient reason to stop 
the diagnostic workup and observe the patient. 

3 .  An intermediate-probability or indeterminate lung scan 
has no value in predicting the presence or absence of a 
pulmonary embolus. In this sih1ation, the options in
clude spiral CT angiography (see next) or conventional 
pulmonary angiography. 

D. Spiral CT Angiography 

This technique is most valuable in patients with ltmg disease 
(where ltmg scans are often nondiagnostic), but its use in the 
ICU is limited by the need to breath-hold during the proce
dure (see below). 

1. Technique 

a. In conventional computed tomography (CT), the de
tector is moved in fixed increments to produce a series 
of images that appear as "slices" of tissue. In spiral 
CT, the detector is continuously rotated around the 
patient to produce a volumetric image. 

b.  Spiral CT of the thorax takes 30 seconds to complete, 
and there must be no lung motion during the proce
dure. This means that patients must be able to breath-hold 
for 30 seconds to pe1form a spiral CT scan, and this ex
cludes patients who are ventilator-dependent or are 
tmable to follow commands. 

c. When spiral CT is combined with peripheral injection 
of a contrast agent, the central pulmonary arteries can 
be visualized. A pulmonary em.bolus appears as a fill
ing defect. 

2. Pe1jormance 

a. Spiral CT angiography has a sensitivity of 93% and a 
specificity of 97% for detecting clots in the major pul-
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monary arteries (19). The sensitivity is only 30% for 
detecting clots in smaller, subsegmental arteries (19). 

E. Pulmonary Angiography 

Pulmonary angiography is the "gold standard" method for 
detecting pulmonary emboli, but is required il1 fewer than 
15% of cases of suspected pulmonary embolism. 

III .  ANTITHROMBOTIC THERAPY 

A. Anticoagulation 

The initial treatment of thromboembolism that is not life
threatening is anticoagulation with heparil1. 

1. Urifrnctionated Heparin 

a. The standard treatment of VTE is unfractionated hep
arill given by continuous il1travenous iltlusion using 
weight-based dosillg as shown ill Table 3.6 (20). 

b. Unfractionated heparill has unpredictable anticoagu
lant activity (as described earlier), and anticoagulant 
activity must be monitored usil1g the partial thrombo
plastin time (PTT). This test is a reflection of Factor Ila 
activity, and one of the promillent effects of heparil1 is 
illhibition of Factor Ila. 

2. Low-Molecular- Weight Heparin (LMWH) 

LMWH is as effective as unfractionated heparill (21) and 
offers some advantages, includil1g simplified dosillg and 
no need to monitor anticoagulant activity (see later). 

a .  A standard LMWH treatment for VTE is enoxaparin 
given ill a dose of 1 mg/kg by subcutaneous injection 
every 12 hours. 
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b. Because LMWH is cleared by the kidneys (see earlier), 
unfractionated heparin is recommended for patients 
with renal failure (21). 

c. The PTT cannot be used to monitor anticoagulation 
with LMWH because LMWH acts primarily to inhibit 
Factor Xa, and the PTT is not a reflection of Factor Xa 
activity. 

d. Since LMWH produces a predictable level of antico
agulation, monitoring anticoagulant activity is usually 
not necessary. Factor Xa activity must be measured to 
determine the anticoagulant response to LMWH (20). 

TABLE 3.6 Weight-Based Heparin Dosing Regimen 

1 .  Prepare heparin infusion by adding 20,000 IU heparin to 500 ml 
di luent (40 IU/ml). 

2. Give initial bolus dose of 80 IU/kg and follow with continuous 
infusion of 1 8  IU/kg/hr. (Use actual body weight.) 

3 .  Check PTI 6 hrs. after start of infusion, and adjust heparin dose 
as indicated below. 

PTT (sec) PTT Ratio Bolus Dose Continuous Infusion 

<35 <1 .2  80 IU/kg Increase by 4 IU/kg/hr 

35-45 1 .2-1 .5 40 IU/kg Increase by 2 IU/kg/hr 

46-70 1 .5-2.3 
71-80 2.3-3.0 Decrease by 2 IU/kg/hr 

>90 >3 Stop infusion for 1 hr then 
decrease by 3 IU/kg/hr 

4. Check PTI 6 hrs. after each dose adjustment. When in the 
desired range (46-70 sec), monitor daily. 

From Raschke RA, Reilly BM, Guidry JR, et al. The weight-based heparin 
dosing nomogram compared with the "standard care" nomogram. Ann 
Intern Med 1 993; 1 1 9:87 4. 
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a. Long-term anticoagulation with warfarin (coumadin) 
is started on the first day of heparin therapy. The 
usual starting dose is 5-10 mg once daily. When the 
prothrombin time reaches an international normalized 
ratio (INR) of 2 to 3 (which usual ly takes 3 days or 
longer), the heparin can be discontinued. 

b. Anticoagulation with coumadin is continued for 3 to 6 
months, or longer in patients with cancer-related or 
recurrent VTE (21 ) .  

B. Thrombolytic Therapy 

1 .  Thrombolytic therapy is reserved for life-threatening 
cases of pulmonary embolism accompanied by hemody
namic instability (21,22). Some recommend lytic therapy 
for hemodynamically stable patients with right ventricu
lar dysfi.mction (23), although the benefits in this situa
tion are unproven (21,23). 

2. The major problem with lytic therapy is bleeding: there is 
a 12% incidence of major bleeding (22), and a 1 % inci
dence of intracranial hemorrhage (21,22). 

3. All thrombolytic agents are considered equally effective, 
and systemic drug administration is favored over local 
infusion into the pulmonary arteries (21 ) .  The two drug 
regimens shown below are designed to achieve rapid clot 
lysis. 

a. Alteplase: 0.6 mg/kg over 15 minutes (24). 

b.  Reteplase: 10 Units by bolus injection and repeat in 30 
minutes (25). 

4. For more information on the use of thrombolytic agents, 
see Chapter 14. 
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IV. INFERIOR VENA CAVA FILTERS 

Filter devices can be placed in the inferior vena cava (IVC) to 
h·ap thrombi that break loose from leg veins, thus preventing 
pulmonary embolization. 

A. Indications 

1. IVC filters are indicated for patients with proximal DVT 
who have any of the following (26): 

a. A contraindication to anticoagulation 

b. Pulmonary embolization during full anticoagulation 

c.  A free-floating thrombus (i.e., the leading edge of the 
tluombus is tmattached). 

d.  Poor cardiopulmonary reserve (i.e., unlikely to tolerate 
a pulmonary embolus). 

2. These filters are inserted percutaneously, usually 
tluough the internal jugular vein or femoral vein, and are 
placed below the renal veins, if possible. 

B. Efficacy 

1 .  The incidence of post-insertion pulmonary embolism is 
about 5% (27). 

2. Major complications (e.g., migration of the filter) occur in 
less than 1 % of cases (27). Remarkably, septicemia almost 
never results in seeding of IVC filters, despite their 
intravascular location. 
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:_. Chapter 4 
VASCUIAR CATHEfERS 
Access to the vascular system is mandatory in the care of 
critically ill patients. This chapter describes the basic and 
specialty features of the catheters that provide this access. 

I. BASIC FEATURES 

A. Composition and Size 

1. Vascular catheters are made of polymers impregnated 
with barium or tungsten salts to enhance radiopacity. 

2. Catheters designed for short-term use (days) are made of 
polyurethane, a polymer known for its strength and du
rability. Catheters designed for prolonged use are made 
of a silicone polymer that is more flexible a11d less throm
bogenic than polyurethane. 

3. The size of vascular catheters is expressed in terms of 
their outside diameter. Size can be expressed in a meh·ic
based French size or a wire-based gauge size. 

a .  The French size is a series of whole numbers that 
increases in increments of roughly 0.33 millimeters 
(e.g., 1 French = 0.33 mm, 2 French = 0.66 mm). 

b.  The gauge size (originally developed for solid wires) 
has no definable relationship to other units of meas
urement, and requires a table of reference values like 
the one in Table 4.1 . 

5 3  
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TABLE 4.1 Size Chart for Vascular Catheters 

French Inner Outer 
Size Gauge Diameter Diameter 

27 0.1 mm 0.4 mm 
2 23 0.3 mm 0.6 mm 
3 20 0.5 mm 0.9 mm 
4 1 8  0.6 mm 1 .2 mm 
5 1 6  0.7 mm 1 .7 mm 
7 1 3  1 .3 mm 2.4 mm 
9 1 1  1 .6 mm 3.2 mm 

From www.norfolkaccess.com/Catheters.html. Accessed on 4/7/2007. 

B. Determinants of Flow Rate 

1. Fluid flow through rigid tubes is defined by the Hagen
Poisseuille equation: 

Q = .0.P (rcr4/8µL) (4.1) 

Q is the steady-state flow rate . 

.0.P is the pressure gradient along the tube: (P,,, - P0u,) .  

r is  the inner radius of the tube. 

L is the length of the tube. 

µ is the viscosity of the fluid. 

2. Because flow rate varies directly with the fourtl1 power 
of the radius, the radius of a catheter is the principal deter
minant of flow rate. For example, if the radius of a cath
eter is doubled, the flow rate will increase 16-fold: 
(2r)4 = 16r. 

3. Equation 4.1 demonstrates that rapid infusion rates are 
best achieved with catheters that are short and have a 
large diameter. The role of catheter size in volume resus
citation is described in Chapter 10. 



II .  TYPES OF CATHETERS 

A. Peripheral Vein Catheters 
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1. Catheters used to cannulate peripheral veins are short 
and narrow (length: 5 - 7 cm, diameter: 18 - 22 gauge). 

2. These catheters are intended only for short-term use 
(hours to days) because the plastic polymers in the cath
eters (e.g., polyethylene) provoke a strong inflammatory 
reaction upon contact with blood vessels. Because they 
are short, these catheters also tend to dislodge from 
blood vessels. The limited life span of these catheters also 
limits their popularity in the care of ICU patients. 

B. Central Venous Catheters 

Catheters used to cannulate the large veins entering the tho
rax (i.e., internal jugular and subclavian veins) are 15 to 
25 cm in length, and are available with one, two or three 
infusion channels. The diameter of central venous catheters 
(CVCs) varies according to the number and size of the infu
sion chairnels. 

1. Multilumen Cathetel"S 

Multi.lumen CVCs are popular in the ICU because they 
allow multiple infusions through a single ve.nipunctw:e. 
Table 4.2 shows the variety of multi.lumen catheter sizes 
available from one mai1ufacturer (Cook Critical Care). 
The most popular of these is the 7 French triple-lumen 
catheter, which is shown in Figure 4.1 .  This catheter is 
small enough to pass through inh·oducer catheters (see 
later), and the channels are large enough to permit ade
quate flow rates for most patient care needs. 

a .  1 1  FECTIOLIS RISK.  Despite the greater number of infu
sion chairnels, multi.lumen catheters ai·e not associated 
with a higher incidence of catheter-related infections 
when compared to single lumen catheters (1 ) .  
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TABLE 4.2 The Variety of Multilumen Central Venous 
Catheters 

French Cross- Gauge Flow 
Size Section Port Size Ratea 

® Distal 1 8  52 mUmin 

5.0 Mid 23 2 mUmin 

Proximal 23 2 mUmin 

� Distal 1 6  20 mUmin 
7.0 Mid 1 8  22 mUmin 

Proximal 1 8  2 4  mUmin 

@ Distal 1 4  1 30 mUmin 
7.5 

Proximal 21 5 mUmin 

(g) Distal 1 4  1 30 mUmin 

9.0 Mid 1 8  2 9  mUmin 

Proximal 1 8  3 1  mUmin 

(2) Distal 1 3  1 33 mUmin 
9 .5 

Proximal 1 8  43 mUmin 

"The flow rate of purified water flowing from a height of 1 00 cm. 

From Cook Double and Triple Lumen Quick Reference Guide, available 
at www.cookmedical.com. Accessed on 4/8/2007. 

2. Heparin-Bonded Catheters 

Thrombus formation has been documented on as many 
as one-third of indwelling eves (2). These thrombi cre
ate a risk of vascular occlusion, pulmonary emboli, and 
catheter-related infection (the infectious risk is due to 
microorganisms that become trapped and proliferate in 
the fibrin meshwork of blood clots). 
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a. CVCs are available with a heparin coating to prevent 
tlu·ombus formation. Howeve1� this heparin coating is 
washed away by blood flow, and it can be completely 
lost within a few hours after catheter insertion (2). 

b.  Heparin bonding is associated with only a small (2%) 
decrease in the incidence of catheter-related infections 
(3). Furthermore, the heparin that is washed away 
from these catheters can cause heparin-induced 
thrombocytopenia in susceptible individuals (4). 

c. Heparin-bonded catheters are now commonplace. 
However, considering that these catheters provide 
only limited benefit, yet create a risk of heparin-in
duced tlu·ombocytopenia, their popularity is tmde
served. 

3 .  Antimicrobial-lmp1·e9nated Catheters 

a. eves are available that are coated with chlorhexidine 
and silver sulfadiazine (Arrow International, Reading, 
PA) or minocycline and rifampin (Cook Critical Care, 
Bloomington, IN) . 

b. A single multicenter study comparing both types of 
antimicrobial catheters showed superior results with 
the minocycline-rifampin CVCs (5). These catlwters 
show antimicrobial activity for up to 4 weeks, com
pared to one week for the chlorhexidine-silver sulfadi
azine eves (6). 

c. Antimicrobial-impregnated CVCs should be consid
ered if the rate of catheter-related septicemia in your 
ICU is higher than the national average (3.8 to 5.3 
infections per 1,000 catheter-days in medical-surgical 
ICUs) (7). They should also be considered in neu
tropenic patients and burn patients. 

C. Introducer Catheters 

Large-bore introducer catheters like the one shown in Figure 
4.1 have a diameter (8 to 9 French) that is large enough to 
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TRIPLE-LUMEN CATHETER : 7 French 

INTRODUCER CATHETER : 8-9 French 

FIGW{E 4. 1 .  A popular sized multilumen central venous catheter and a 
large-bore introducer catheter. 

allow passage of central venous catheters (including multi
lumen catheters) and pulmonary artery catheters. Central 
venous cannulation usually begins with insertion of an intro
ducer cathete1� which is left in place. Narrower catheters can 
then be inserted and replaced repeatedly without the risks of 
a new venipLmcture. (Figure 7.1 shows a pulmonary artery 
catheter threaded tlu·ough an introducer catheter). Introdu
cer catheters can also be used as stand-alone infusion devi
ces. The large diameter of these catheters makes them well 
suited for rapid infusion rates, which can be advantageous 
for resuscitation in the bleeding patient (see Chapter 10) .  

D. Specialty Catheters 

1. Hemodialysis Catheters 

Short-term hemodialysis is performed with specially de-
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signed double-lumen catheters like the one shown in 
Figure 4.2 that are placed in the internal jugular vein or 
femoral vein. One lumen of the catheter carries blood 
from the patient to the dialysis membranes, and the 
other lumen carries blood back to the patient. Each 
lumen is equivalent in diameter to an introducer catheter 
(8 French or 12 gauge) to accommodate the rapid flow 
rates (200 to 300 ml/min) required for effective hemo
dialysis. 

FIGURE 4.2. A large-bore, double-lwnen catheter used for short-term 
hernodialysis. 

2. Pulmonary Arte1y Catheters 

Pulmonary artery catheters are used for hemodynamic 
assessments, and can provide as many as 16 measure
ments of cardiovascular function. These catheters are 
described in detail in Chapter 7 (see Figure 7.1 ) .  
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VENOUS ACCESS 
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This chapter presents some practical guidelines for the inser
tion of peripheral and central venous catheters, and de
scribes the adverse events that can occur during catheter 
insertion. 

I. PREPARING FOR VASCULAR CANNUIATION 

A. Hospital Staff 

1. Hand washing with an antimicrobial soap or gel is recom
mended for all vascular catheter insertions (see Table 
1 .2). 

2. Sterile gloves are recommended for insertion of central 
venous catheters and arterial catheters. Nonsterile dis
posable gloves can be used for cannulation of peripher
al veins as long as the gloved hands do not touch the 
catheter (see Table 1 .3). 

3. Masks, gowns, and sterile drapes are recommended for 
insertion of central venous catheters and peripherally
inserted central catheters (PICCs). 

B. Insertion Site 

1. The skin around the catheter insertion site should be 
decontaminated with an antiseptic agent (see Table 1 . 1) .  

6 1  
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Chlorhexidine is currently preferred because of its pro
longed activity (� 6 hrs.). 

2. If an iodophor such as povidone-iodine is used, the solu
tion should be left in contact with the skin for a few min
utes (see Chapter 1 ) .  

II .  CATHETER INSERTION TECHNIQU ES 

A. Catheter-Over-Needle Technique 

Short catheters (5 to 7 cm in length) are inserted into small, 
superficial veins using a catheter-over-needle device like the 
one shown in Figure 5.1 .  The entire device (catheter and 
needle) is advanced toward the target vessel with the bevel 
of the needle pointed upward. When the tip of the needle 
enters the blood vessel, blood appears in the transparent 
flash chamber. When this occurs, the needle is kept station
ary and the catheter is advanced over the needle and into the 
lumen of the b lood vessel. The needle is then withdrawn and 
the catheter is secured to the skin. 

Introducer Needle � 
� Flash 

=====
C
=

a
=
th
=

e
=
te
=

r
===:Q_JL_JV Chamber 

� 

FIGURE 5. 1 .  A catheter-over-needle device used to cannuJate peripheral 
veins. Area of magnification shows needle extending beyond the 
catheter tip, and the tapered shape of the catheter tip. When the needle 
enters the vein, blood is visible in the flash d1amber. 
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B. Guidewire Technique 

Long catheters (10 to 25 cm in length) are inserted into deep
ly located veins by threading the catheter over a guidewire. 
This technique (called the Se/dinger technique after its 
founder) is shown in Figure 5.2. A small-bore needle is used 
to probe for the target blood vessel. When the tip of the nee
dle enters the vessel, a long, flexible wire is passed through 
the needle and into the lumen of the vessel. The needle is 
then removed over the guidewire, and the catheter is 
advanced over the guidewire and into the blood vessel. The 
guidewire is then removed and the catheter is secured to the 
skin. 

III .  VENOUS ACCESS SITES 

A. The Upper Extremity 

1 .  Periphernl Veins 

The arms are preferred to the legs for peripheral vein 
cannulation because of ease of access and a lower risk of 
thrombosis ( 1 ) .  Because the catheters are short and easi
ly d islodged, areas of limited movement (e.g., the fore
arm of the nondominant hand, away from the wrist and 
elbow) are most likely to ensure successful cannulation. 

2. Periphernl!y-lnserted Centrnl Catheters 

a. Long catheters (50 to 60 cm) are available that can be 
inserted into the veins of the antecubital fossa and ad
vanced into the superior vena cava. There is no risk of 
pneumothorax, which is the principal advantage of 
these peripherally-inserted central catheters (PICC). 

b. The basilic vein is preferred to the cephalic vein for 
PICC placement because it is slightly larger and runs a 
shorter course up the arm (see Figure 5.3). 
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1 .  Insert needle 

2. Pass guidewire through needle 

3. Remove needle 

4. Pass catheter over guidewire 

FIGURE 5.2. The steps involved in guidewire-assi.sted cannuJation of 
blood vessels (the Seldi.nger technique). 
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c. PICCs can be placed blindly by adding the length of 
the vascular segments shown in Figure 5.3. Alternate
ly, the distance from the antecubital fossa to the 3rd 
anterior intercostal space on the right (where the supe
rior vena cava enters the right atrium) can be meas
ured. However without fluoroscopy, malposition of 
PICCs is common (2). 

d. PICCs offer no advantage over other methods of cen
tral venous catheterization. Although there is no risk 
of pneumothorax with PICCs, the risk of pneumotho
rax from central venous catheterization is snrnll (see 
later), at least when performed by trained personnel .  
PICCs are used primarily for long-term venous access 
(30 days or longer), and they have no role in the care 
of critically ill patients. 

B. The Subclavian Vein 

1. Anatomy 

a. The subclavian vein is a continuation of the axillary 
vein as it passes over the first rib. It runs most of its 
course along the underside of the clavicle and contin
ues to the thoracic inlet, where it joins the internal 
j ugular vein to form the in.nominate vein. The conver
gence of the right and left innomina te veins then forms 
the superior vena cava. 

b.  The average distance from insertion site to the right 
atrium is 14.5 cm and 18.5 cm for right-sided and left
sided cannulations, respectively. Subclavinn vein cath
eters should be no longer than 15 cm to avoid placing the 
catheter tip in the right side of the heart (3). 

2. Locatin9 the Vessel 

a. Identify the insertion of the sternocleidomastoid mus
cle on the clavicle. The subclavian vein lies just m1der
neath the clavicle at this point. The vein can be ap
proached from above or below the clavicle, and it 
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should be entered within 2 to 3 cm of the insertion site 
on the skin. 

b.  When advancing the probe needle, keep the needle 
just underneath the clavicle to prevent accidental 
puncture of the subclavian artery (which runs deep to 
the subclavian vein). 

3. Benefits and Risks 

a. The subclavian vein is well suited for cannulation be
cause it is a large vessel (diameter of 20 mm) with a 
predictable anatomic location. Patient tolerance of cen
tral venous catheters is highest with subclavian vein 
catheters. 

b. The major concern with subclavian vein cannulation is 
pnetm1othorax from puncture of the ltmg apex. Table 
5.1 shows that this is not a common occw-rence when the 
procedure is performed by experienced perso1rnel (4,5). 

c. Major bleeding is also Lmconm1on (see Table 5 .1 ), and 
the presence of a coagulopathy does not increase the 
risk of bleeding (6,7). The presence of a coagulopathy 
is not a contraindication to central venous cannulation. 

TABLE 5.1 Complications of Large Vein Cannulation 

Complication Rates 

Complication 
Subclavian Internal Jugular Femoral 

Vein Vein Vein 

Arterial Puncture 1 - 5% 3% 9%* 
Major Bleeding 2% 1 %  1 %  

Thrombosis 1 %  0 6%* 

Pneumothorax 1 - 3% 1 %  

Systemic sepsis 1 - 4% 0 - 8% 2 - 5% 

From References 4,5,9, 1 0. Rates are expressed as the nearest whole number. 

·indicates a rate that is significantly different from the others 
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C.  The Internal Jugular Vein 

1. Anatomy 

a. The internal jugular (IJ) vein is located under the ster
nocleidomastoid muscle in the neck. It runs obliquely 
along a line drawn from the puma of the ear to the 
sterno-clavicular joli1t. In the lower region of the neck, 
the veli1 runs just lateral to the carotid artery, and this 
proximity creates a risk of carotid artery puncture. 

b. The IJ vein on the right side runs a sh·aight course to 
the right atrium, and the distance liwolved is about 15 
cm (see Figure 5.3). Therefore, catheters used to cannu
late the right IJ veli1 should be no longer than 15 cm to 
avoid advancli1g the catheter into the right side of the 
heart. (This is the same maximum length recommend
ed for subclavian veli1 catheters.) 

2. Locatin9 the Vessel 

Use the right side of the neck when possible (because of 
the straight comse to the heart). 

a .  POSTERIOR APPROACH.  Identify the poli1t where the 
external jugular vein crosses over the lateral edge of 
the sternocleidomastoid muscle. The li<sertion site is 
one centlineter superior to this poli1t. The probe nee
dle should be li1serted just under the belly of the ster
nocleidomastoid muscle and advanced toward the 
suprasternal notch. The veli1 should be entered 5 to 6 
cm from the skli1. 

b. ANTERIOR APPROACH.  At the base of the neck, identi
fy a triangular area where the sternocleidomastoid 
muscle splits to form the sternal and clavicular heads 
of the muscle. The probe needle should be inserted at 
the apex of this triangle and advanced toward the ipsi
lateraJ nipple at a 45° angle with the skin. The vein 
shm1ld be entered withli1 5 cm of the skin. This ap
proach has a higher risk of carotid artery pwKture 
than the posterior approach. 
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3. Benefits and Risks 

Cannulation of the IJ vein has few advantages over sub
clavian vein cannulation. 

a .  The IJ approach was popularized because of the as
sumption that the site of catheter insertion in the neck 
would eliminate the risk of pneumothorax. However, 
this is not the case (4,5) .  In fact, the incidence of pneu
mothorax is the same with internal jugular vein and subcla
vian vein cannulation (see Table 5.1) .  How can the lung 
be punctured by a catheter inserted in the neck? One 
possible answer is if the 11mg apex protrudes into the 
neck from overinflation during mechanical ventila
tion. 

b.  The most life-threatening complication of IJ carmula
tion is carotid artery puncture, which occurs during 
3% of attempted IJ ccum1Llations (see Table 5.1) .  

c. The only clear advantage of IJ ccumulation is anatom
ic; i .e., the straight course from the right IJ vein to the 
right atrium. For this reason, the right IJ vein is the 
preferred site for insertion of pacemaker catheters and 
hemodialysis catheters. 

C. The Femoral Vein 

1 .  Anatomy 

The femoral vein is the main venous outflow from the 
legs. In the upper one-third of the thigh, the femoral vein 
runs adjacent to the femoral artery. Both vessels are locat
ed in the medial portion of the femoral triangle, with the 
femoral vein situated just medial to the femoral artery 
(see Figure 5.4). Both vessels cu·e within a few centimeters 
of the skin at the inguinal crease. 

2. Locatin9 the Vessel 

a. Just below the inguinal crease, palpate the femoral 
artery pulse in the medial one-third of the leg. The 
femoral vein is just medial to the palpated pulse. 
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FIGURE 5.3. The length of venous segments involved in the insertion of 
peripherally inserted cenh·al catheters (PlCCs) and central venous (sub
clavian and internal jugular vein) catheters. The circle in the third ante
rior intercostal space marks the jwiction of the superior vena cava and 
right atrium. 

Insert the probe needle within 2 cm of the palpable 
pulse, and you should enter the femoral vein 2 to 4 cm 
below the skin. 

b.  If the femoral artery pulse is not palpable, draw an 
imaginary line from the anterior superior iliac crest to 
the pubic tubercle, and divide the line into three equal 
segments. The femoral artery should be just Ullder the 
junction between the middle and medial segments of 
the line, and the femoral vein will be 1 to 2 cm medial 
to this point. This method has a 90% success rate for 
locating the femoral vein (8). 
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3. Benefits and Risks 

a. The major benefit of femoral vein crurnulation is an
atomic: i.e., the vein is large, easily located, and far re
moved from the thorax. 

b. The major risks of femoral vein cannulation are fem
oral artery ptmcture ru1d femoral vein thrombosis 
(4,9). Catheter-related infections do not occur more fre
quently with femoral vein catheters when compared to 
internal jugular ru1d subclavian vein catheters (see 
Table 5 .1 )  (10). 

c. Because of the enhanced risk for arterial puncture and 
venous thrombosis, femoral vein catheters should be 
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nerve 

FIGURE 5.4. TI1e anatomy of the femoral b·ia.ngle. 
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used only when cannulation of the internal jugular 
and subclavian veins is not possible. Femoral vein 
catheters should be removed as soon as possible to 
limit the risk of venous thrombosis. 

IV. IMMEDIATE CONCERNS 

A. Venous Air Embolism 

When a vascular catheter is advanced into the thorax, the 
negative intrathoracic pressure generated during sponta
neous breathing can draw air into the venous circulation i f  
the catheter i s  open to the atmosphere. The entrained a i r  can 
travel to the right side of the heart as a venous air embolism 
and produce life-threatening obstruction in the pulmonary 
circulation (11) .  

1 .  Preventive Measures 

Air is prevented from entering the venous circulation 
when the venous pressure exceeds atmospheric (zero) 
pressure. The two m.aneuvers below are designed to in
crease central venous pressure. 

a. Placing the patient in the Trendelenburg position with 
the head 15° below the horizontal plane will increase 
the venous pressure in the head and neck regions, 
which can be advantageous during cannulation of the 
subclavian and internal jugular veins. This maneuver 
is not intended for patients who already have elevated 
venous pressures from cardiopulmonary d isease. 

b. When changing connections in a central venous line, 
a temporary increase in venous pressure can be a
chieved by having the patient hum audibly. This not 
only produces a positive intrathoracic pressure, it also 
allows you to hear when the desired effect i s  occur
ring. 
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2. Clinical P1·esentation 

a. The earliest clinical manifestation of venous air em
bolism is acute onset of dyspnea. Hypotension and 
cardiac arrest can develop rapidly. 

b .  Air can pass across a patent foramen ovale and ob
struct the cerebral circulation, producing an acute is
chemic stroke. 

c. A characteristic "mill wheel" murmur can be heard 
over the right heart, but it can be fleeting. 

3. Therapeutic Maneuvers 

a. When air entry is first suspected, the central venous 
line should be aspirated to remove any residual air, 
and the patient should be placed with the left side 
down (so air will collect in the right side of the heart 
instead of the pulmonary outflow tract). 

b. In dire circumstances, a needle can be inserted through 
the chest wall and into the right ventricle to aspirate 
the air. To perform this procedure, insert a long needle 
in the 4th intercostal space just to the right of the ster
num and advance the needle under the sternum at a 
45° angle until there is blood return. 

c. In severe cases of venous air embolism, the mortality 
is high despite the above therapeutic maneuvers. 

B. Pneumothorax 

Although the risk of pneumothorax from central venous can
nulation is small (see Table 5 . 1 ), routine chest x-rays are rec
ommended immediately following all cannulations (or at
tempts) of the subclavian and internal jugular veins. 

1 .  Radio9raphic Detection 

a. Postinsertion chest x-rays should be obtained in the 
upright position and during expiration, if possible. 
Expiration decreases the volume of air in the lungs, 
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but not the volume of air  in the pleural space, so expi
ration will facilitate the detection of small pneumotho
races ( 12). 

b .  Upright films are not always feasible in ICU patients. 
If the supine position is used, remember that pleural air 
does not collect at the apex of the lung when the patient is in 
the supine position (13). In this position, pleural air 
tends to collect anteriorly and at the base of the lw1g 
(see Chapter 20). 

2. Delayed Pneumothorax 

a. Pnewnothorax may not be radiographically evident 
until 24 to 48 hours after catheter insertion (14). There
fore, the absence of a pneumothorax on an immediate 
posti..nsertion chest fihn does not absolutely exclude 
this complication. However, serial chest x-rays are not 
justified in asymptomatic patients. 

b .  Delayed pnewnothorax should be a consideration in 
any patient who develops dyspnea or progressive hy
poxemia in the first few days after central venous can
nulation. 

C. Catheter Position 

Chest x-rays are advised after all central venous cannula
tions to ensure proper catheter placement. 

1. Pi-oper Placement 

A properly placed central venous catheter should nm 
parallel to the shadow of the superior vena cava, and the 
tip of the catheter should be at or slightly above the third 
anterior intercostal space (where the superior vena cava 
meets the right atriwn). 

2. Tip in the Ri9ht A trium 

A catheter tip that extends below the third right anterior 
intercostal space is l ikely to be in the right side of the 
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heart. If the anterior portion of the third rib cannot be 
visualized, a catheter tip that extends below the tracheal 
carina (i.e., the division of the trachea into the right and 
left mainstem bronchi) can be used as evidence of right 
heart catheterization. Although cardiac perforation is 
rare (15), withdrawal of the catheter tip to the appropri
ate location is advised. 

3. Tip Against the Wall of the Vena Cava 

Catheters inserted from the left side must make an acute 
turn downward when they enter the superior vena cava 
from the left innominate vein. Catheters that do not make 
this turn can end up with the tip pointing directly at the 
lateral wall of the superior vena cava. These catheters can 
perforate the superior vena cava, and they should either 
be withdrawn into the innominate vein or advanced fur
ther down the vena cava. 
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THE INDWELLING 
VASCULAR CATHET ER 
This chapter describes the routine care and adverse conse
quences of indwelling vascular catheters, with emphasis on 
the prevention, diagnosis, and treah11ent of catheter-related 
infections. 

I. ROUTINE CATHETER CARE 

A. Protective Dressings 

Catheter insertion sites are covered as a standa1·d antiseptic 
measure. Sterile gauze pads provide adequate protection in 
most instances (1) .  

1 .  Adhesive, Semipermeable Dressings 

Adhesive dressings made of transparent, semipermeable 
polyurethane membranes are very popular. These dress
ings partially block the escape of water vapor from the 
underlying skin, and create a moist environment that is 
beneficial for wound healing. 

a .  Despite their popularity, these dressings do not reduce 
the incidence of catheter colonization or infection 
when compared to sterile gauze dressings (1-3). In fact, 
they can increase the risk of infection (2,3) because the 
moist enviromnent they create favors the growth of 
microorganisms. 

b. Occlusive dressings can be reserved for skin sites that 
are close to a source of infectious secretions (e.g., a tra
cheostomy). 

77 
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B. Antimicrobial Ointment 

The practice of applying antimicrobial gels to the insertion 
site of central venous catheters does not reduce the incidence 
of catheter-related infections (4), and it can promote the de
velopment of antibiotic-resistant organisms (5). As a result, 
the routine use of antimicrobial ointments is not recom
mended (1 ,4). 

C. Flushing Catheters 

Vascular catheters are flushed at regular intervals to prevent 
thrombotic occlusion. 

1. Heparinized Flushes 

a. The standard flush solution is isotonic saline with hep
arin (10 to 1000 U/mL). 

b.  Catheters that are used intermittently are filled with 
heparinized saline and capped when idle. (This is 
called a heparin lock because the cap that seals the 
catheter creates a vacuum that holds the flush solution 
in place.) 

c. Arterial catheters are flushed continuously (3 mL/lu·) 
using a pressurized bag. 

2. Alternatives to Heparin 

The small quantities of heparin used in flush solutions 
can promote heparin-induced thrombocytopenia (see 
Chapter 31) .  Alternatives to heparinized flushes are 
available that eliminate this risk. 

a .  For flushing venous catheters, saline alone is as effec
tive as hepari.nized saline (6). 

b. For flushing arterial catheters, 1 .4% sodium citrate is a 
suitable alternative to heparinized saline (7). 
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D. Replacing Peripheral Venous Catheters 

The concern with prolonged camrnlation of peripheral veins 
is inflammation (phlebitis), not infection. The inflammation 
is a reaction to the plastic polymers that make up vascular 
catheters, and is aggravated by mechanical irritation of the 
blood vessel wall. 

1. The incidence of clinically apparent phlebitis increases 
significantly after peripheral vein catheters are left in 
place longer than 72 to 96 hours (1) . 

2. Therefore, replacement of peripheral vein catheters (us
ing a new venipuncture site) is recommended every 72 to 
96 hours (1) .  

E. Replacing Central Venous Catheters 

1. Routine Replacement Not Warrnnted 

Septicemia from central venous catheters begins to ap
pear after catheters have been in place for 3 days (1) .  
However, replacing central venous catheters at regular 
intervals does not reduce the incidence of catheter-relat
ed infections (8). In fact, it increases the risk of catheter
related mechanical complications (4), so the overall risk 
(infectious and mechanical) is increased (9). Therefore, 
routine replacement of central venous catheters is not 
advised (1,4). 

2. Indications for Catheter Replacement 

Catheter replacement is recommended: 

a.  When there is purulent drainage from the catheter in
sertion site. Erytherna ar0tmd the catheter insertion 
site is not absolute evidence of infection (9), and is not 
an indication for catheter replacement. 
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b. When an indwelling vascular catheter is suspected as 
a source of sepsis and the patient has a prosthetic 
valve, is i.t1m1w1ocomprornised, or has severe sepsis or 
septic shock. 

c. When a catheter has been placed emergently, without 
strict aseptic tecluuque, and it can be replaced safely. 

d. When a femoral vein catheter has been i.t1 place longer 
t11an 48 hours and it can be replaced safely. Tl-Us will 
li.t1ut the risk of femoral vei.t1 thrombosis (see Table 5.1) .  

II. THE OCCLUDED CATHETER 

Catheter occlusion is the most common complication of cen
tral venous cannulation (11) .  

A. Sources of Obstruction 

1. Thrombosis is the most conunon cause of obstruction of 
central venous catheters (11) .  

2. Insoluble precipitates in the i.ttlusate ca11 accumulate in 
the catheter lumen and cause obsh·uctio.n. Possible sour
ces of tlus type of obstruction include drugs that are in
soluble in water (e.g., diazepam, digoxi.n, phenytoin, and 
trimethoprim-sulfa), precipitation of inorga1uc salts (e.g., 
CaP04), and l ipid residues. 

3. The lmnen of the catheter can also be compromised by 
sharp angles and localized indentations. These usually 
occur during catheter i.t1sertion. 

B. Restoring Catheter Patency 

A protocol for restori.t1g patency in obstructed catheters is 
shown i.t1 Table 6 .1 .  Since thrombosis is the most common 
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cause of catheter occlusion, the initial attempt to restore pa
tency should involve an attempt to lyse the occluding thrombus. 

TABLE 6.1 Protocol for Restoring Patency in Occluded 
Catheters 

Drug Preparation 

1 .  Alteplase (tissue plasminogen activator): 
Reconstitute 50 mg vial with 50 ml sterile water (1 mg/ml). 

2. Prepare 2 ml aliquots and freeze until needed. 

Protocol 

1 .  Thaw two aliquots of drug solution. (Drug must be used within 
8 hours after thawing.) 

2 .  Draw 2 ml of drug solution (2mg) into a 5 ml syringe and 
attach to hub of the occluded catheter. 

3. Inject as much volume as possible (up to 2 ml) into the lumen 
of the catheter and then cap the hub of the catheter. 

4. Leave the drug solution in the catheter lumen for 2 hours. 

5. Attempt to flush the catheter with a sal ine solution. Do not use a 
tuberculin syringe to flush occluded catheters (the high pressure 
generated by these syringes can fracture the hub of a catheter). 

6. If the catheter is still obstructed, repeat steps 1 - 5. 

7. If the catheter remains obstructed, consider using 0 . 1  N HCL 
(2 ml) for drug or CaP04 precipitates, or 70% ethanol (2 ml) for 
suspected lipid residue. 

8. If the obstruction persists, replace the catheter using a new 
venipuncture site. 

From References 1 2-15. 

1 .  Thrombotic Occlusion 

Local instillation of the thrombolytic agent alteplase (tis
sue plasminogen activator), using the regimen in Table 
6.1, is 90% effective in restoring patency in catheters with 
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partial or complete occlusion (12,13). The total drug dose 
in this regimen (up to 4 mg) is too small to cause systemic 
thrombolysis. 

2. Non- Thrombotic Occlusion 

a. Catheter occlusion that is refractory to thrombolysis 
will occasionally respond to instillation of O.lN hydro
chloric acid to promote the solubility of inorganic salts 
and some medications (14). 

b .  I£ lipid residues are suspected as a cause of catheter 
occlusion (i.e., in patients receiving lipid emulsions for 
nutrition), instillation of 70% ethanol (2 mL) can re
store catheter patency (1 5). 

3 .  Replacing an Occluded Cathetu 

If the obstruction crumot be relieved and the catheter 
must be replaced, a new venipwKture site is necessary. 
Catheter replacement over a guidewire is not advised 
because the guidewire can dislodge the obstructing mass 
or a thrombus in the surrounding vein (see next) and 
create a pulmonary embolus. 

C. Venous Thrombosis 

Thrombotic occlusion of a central venous catheter can be 
accompanied by thrombosis in the surrow1ding vein. This is 
most prominent in the subclavian and femoral veins. 

1. Subclavian Vein Thrombosis 

a. Clinically apparent thrombosis occurs in about 1 % of 
patients with subclavian vein catheters (see Table 5 .1) .  

b .  The hallmark of subclavian vein thrombosis is unilat
eral arm swelling (16). The thrombus can extend prox
imally into the superior vena cava, but complete occlu
sion of the superior vena cava with the resultant supe
rior vena cava syndrome (swelling of neck and face, etc.) 
is rare (17). 
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c. Symptomatic pulmonary embolism can occur, but the 
reported incidence varies from zero to 17% (16,18). 

d. Ultras01md has a low sensitivity and specificity (56% 
and 69%, respectively) for the detection of subclavian 
vein thrombosis (19), and the d iagnosis is often based 
on the clinical presentation (i.e., unilateral arm swel
ling). Contrast venography is rarely performed. 

e. Treatment involves immediate catheter removal and 
elevation of the affected arm. Systemic anticoagulation 
with heparin is popular (16,18), but unproven. 

2. Femoral Vein Thrombosis 

a. Clinically apparent thrombosis is reported in 6% of pa
tients with femoral vein catheters (see Table 5.1) .  

b. As reported in Chapter 3,  venous ultrasoLmd has a 
high (> 90%) sensitivity and specificity for the detec
tion of proximal deep vein thrombosis in the leg. 
Treatment includes immediate catheter removal and 
heparin anticoagulation as described in Chapter 3. 

III .  CATHETER-RELATED INFECTIONS 

Hospital-acquired (nosocomial) bloodstream infections are 2 
to 7 times more frequent in ICU patients than in other hospi
talized patients (20), and indwelling vascular catheters are 
responsible for over half of these bloodstream infections (21). 

A. Routes of Infection 

The routes of infection involving indwelling vascular cath
eters are described below using the corresponding numbers 
shown in Figure 6.1 .  

1 .  Microbes can gain access to the internal lw11en of vascu
lar catheters through break points in the infusion system, 
such as stopcocks and catheter hubs. 
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2. Microbes on the skin can migrate along the outer surface 
of the catheter in the tract created during percutaneous 
insertion of the catheter. This is considered the major 
route of catheter-related bloodstream infections. 

FIGURE 6. 1 .  The routes of catheter-related bloodsh·eam infections. 

3. Microbes present in circulating blood can attach to the 
intravascular portion of an indwelling catheter. Once 
attached, the microbes can proliferate and become a sec
ondary source of septicemia. 

B. Types of Infection 

The Centers for Disease Control and Prevention (CDC) has 
identified the following types of catheter-related infection (1) .  

1 .  Catheter colonization is characterized by the presence of 
microbes on the catheter but not in the bloodstream. 

2. Exit-site infection is characterized by drainage from the 
catheter insertion site that grows a microorganism on 
culture. Blood cultures may be positive or negative. 

3. Catheter-related septicernia is a condition where the same 
microorganisms are present on the tip of the catheter 
and in the bloodstream, and the catheter is the primary 
source of infection. 
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C. Clinical Features 

1. Catheter colonjzation is asymptomatic, whlle catheter
related septicemia is usually accompanied by signs of 
systemic inflammation (i.e., fever, leukocytosis, etc.). 

2. There are no specific signs of catheter-related septicemia. 
The presence of erythema arotmd the insertion site is not 
predictive of septicemia (10), and the presence of puru
lent drainage from the insertion site can indicate exit-site 
infection without septicemia (1,22). 

3 . Catheter-related septicemia is usually suspected when a 
patient with a vascular catheter in place for longer than 
48 hours has an tmexplained fever. Confirmation is based 
on the results of appropriate cultures, as described next. 

D. Catheter Tip Cultures 

The most common approach to suspected catheter-related 
septicemia is to combine a culture of the catheter tip with a 
blood culture obtained from a peripheral vein. This method 
is described below. 

1. The catheter is first removed and (using sterile tech
nique) a 2 inch segment is severed from the distal end 
of the catheter and placed in a sterile culturette tube. 
There are 2 methods for culturing catheter tips. 

2. Roll-Plate Method 

a. The catheter tip is rolled directly over the surface of a 
blood agar plate, and growth is measured as the num
ber of colony-forming units (CFUs) on the plate. 

b.  The diagnosis of catheter-related septicem.ia requires 
growth of at least 15 CFUs on the culhire plate plus iso
lation of the same organ.ism from the blood cu.lhire (22). 

c. This method will detect infection only on the outer 
surface of the catheter, which explains why it has a 
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sensitivity of only 60% for the detection of catheter-tip 
infections (see Table 6.2) (22). 

3. Serial Dilution 1J1ethod 

a. The catheter tip is placed in culh1re broth and agitated 
vigorously to release attached organisms. After serial 
dilutions, the broth is placed on a blood agar plate, 
and growth is measured as the nmnber of colony
forming units (CFUs) on the plate. 

b.  The diagnosis of catheter-related septicemia requires 
growth of at least 100 CFUs on the cul ture plate plus 
isolation of the same organism from the blood culture. 

c. This method will detect infection on both (outer and 
inner) surfaces of the catheter, which explains why the 
sensitivity of this method (80%) is higher than the roll
plate method (see Table 6.2). 

TABLE 6.2 Culture Methods for Catheter-Related Septicemia 

Method 
Catheter Surface 

Sensitivityt 
Sampled 

Catheter tip culture 

Roll-plate method Outer surface 60% 

Serial di lution method Outer and inner 80% 
surfaces 

Quantitative blood cultures 

Catheter vs. peripheral blood Inner surface 50% 

tfrom Reference 22. 

E. Quantitative Blood Cultures 

The disadvantage of catheter tip cultures is the need to re
move the catheter. Considering that as many as 70% of cath
eters that are removed for presmned infection are sterile 
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when cultured (22), an alternative culture method that does 
not require catheter removal is desirable. The quantitative 
blood culture tecluuque described below is such a method. 

1 .  This method compares the culture results from 2 blood 
samples (10 mL each): one sample is drawn through the 
indwelling catheter, and the other is taken from a periph
eral vein. The samples are placed in special culture tubes 
(e.g., Isolator System, Dupont Co.) for transport to the 
laboratory. 

2. Each blood specimen is processed by first isolating the 
cells and suspending them in a culture medium. The cel ls 
are then lysed to release intracel lular orga11isms, and the 
supernatant is placed on an agar plate and incubated. 
Growth is measured as the number of colony-forming 
lll1its per milliliter (CFU/mL). 

3. The diagnosis of catheter-related septicemia requires iso
lation of the same orgaiusm in both blood cultures plus 
either of the following: growth of at least 100 CFU/mL 
from the catheter blood or a colony cmmt in catheter 
blood that is at least 5 times greater than the colony count 
in peripheral blood (see Figure 6.2). 

4. This method will detect infection only on the irmer sur
face of the catheter, and this might explain the low sensi
tivity of this method (40 to 50%) for the detection of 
catheter-rela ted infections (see Table 6.2) (22). 

F. Which Culture Method is Preferred? 

The choice of  culture method is dictated largely by the feasi
bility of removing the catheter. The criteria for catheter 
removal are listed earlier (See also Figure 6.3). 

1. If the ca theter should be removed, the catheter tip should 
be cultured using the serial dilution method (which is 
more sensitive than the roll-plate method). 
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FIGURE 6.2. Comparative growth of quantitative blood cultures from a 
case of catheter-related septicemia. Catheter Blood is blood withdrawn 
tlu·ough a central venous catl1eter. Peripheral Blood is blood taken from a 
peripheral vein. (From Reference 32). 

2. If catheter replacement is not necessary (e.g., for patients 
with isolated fever), or is not easily accomplished (i.e., 
for trnmeled catheters or limited venous access), the com
parative blood culture method is appropriate. 

G. Empiric Antibiotic Coverage 

Empiric antibiotic coverage is indicated in most cases of sus
pected catheter-related septicemia. 

1 .  The Microbial Spectrum 

The selection of empiric antibiotics is dictated by the 
microbes most likely involved. 

a .  A survey of 112 medical ICUs in the United States re
vealed the following microbial spectrum in primary 
hospital-acquired bacterernias (most caused by in
dwelling catheters) (23): Staphylococcus epiderrnidis 
(36%), enterococci (16%), gram-negative aerobic bacil
li (Pseudonwnas aeruginosa, Klebsiella pneumoniae, E. coli, 
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etc . )  (1 6%), Staphylococcus aureus (1 3%), Candida 
species (11 %), and other organisms (8%). 

b. About half of the infections involve staphylococci, and 
half are fr0111 organisms usually found in the bowel, 
including Candida organisms. 

2. Recommendations 

The initial management of suspected catheter-related 
septicemia can be conducted as shown in Figure 6.3. 

CLINICAL CONDITION 

Isolated Fever 

Severe Sepsis or 
Septic Shock 

Neutropenia 

Prosthetic Valve 

IN ITIAL MANAGEMENT 

Leave catheter in place and draw 
paired quantitative blood cultures. 

Consider Rx with vancomycin 
pending culture results. 

Remove catheter and start Rx 
with vancomycin + ceftazidime 
pending culture results. 

Remove catheter and start Rx 
with vancomycin + imipenem 
pending culture results. 

Remove catheter and start Rx with 
vancomycin + aminoglycoside 
pending culture results. 

FIGURE 6.3. Recommendations for the initial management of suspected 
catheter-related septicemia. From References 22 and 24. 
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a. Despite concern about vancomycin resistance, this an
tibiotic is well suited for suspected catheter-related in
fections because it is active against staphylococci (in
cluding coagulase-negative and methicillin-resistant 
strains), and most strains of enterococci, which togeth
er account for over 50% of catheter-related infections. 

b.  Gram-negative coverage with ceftazidirne or cefepime 
(for antipseudomonal activity) can be added for pa
tients with severe sepsis or septic shock. 

c. For patients with neutropen.ia (neutroph.il count < 500 
/nm13), a carbapenem (imipenem or meropenem) can 
be added to vancomycin (22,24). 

d. For patients with a prosthetic valve, an aminoglyco
side should be added to vancomycin (the two agents 
can be synergistic for Staph. epidermidis endocarditis). 

H. Treatment of Catheter-Related Septicemia 

If the culture results confirm a catheter-related septicemia, 
directed antibiotic therapy should proceed as dictated by 
the antibiotic susceptibilities of the isolated microbes. Some 
popular organ.ism-specific antibiotic regimens are shown in 
Table 6.3. 

1. Catheter Removal 

a. Catheters that have been left in place should be re
moved if cultures confirm the presence of catheter
related septicemia. (22). 

b. Catheter removal is not always necessary if the patient 
shows a favorable response to empiric antibiotics and 
the responsible organism is Staph. epidermidis (25). 

c. Catheters that are not easily replaced can sometimes 
be treated successfully with antibiotic lock therapy (see 
next). 

2. Antibiotic Lock Thempy 

a. When a catheter is not used for continuous intrave-
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nous infusions, a concentrated antibiotic solution 
(usually 1 to 5 mg/ml) ca11 be injected into the lumen 
of an infected catheter and left in place for hours to 
days (22). 

b. This approach is best suited for tunneled catheters that 
have been in place for longer than 2 weeks because 

TABLE 6.3 Popular Antimicrobial Regimens for Catheter
Related Bloodstream Infections 

Organism 

Staphylococci 

Methici l l in-sensitive 

Methicill in-resistant 
(Includes most strains 
of S. epidermidis) 

Enterococci 

Ampici l l in-sensitive 

Ampici l l in-resistant 

Vancomycin-resistant 

Gram-negative bacilli 

E. coli 
Klebsiella spp 
Enterobacter spp 

P aeruginosa 

Candida organisms 

Antibiotic Regimen 

Nafci l l in or oxaci l l in (2 g every 4 hrs) 

Vancomycin (1 g every 1 2  hrs) 

Ampicil l in (2 g every 4 - 6 hrs) 

Vancomycin (1 g every 1 2  hrs) 

Linezolid (600 mg every 1 2  hrs) 

lmipenem (500 mg every 6 hrs) or 
Meropenem (1 g every 8 hrs) 

For P aeruginosa, some prefer 
ceftazidime (2 g every 8 hrs) or an 
antipseudomonal penici l l in 

Fluconazole (6 mg/kg/day) or 
capsofungin (70 mg load, then 
50 mg daily) 

Amphotericin B (0.7 mg/kg/day) 
for severe infections 

Antibiotic regimens are for uncomplicated infections only. 

From the guidelines in References 22 and 30. 
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these catheters are likely to have an intraluminal 
source of infection (22). The success is limited when 
Candida species are involved (22). 

3. Duration ojTherapy 

For uncomplicated cases of catheter-related septicemia, 
10 to 14 days of antibiotics is recommended, but only 5 to 
7 days is sufficient for most cases of Staph. epidermidis 
septicemia (22). 

I. Persistent Sepsis 

Continued signs of sepsis after a few days of antibiotic ther
apy can signal one of the following conditions. 

1. Suppurative Thrombosis 

Tlu·ombosis surrounding the catheter tip is a common 
finding in catheter-related septicemia (11) ,  and if the 
thrombus becomes infected, it can transform in to an in
travascular abscess. 

a .  Purulent drainage from the catheter insertion site is 
not always present in this condition (22). Septic em
boli in the lw1gs is an occasional fo1ding. 

b. Catheter removal is essential in this condition, and 
surgical incision and drainage is recommended if pe
ripheral vessels are involved. 

c. When this condition involves large cenh·al veins, anti
microbial therapy combined with heparin anticoagula
tion can produce satisfactory results in 50% of cases (26). 

2. Endocarditis 

a. Vascular catheters are the most common cause of no
socomial endocarditis, and Staph. nureus is the most 
common offending organism (22). As such, all cases of 
catheter-related Staph. aureus bacteremia should be 
evaluated for endocarditis (22). 
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b. Transesophageal ultrasotmd is the diagnostic proce
dure of choice for endocarditis. 

c .  1f endocarditis is documented, catheter removal is 
mandatory, and antibiotic therapy is continued for 4 to 
6 weeks (22). 

3. Disseminated Candidiasis 

a. Vascular catheters are the most conunon cause of dis
seminated candidiasis, and the predisposing factors 
include abdominal surgery, burns, organ transplanta
tion, HIV infection, cancer chemotherapy, long-term 
steroid therapy, and broad-spectrum antimicrobial 
therapy (27). 

b. The diagnosis can be missed in over 50% of cases 
because blood cultures are often negative (28) . The 
clinical markers of disseminated candidiasis include 
isolation of Candida organisms in multiple sites, can
diduria in the absence of an indwelling urethral cath
eter, and endoph thalmitis. 

c .  Heavy colonization of the urine in high-risk patients 
(regardless of the presence or absence of an indwelling 
urethral catheter) is an indication to initiate empiric 
antifw1gal therapy (29). 

d.  Endophthalmitis can occur in up to one-third of pa
tients with disseminated candidiasis (28), and can lead 
to permanent blindness. Because the consequences of 
this condition can be serious, all patients with persist
ent candidemia should have a detailed eye exam (28) . 

e. The standard treatment for invasive candidiasis is am
photerici.n B (0.7 mg/kg/day) (30), which is available 
in a special lipid formulation (liposomal amphoteri
cin B, 3 mg/kg/day) that produces less nephrntoxicity 
(see Chapter 44). The antifungal agent capsofungin 
(70 mg loading dose, followed by 50 mg/ day) is equal
ly effective for liwasive candidiasis (31), and may be
come the preferred agent because of its safety profile. 
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Despite the choice of antimicrobial agent, satisfactory 
outcomes are achieved in only 60 to 70% of cases of 
invasive candidiasis (30). 
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THE PULMONARY 
ART ERY CATHET ER 
The emergence of critical care medicine as a specialty is 
largely the result of two ilrnovations: positive-pressure me
chanical ventilation and the pulmonary artery catheter. This 
chapter will introduce you to the pulmonary artery catheter 
and the information it provides (1 -3) . 

I. THE CATHETER 

A. The Principle 

The pulmonary artery (PA) catheter is equipped with an 
itillatable balloon that acts like a rubber raft and allows the 
flow of venous blood to carry the catheter tip tlu·ough the 
right side of the heart and out into the pulmonary circula
tion. This balloon flotation method makes it possible to per
form a right heart catheterization at the bedside without flu
oroscopic guidance. 

B. Catheter Design 

The basic features of a PA catheter are illush·ated in Figure 
7 . 1 .  

1 .  The catheter is 110 cm long and has an outside diameter 
of 2.3 mm (about 7 French). There are hvo internal chan
nels: One nms the entire length of the catheter and opens 
at the tip (the distal or PA lumen), and the other ends 
30 cm from the catheter tip and is usually in the right a tri
um (the proximal or RA lumen). 

97 



98 Hemodynamic Monitoring 

Introducer Catheter 

I nflated 
Balloon 

PA Lumen _ 
I 

FIGURE 7. 1 .  The basic featmes of the balloon-flotation pulmonary artery 
catheter. Note that the catheter is tlu-eaded tlu-ough a large-bore intro
ducer catl1eter (see Chapter 4 for a description of introducer catl1eters). 

2. The tip of the catheter has a small balloon ( 1 .5 mL capac
ity) that is used as just described. When inflated, the bal
loon creates a recess for the tip of the catheter that pre
vents the tip from scraping along the vessel wall as the 
catheter is advanced. 

3. The catheter also has a small thennistor (i.e., a transduc
er that senses changes in temperature) located 4 cm from 
the catheter tip. This device can measure the cardiac out
put using the thermodilution method, which is described 
later in the chapter. 

1 1 .  CATHETER PLACEMENT 

The PA catheter is usually inserted through a large-bore 
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(9 French) introducer catheter that has been placed in the 
subclavian or internal jugular vein (see Figure 7. 1 ) .  Just prior 
to insertion, the distal lumen is attached to a pressure trans
ducer. When the tip of the PA catheter emerges from the 
introducer catheter, a venous pressure waveform appears. 
The balloon is then inflated and the catheter is advanced. 
The location of the catheter tip is determined by the pressure 
h·acings recorded from the distal lLunen, as shown in Figure 
7.2. 

1 .  The superior vena cava pressure is a nonpulsatile pres
sure with small amplitude oscillations. The pressure 
waveform is unchanged after the catheter tip is advanced 
into the right atrium. The normal pressure in the superi
or vena cava and right atrium is 2 to 8 mm Hg. 

2. When the catheter tip moves across the tricuspid valve 
and into the right ventricle, a pulsatile waveform ap
pears. The peak (systolic) pressure is a fLmction of the 
sh·ength of right ventricular contraction, and the lowest 
(diastolic) pressure is equivalent to the right-atrial pres
sure. The systolic pressure in the right ventricle is nor
mally 15 to 30 mm Hg. 

3.  When the catheter moves across the p1w11onic valve and 
into a main pulmonary artery, the pressure wave shows 
a sudden rise in diastolic pressure caused by flow resist
ance in the pulmona..ry circulation. This diastolic pressure 
is normally 6 to 12 mm Hg. 

4. As the catheter is advanced further into the pulmonary 
circulation, the pulsatile waveform eventually disap
pears, leaving a venous-type waveform at the same pres
sure level as the pulmonary artery diastolic pressure (6 to 
12 mm Hg). This is the pulmonary artery occlusion pres
sure, also called the pulmonary capillary wedge pressure 
(PCWP), or simply the wedge pressure. This pressure is a 
reflection of the diastolic filling pressure of the left ven
tricle (as explained in the next chapter). 
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FIGURE 7.2. The pressure waveforms used to guide proper placement of 
pulmonary artery catheters. 

5. When the wedge pressure first becomes evident, the bal
loon at the tip of the catheter should be deflated. This 
should result in a return of the pulsatile pressure tracing. 
If this occurs, the PA catheter should be left in place with 
the balloon deflated. 

6. In about 25% of PA catheter placements, the pulsatile PA 
pressure never disappears as the catheter is advanced the 
maximum distance along the pulmonary artery (1 ,2) . I f  
this occurs, the pulmonary artery diastolic pressure can 
be used as a reflection of the wedge pressure (in the ab
sence of pulmonary hypertension, the two pressures 
should be equivalent). 

A. The Balloon 

1 .  The balloon should remain deflated while the PA catheter 



The Pulmonary Artery Catheter 1 0 1  

i s  left in p lace (sustained balloon inflation can result in 
pulmonary artery rupture or pulmonary infarction). 
Balloon inflation is permitted only when measuring the 
wedge pressure. 

2. When measuring the wedge pressure, DO NOT fully 
inflate the balloon with 1.5 mL air all at once (catheters 
often migrate into smaller pulmonary arteries, and a 
fully inflated balloon could result in vessel rupture). The 
balloon should be slowly inflated until a wedge pressure 
tracing is obtained. 

3.  Once the wedge pressure is recorded, the balloon should 
be fully deflated. Detaching the syringe from the balloon 
injection port will help prevent inadvertent balloon infla
tion while the catheter is in place. 

III .  THERMODILUTION 

A. The Method 

The thermodilution method is illustrated in Figure 7.3. A 
dextrose or saline solution that is colder than blood is inject
ed through the proximal port of the catheter in the right atri
um. The cold fluid nuxes with blood in the right heart cham
bers, and the cooled blood is ejected illto the pulmonary 
artery and flows past the thermistor on the distal end of the 
catheter. The therrnistor records the change in blood temper
ature with time and sends this information to ai1 electronic 
instrument that records ai1d displays a temperature-time 
curve. The area w1der this curve is inversely proportional to 
the rate of blood flow in the pulmonary artery. In the ab
sence of intracardiac shunts, this flow rate is equivalent to 
the (average) cardiac output. 
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B. Technical Considerations 

1 .  Although the indicator solution is usually cooled before 
injection (to optimize the temperature difference be
tween blood and injectate), room temperature injectates 
produce reliable measurements in most patients (4,5). 

2. Serial measurements are recommended for each cardiac 
output determination. Three measurements are sufficient 
if they differ by 10% or less, and the cardiac output is 
taken as the average of all measurements. Serial meas
urements that differ by more than 10% are considered 
unreliable (6). Temp� 

Time 

. .::.9' r�·\ ,- .. 
,_ \ I I I I l \ I I / / \ 1_, 1_1 I 

' 
' 

l njectate mixes 
with Blood 

FIGURE 7. 3. The thennodilution method of measuring cardiac output. 
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Thermodilution cardiac output can vary by as much as 10% 
without any apparent change in the clinical condition of the 
patient (7) . A change in then11odilution cardiac output must ex
ceed 1 0% to be considered clinically significant. 

D. Confounding Conditions 

The following clinical conditions can affect the accuracy of 
cardiac output measurements. 

1 .  Tricuspid Re9ur9itation 

Thjs condition may be conu11on during posi tive-pressure 
mechanical ventilation. The regurgitant flow causes the 
indicator fluid to be recycled, producing a prolonged, 
low-amplitude thermodilution curve characteristic of a 
low cardiac output. Therefore, this condition results in 
falsely low cardiac output measurements (8). 

2. lntracardiac Shunts 

Intracardiac shunts produce falsely elevated cardiac out
put measurements. 

a .  In right-to-left shunts, a portion of the injectate fluid 
passes through the shLmt, creating an abbreviated 
thermodilution curve similar to the one seen in !ugh 
output states. 

b. In left-to-right shunts, the shunted blood increases the 
blood volume in the right side of the heart, and this 
dilutes the injectate fluid and produces an abbreviated 
thermodilution curve similar to the one seen in high 
output states. 

E. Continuous Cardiac Output Measurements 

A specialized PA catheter is available (from Baxter Edwards 
Critical Care) that can provided frequent and automatic 
measurements of cardiac output (9). A thermal filament 
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wrapped arour1d a distal portion of the catheter is used to 
generate low-energy heat pulses that warm the SUlTOLmding 
blood. The change in blood temperature is then sensed by a 
thermistor on the catheter, and the average cardiac output 
over successive 3-minute time intervals is recorded and dis
played. 

1. This "continuous" thermodilution method produces 
more accurate cardiac output measurements (10) than the 
intermittent bolus-injection method, and it does not re
quire the time or expertise of an operator. 

IV. HEMODYNAMIC PARAMETERS 

The PA catheter can provide a wealth of information about 
cardiovascular function and systemic oxygen transport. This 
section provides a brief description of the hemodynamic 
parameters that can be measured or derived with PA cath
eters. These parameters are listed in Table 7.1 .  

A. Cardiovascular Parameters 

1. Central Venous Pressure 

The proximal port of the PA catheter measmes the pres
sure in the superior vena cava, which is equivalent to the 
pressure in the right atrium. This pressure is commonly 
called the central venous pressure (CVP). In the absence of 
a h·icuspid valve abnormality, the CVP or right-atrial 
pressure (RAP) is equivalent to the right ventricular end
diastolic pressure (RVEDP): 

CVP = RAP = RVEDP 

Because the CVP is equivalent to the RVEDP, it is used as 
a measure of right-ventricular filling. (See Chapter 8 for 
more information on the CVP). 
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TABLE 7.1 Hemodynamic & Oxygen Transport Parameters 

Parameter Abbreviation Normal Range 

Central Venous Pressure CVP 2 - 8 mm Hg 

Pulmonary Capillary Wedge PCWP 6 - 1 2 mm Hg 
Pressure 

Cardiac Index Cl 2.4 - 4.0 Umin/m2 

Stroke Index SI 40 - 70 Um2 

Systemic Vascular SVRI 25 - 30 Wood unitst 

Resistance Index 

Pulmonary Vascular PVRI 1 - 2 Wood unitst 

Resistance Index 

Oxygen Delivery D02 520 - 570 mUmin/m2 

Oxygen Uptake V02 1 1 0 - 1 60 mUmin/m2 

Oxygen Extraction Ratio 02ER 0.2 - 0.3 

tmm Hg per liter per minute per square meter. 

2. Pulmonaiy Capillaiy Wed9e Pressure 

When the inflated balloon on a PA catheter creates a com
plete obstruction in the involved artery, the pressure at  
the tip of the PA catheter (which is called the pulmonary 
capillary wedge pressure or PCWP) is equivalent to the 
pressure in the left atrium. In the absence of a mitral 
valve abnormality, the PCWP or left-atrial pressure 
(LAP) is equivalent to the left-ventricular end-diastolic 
pressure (LVEDP): 

PCWP = LAP = LVEDP 

Because the PCWP is equivalent to the LVEDP, it is used 
as a measure of left-ventricular filling. (See Chapter 8 for 
a detailed description of the wedge pressure). 
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3. Cardiac Index 

Cardiac output varies with body size, so the convention
al practice is to adjust the measured cardiac output for 
the size of the patient. The size-dependent changes in 
cardiac output show a closer correlation with changes 
in body surface area (BSA) than with changes in body 
weight, so BSA is used as the measure of body size. A 
simple method for determining the BSA based on height 
(Ht) and weight (Wt) is shown below (11) . 

BSA (m2) = Ht (cm) + Wt (kg) - 60 / 1 00 (7.1)  

To adjust for body size, the BSA is divided into the car
diac output (CO). The size-adjusted parameter is called 
the cardiac index (CI), and is expressed as L/min/m2• 

Cl = CO / BSA (7.2) 

The average-sized adult has a BSA of 1 .6 to 1 .9 m2, so the 
cardiac index is normally about 50 to 60% of the meas
ured cardiac output. The normal range for CI in adults is 
shown in Table 7.1 .  

4 .  Stroke Index 

The stroke volume (the volume of blood ejected by the 
ventricles during systole) is a reflection of the systolic 
performance of the heart, and is superior to the cardiac 
output in this regard because it is not influenced by heart 
rate. The stroke volume should be adjusted for body size, 
as in Equation 7.3, by dividing the heart rate (HR) into 
the cardiac index (CI), not cardiac output. The size-ad
justed stroke volume, or stroke index (SI), is expressed as 
mL/m2• 

SI = Cl / H R  (7.3) 

The normal range of SI in adults is shown in Table 7 . 1 .  
An abnormally low SI  can be the result of  reduced ven-
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tricular filling (e.g., hypovolemia), impaired contractility 
(systolic heart failure), or increased impedance to ven
tricular emptying (e.g., aortic stenosis). 

5 .  Systemic Vascular Resistance Index 

The systemic vascular resistance (SVR) is traditionally 
calculated as the pressure drop across the systemic circu
lation, or the mean arterial pressure minus the central 
venous pressure (MAP - CVP) divided by the cardiac 
output (CO). These relationships are shown in Equation 
7.4 using the cardiac index (CI) to derive the size-adjust
ed SVR or systemic vascular resistance index (SVRI). 

SVRI = (MAP - CVP) /Cl (7.4) 
The SVRI is expressed as Wood tmits (1run Hg/L/min 
/m2), and the normal range is shown in Table 7. 1 .  A com
mon practice is to multiply Wood tmits by 80 to express 
vascular resistance in more conventional units (dynes• 
sec1 •cm·5/m2), but this practice offers no advantage (12) . 

a .  CAVEAT. The hydraulic resistance in the systemic 
circulation is not a measurable entity for a number of 
reasons (e.g., resistance varies in different tissues, re
sistance is flow-dependent, the vessels are compressi
ble and not rigid, etc.). The SVRI is not a true measure of 
hydraulic resistance; i t  merely describes the global rela
tionship between blood pressure and blood flow in the 
systemic circulation. 

6 .  Pulmona1y Vascular Resistance Index 

The pulmonary vascular resistance (PVR) is derived as 
the pressure gradient across the lungs, or the mean pul
monary artery pressure minus the left-atrial or wedge 
pressure (PAP - PCWP) divided by the cardiac output 
(CO). These relationships are shown below using the car
diac index (CI) to derive the size-adjusted PVR, or pul
monary vascular resistance index (PVRI). 
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PVRI = (PAP - PCWP) /Cl (7.5) 

The PVRI is expressed as Wood units (mm Hg/ L/min 
/ m2), and the normal range is shown in Table 7. 1 .  Note 
that the PVRI is only a small fraction of the SVRI, which 
is a reflection of the low pressures in the pulmonary cir
culation. The PVRI suffers from the same shortcoming as 
the SVRI as a measure of hydraulic resistance. 

B. Oxygen Transport Parameters 

There are 3 parameters used to define systemic oxygen trans
port. These are described in detail in Chapter 9, and are pre
sented only briefly here. 

1 .  Oxygen Delivery 

The rate of oxygen transport in arterial blood, or oxygen 
delivery (D02), is determined by the cardiac output and 
the 02 content in arterial blood (Ca02). The equation 
below shows the determinants of the size-adjusted D02 , 
which is expressed as mL/min/m2• 

002 = Cl x (1 .34 x Hb x Sa02) x 1 0  (7.6) 

The term (1.3 x Hb x Sa02) represents the arterial 02 con
tent (Ca02), and is described in more detail in Chapter 9. 
The normal range for the size-adjusted D02 is shown in 
Table 7.1 

2. Oxygen Uptake 

Oxygen uptake (V02) is the rate at which oxygen is taken 
up from the systemic capillaries into the tissues. Since 
oxygen is not stored in tissues, the V02 is equivalent to 
the 02 consumption in the tissues. The equation below 
shows the determinants of the size-adjusted VOv which 
is expressed as mL/min/m2• 

V02 = Cl x 1 .34 x Hb x (Sa02 - Sv02) x 1 0  (7.7) 
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(The components of this equation are described in Chap
ter 9). The normal range for the size-adjusted V02 is 
shown in Table 7.1 .  

3 .  Oxy9en Extraction Ratio 

The oxygen extraction ratio (02ER) is the fractional up
take of oxygen from the systemic mlcrocirculation, and is 
equivalent to the ratio of 02 uptake to 02 delivery. 

(7.8) 

The normal 02ER is 0.2 to 0.3 (see Table 7.1), which 
means that only 20% to 30% of the oxygen that is deliv
ered to the tissues is consumed. 

V. APPLICATIONS 

A. Hemodynamic Profiles 

Most hemodynamic problems are identified by noting the 
pattern of changes in three hemodynamic parameters: ven
tricular filling pressure (CVP or PCWP), cardiac output, and 
systemic or pulmonary vascular resistance. This is demon
strated in Table 7.2 using the 3 classic forms of shock: hypo
volemic, cardiogenic, and vasogenic. Each of these condi
tions produces a distinct pattern or profile of hemodynamic 
changes. Since there are 3 parameters and 3 possible condi
tions (low, normal, or high), there are 33 or 27 possible pro
files, each representing a distinct hemodynamic condition. 

B. Oxygen Uptake (V02) 

Hemodynamic profiles can identify a hemodynamic prob
lem, but they provide no information about the impact of the 
problem on tissue oxygenation. The addition of the oxygen 
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uptake (V02) to hemodynamic profiles can help in this 
regard. An abnormally low V02, in the absence of hypome
tabolism, is evidence of impaired tissue oxygenation. There
fore, if a hemodynamic problem is associated with a low V02 
(less than 100 ml/min/m2), the condition is potentially life
threatening and deserves inunediate attention. (See Chapter 
9 for more information on the V02). 

TABLE 7.2 Hemodynamic Patterns in Different Types 
of Shock 

Parameter 
Hypovolemic Cardiogenic Vasogenic 

Shock Shock Shock 

CVP or PCWP Low High Low 

Cardiac Output Low Low High 

Systemic Vascular Low High Low 
Resistance 
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CARDIAC FILLING 
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As mentioned in the last chapter, the central venous pressure 
and the pulmonary artery occlusion (wedge) pressure are 
the diastolic filling pressures of the right and left ventricles, 
respectively (see Table 8.1) .  This chapter describes how these 
pressures are measured, and highlights the limitations and 
misinterpretations that hatmt these pressures (1-3). 

I.  VENOUS PRESSURES IN THE THORAX 

A. Intravascular vs. Transmural Pressure 

1. The pressure recorded from an indwelling vascular 
catheter is the intravascular pressure, which is measured 
relative to atmospheric (zero reference point) pressure. 

2. The pressure that distends the ventricles and drives 
edema fluid into the tissues is the transmural pressure, or 
the difference between i.ntravascular and extravascular 
pressures. This is the physiologically important pressure. 

3. The intravascular and transmural pressLU"es are equiva
lent only when the extravascular pressure is zero. In the 
thorax, this normally occurs at the end of expiration (see 
next section). 

B. Influence of Thoracic Pressure 

Respiratory changes in intrathoracic pressure can be trans
nutted across the wall of blood vessels in the thorax. Tlus 

1 1 3  
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creates phasic changes in intravascular pressure similar to 
the cenh·al venous pressure (CVP) tracing in Figure 8 . 1 .  
Despite these changes in intravascular pressure, there i s  lit
tle or no change in the transmuraJ pressure (because the 
changes in thoracic pressure are transmitted across the wall 
of the blood vessels). This means that respiratory variations 
in the CVP and wedge pressures do not reflect changes in the 
cardiac filling pressure (i.e., the transmural pressure). 

TABLE 8.1 The Cardiac Filling Pressures 

Measurement 

Common Term 

Equivalent 
Pressures 

Normal Range 

Right Heart Left Heart 

Superior vena 
cava pressure 

Central venous pressure 

Right atrial pressure, 
Right ventricular end

diastolic pressure 

2 - 8 mm Hg 

Pulmonary artery 
occlusion pressure 

Wedge pressure 

Left atrial pressure, 
Left ventricular end
diastolic pressure* 

6 -1 2 mm Hg 

'Is NOT a measure of pulmonary capillary hydrostatic pressure. 

l. The End of Expiration 

a. In the thorax, intra vascular pressures should be equiv
alent to transmural pressures at the end of expiration, 
when the intrathoracic (extravascular) pressure is at 
atmospheric or zero reference level. Therefore, when 
respiratory variations are apparent in the CVP or 
wedge pressure tracing, the pressure should be meas
ured at the end of expiration. 

b.  The meai1 pressure (which is often displayed by bedside 
monitors) should never be used as the CVP or wedge 
pressure when respiratory variations are present. 
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2.  Positive End-Expirato1y Pressure 

a. Cardiac fil ling pressures recorded at the end of expira
tion will  be falsely elevated in the presence of positive 
end-expiratory pressure (PEEP). 

b.  When PEEP is applied during mechanical ventilation, 
the patient should be disco1mected from the ventilator 
to measure the CVP and wedge pressure (4). 

c. In the presence of intrinsic PEEP (caused by incom
plete emptying of the lungs during exhalation), accu
rate recordings of the CVP and wedge pressures can be 
difficult (5). See Chapter 20 for a method of correcting 
the CVP and wedge pressure measurements in pa
tients with intrinsic PEEP. 

1 0  

Cl 
I 
E 
E 

0 

FIGURE 8. 1 .  Respiratory variations in the central venous pressure (CVP). 
The true cardiac fi l ling pressure (the trans111urnl pressure) is at end-expi
ration, which corresponds to the peak pressures during spontaneous 
breathing, and trough pressures during 111ed1anical ventilation. 

C. Spontaneous Variations 

In addition to respiratory variations, the CVP and wedge 
pressures can vary spontaneously, without apparent cause. 
The spontaneous variation in wedge pressure is 4 mm Hg or 
less in 60% of patients, but it can be as high as 7 mm Hg (6). 
fo general, a change in the CVP or wedge pressure should exceed 
4 mm Hg to be considered a clinically significant change. 
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I I .  THE WEDGE PRESSURE 

The pulmonary artery occlusion pressure (known as the 
wedge pressure) is the measurement that prompted the intro
duction of the pulmonary artery catheter in 1970. Despite 
years of enormous popularity (which is waning), the wedge 
pressure is often misinterpreted (3,7-9). 

30 

~ 20 
CJ) I Balloon E E 

1 0  

Wedge Pressure 

0 

FIGURE 8.2. The transition from a puJsatile pulmonary artery pressure to 
a balloon-occlusion (wedge) pressure. The magnified area shovvs 3 com
ponents that identify the wedge pressure as a venous pressure. 

A. The Wedge Pressure Tracing 

1 .  When the pulmonary artery (PA) catheter is properly 
positioned, inflation of the balloon at the distal end of the 
catheter will obstruct flow in the involved artery, and the 
pulsatile pressure recorded from the tip of the catheter 
will disappear (see Figure 8.2). 

2. The nonpulsatile or "wedged" pressure has 3 component 
waves: the a wave is produced by left atrial contraction, 
the c wave is produced by closure of the mitral valve dur
ing isometric contraction of the left ventricle, and the v 
wave is produced by contraction of the left ventricle 
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against a closed mih·al valve. These waves identify the 
wedge pressure as a venous (cardiac filling) pressure. 

B. The Principle of the Wedge Pressure 

1. The principle of the wedge pressure is easily explained 
using the hydraulic relationships in the fol lowing equa
tion (see Figure 8.3): 

(8. 1 )  

Where: P, is  the pressure at the tip of the PA catheter 

PLA is the pressure in the left ah·iurn 

Q is the rate of blood flow (cardiac output) 

Rv is the resistance to flow in the pulmonary 
veins 

2. If the balloon at the distal end of the PA catheter is inflat
ed to obstruct flow, the following is predicted by Equa
tion 8 .1 :  

When: Q = 0 

Then: P, - PLA = 0 

And: P, = PLA 

Thus, the absence of flow eliminates the pressure gradi
ent between the tip of the PA catheter and the left atrium, 
and this allows the pressure at the tip of the PA catheter 
(the wedge pressure) to be used as a measure of the left 
a trial pressure. 

3. The left atrial pressure (the wedge pressure) will be 
equivalent to the end-diastolic pressure (the filling pres
sure) of the left venh·icle as long as there is no obstruction 
at the mitral valve orifice. 

4.  Thus, the principle of the wedge pressure measurement 
is to create an obstruction to flow so that the pressure at 
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the hp of the PA catheter can be used as a surrogate meas
ure of the left ventricular filling pressure. 

C. Checking for Accuracy 

The following factors can be used to determine if the wedge 
pressure is an accurate reflection of the pressure in the left 
atrium. 

1 .  Catheter Tip Position 

a. The tip of the PA catheter must be in a lLmg region 
where capillary (venous) pressme exceeds alveolar 
pressure (if not, the pressure at the tip of the PA catheter 
will reflect the alveolar pressure). This corresponds to 
the most dependent ILmg region (see Figure 8.3). 

(Pc - PLA) 

____ ) 

FIGURE 8.3. The principle of the wedge pressure measurement. When 
flow ceases because of balloon inflation (Q = 0), the pulsatile arterial 
pressure (P,) is lost, and the pressure at the catheter tip (P,) is the same 
as the pressure in the left atrium (PLA). This occurs only in the most 
dependent lw1g zone, where the capillary pressure (P,) exceeds the alve
olar pressure (PA). 
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b. The lung regions where capillary pressure exceeds al
veolar pressure are usually below the level of the left 
atrium. Therefore, the tip of the PA catheter should be 
located below the level of the left atrium (3) . Confirm
ing this location requires a lateral chest x-ray (which is 
not a colllinon practice). 

2. Respiratory Variations 

Prominent respiratory variations in the wedge pressure 
tracing indicates that the wedge pressure is a reflection of 
alveolar pressure more than left atrial pressure. In this 
situation, the wedge pressure should be measured at the 
end of expiration, when the alveolar pressure is normal
ly zero. 

3. Wedged Blood P02 

As many as 50% of the non-pulsatile pressmes produced 
by balloon inflation are damped pulmonary artery pres
sures and not true wedge (i.e., venous) pressures (10) .  
Aspiration of blood from the catheter tip during balloon 
inflation ca11 help to identify a true wedge pressure. 

a .  A true wedge pressure will have a "wedged blood" 
P02 that is at least 20 mm Hg higher than the arterial 
P02 (10). This indicates that the blood sampled is from 
the pulmonary capillaries. 

D. Wedge vs. Capillary Hydrostatic Pressure 

1. The pressure at the tip of the PA catheter measured dur
ing balloon inflation is often used as a measure of the 
hydrostatic pressure in the pulmonary capillaries. The 
problem here is that the wedge pressure is measured in 
the absence of flow. When the balloon is deflated and blood 
flow resumes, the pressure at the tip of the PA catheter (the cap
illary hydrostatic pressure) will increase relative to the left
atrial (wedge) pressure (this is the pressure gradient that 
drives blood flow from the pulmonary capillaries to the 
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left atrium) (11) .  This is expressed below using Equation 
8.1 and substituting the pulmonary capillary wedge 
pressure (PCWP) for the left ah·ial pressure (PLA) · 

Pc - PCWP = Q x Rv 

If: Q x R" > 0 

Then: P, - PCWP > 0 

And: P, > PCWP 

(8.2) 

2. The discrepancy between the capillary hydrostatic pres
sure and the wedge pressure is partly determined by the 
resistance to flow in the pulmonary veins. This may be 
exaggerated i.n critically ill patients because conditions 
that promote venoconstriction (e.g., hypoxia, endotox
emia, ARDS) are common in these patients (12) .  There
fore, the capillary hydrostatic pressure may be signifi
cantly higher than the wedge pressure in critically ill pa
tients. 

3. Because the capillary hydrostatic pressure is higher than 
t11e wedge pressure, a normal wedge pressure does not 
exclude the diagnosis of cardiogenic pulmonary edema. 

I I I .  RELIABI LITY 

A. Pressure vs. Volume 

1 .  According to the Frank Starling Law of the Heart, the vol
ume in the ventricles at the end of diastole is the princi
pal factor that governs the strength of cardiac contraction 
(13). Therefore, the important measure of cardiac filling is 
ventricular end-diastolic volume. 

2. End-diastolic volume is not easy to measure, so the ven
tricular end-diastolic pressure (as measured by the CVP 
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and wedge pressure) is used as the clinical measure of 
cardiac filling. 

3. Unforh.mately, the CVP and wedge pressures show an 
inconsistent relationship to the end-diastolic volume 
(14,15), as demonstrated in Figure 8.4. Note that only half 
of the wedge pressure measurements are within the nor
mal range (the shaded area) even though the study in
cluded only healthy subjects. 

4. Observations like those in Figure 8.4 indicate that isolated 
measurements of cardiac filling pressures are unreliable as 
measures of cardiac filling. Trends in cardiac fi l l ing pres
sures may be more reliable than single measurements. 

r = 0.04 

50 

0 5 1 0  

PCWP (mm Hg) 

1 5  

HGURE 8.4 The relationship ben.veen the pulmonary capillary wedge 
presslli'e (PCWP) and the left-ventricular end-diastolic volume index 
(LVEDVI) in 12 normal subjects. The shaded area represents the normal 
range for PCWP, and the r value is the correlation coefficient. From 
Reference 15. 
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B. Ventricular Compliance 

1. Cardiac filling pressures are determined not only by end
diastolic volmne, but also by the distensibility (compli
ance) of the ventricles. Therefore, the poor correlation 
between the cardiac filling pressures and end-diastolic 
volume may be due to variations in ventricular compli
ance. 

2. Ventricular compliance describes the relationship be
tween changes in end-diastolic volume (EDV) and end
diastolic pressure (EDP): 

Compl iance = L'. EDV IL'. EDP (8.3) 

a. A decrease in ventricular compliance is associated 
with a greater change in EDP for a given change in 
EDV. In this situation, (which may be common in ICU 
patients), cardiac filling pressures will overestimate 
cardiac filling (EDV). 

b.  If ventricular compliance is constant, changes in the 
EDP should have a constant relationship to changes in 
the EDV. Therefore, changes in the cardiac filling pres
sures might provide more information about cardiac 
filling than isolated measurements. 
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c;papter 

SYST EMIC 
OXYGENATION 

• 

One of the seminal goals of patient care in the ICU is to 
maintain adequate tissue oxygenation. This chapter de
scribes the parameters used to monitor systemic oxygen 
transport and how they are used to evaluate tissue oxygena
tion. 

I. SYSTEMI C  OXYGEN TRANSPORT 

There are four parameters used to evaluate systemic 02 
h·ansport: the concentration of 02 in blood, the rate of 02 
transport in arterial blood, the rate of 02 uptake into tissues, 
and the extent of hemoglobin desaturation in capillary 
blood. 

A. Oxygen Content of Blood 

The concentration of 02 in blood (called the 02 content) is the 
summed contribution of the 02 that is bound to hemoglobin 
and the 02 that is dissolved in plasma. 

1. Hemoglobin-Bound 02 

H b02 = 1 .34 x Hb x $02 (9. 1 )  

a. Hb02 is the concentration of  hemoglobin-b0tmd 02 
(mL 02 per 100 mL whole blood). 

b. Hb is the hemoglobin concentration in blood 
(grams per 100 mL blood). 

1 25 
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c. 1 .34 is the 02 binding capacity of hemoglobin (1 .34 mL 
02 per gram Hb). 

d.  S02 is the 02 saturation of hemoglobin, which is ex
pressed as the ratio of oxygenated Hb to total Hb 
(S02 = Hb02/ total Hb ) .  S02 should be expressed as a dec
imal rather than a percentage (e.g., 0.9 instead of 90%). 

Equation 9.1 states that, when Hb is fully saturated with 
oxygen (S02 = 1), each gram of Hb binds 1 .34 mL 02. 

2. Dissolved 02 (mL 02/100 mL blood) 

Dissolved 02 = 0.003 x P02 (9.2) 

a. P02 is the partial pressure of 02 in blood (mm Hg). 

b. 0.003 is the solubility coefficient of 02 in plasma at 
normal body temperature This number represents the 
volume of oxygen (mL) that will dissolve in 100 mL 
plasma for each 1 mm Hg increment in the P02 (mL 
Oi/ 100 mL blood/mm Hg). 

Equation 9.2 demonstrates that oxygen is relatively insolu
ble in plasma. For example, if the arterial P02 of blood is 
100 mm Hg, each 100 mL of blood contains only 0.3 mL 
of dissolved 02 (or one liter of blood will contain only 
3 mL of dissolved 02). 

3. Total 02 Content (mL 02/100 mL blood) 

02 Content = (1 .34 x Hb x S02) + (0.003 x P02) (9.3) 

Table 9.1 shows the normal concentrations of 02 (bound, 
dissolved, and total 02) in arterial and venous blood . 
Note that the contribution of dissolved 02 is very small. 
Because dissolved 02 is such a small fraction of total 02 
in blood, the 02 content of blood is considered equivalent to 
the Hb-bound fraction. 

02 Content = 1 .34 x Hb x S02 (9 .4) 
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TABLE 9.1 Normal Levels of Oxygen in Arterial and 
Venous Blood1 

Parameter Arterial Blood Venous Blood 

P02 90 mm Hg 40 mm Hg 

02 Saturation of Hb 0 .98 0 .73 

Hb02 1 9.7 mUdl 1 4.7  mUdl 

Dissolved 02 0.3 mUdl 0.1 m Ul 

Total 02 content 20 mUdl 1 4.8  mUdl 

Blood volume2 1 .25 l 3.75 l 
Volume of 02 250 ml 555 m l  

1va1ues shown are for a body temperature of 37°C and a hemoglo
bin concentration of 1 5  g/dl (1 50 g/L) in blood. 
2vo1ume estimates are based on a total blood volume (TBV) of 5 
liters, an arterial blood volume that is 25% of TBV, and a venous 
blood volume that is 75% of TBV. 

Abbreviations: Hb = hemoglobin, Hb02 = hemoglobin-bound 02, 
P02 = partial pressure of 02, dl = deciliter (1 00 ml). 

B. Oxygen Delivery (D02) 

The rate of 02 h·ansport in arterial blood is known as 02 delivery 
(D02). 

002 = Q x Ca02 x 1 0  (9 .5) 

a. D02 is the delivery rate of 02 in aiteriaJ blood (mL/min). 

b. Q is cardiac output (L/min). 

c. Ca02 is the 02 content of arterial blood (mL/lOOmL). 

d. The multiplier of 10 is used to convert the Ca02 from 
mL/ 100 mL to mL/L, which allows the D02 to be ex
pressed as mL/min. 

If the Ca02 is broken down into its components (1 .34 x 
Hb x Sa02), where Sa02 is the oxyhernoglobin saturation 
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in arterial blood, the D02 equation can be rewritten as: 

002 = Q x (1 .34 x Hb x Sa02) x 1 0  (9.6) 

Table 9.2 shows the normal range of D02 in adults. The 
size-adjusted values are determined using the body sur
face area in meters squared, as described in Chapter 7 
(see Equation 7. 1 ) .  

TABLE 9.2 Normal Ranges for Oxygen Transport Parameters 

Parameter 

Cardiac Output 

02 Delivery 

02 Uptake 

02 Extraction Ratio 

Absolute Range 

5-6 Umin 

900-1 1 00 mUmin 

200-270 mUmin 

0.20-0.30 

Size-Adjusted 
Range1 

2.4-4.0 Umin/m2 

520-570 mUmin/m2 

1 1 0-1 60 mUmin/m2 

'Size-adjusted values represent the absolute values divided by the 
patient's body surface area (BSA) in square meters (m2) .  

C. Oxygen Uptake (V02) 

The rate at which 02 moves out of the capillaries and into the 
tissues is called the 02 uptake (V02). Because 02 is not stored 
in tissues in significant quantities, the V02 is also a measure 
of the 02 consu111ption of the tissues. The V02 can be calculat
ed or measured directly. 

1. Calculated V02 

The uptake of any substance into a tissue bed is a reflec
tion of 2 variables: the rate of blood flow through the tis
sue bed, and the decrease in concentration of the sub
stance from arterial to venous blood. When 02 is the sub
stance, this relationship can be stated as follows: 

(9.7) 
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a. V02 is the rate of 02 uptake into tissues (mL/min). 

b. Q is the cardiac output (L/rnin). 

c. Ca02 - Cv02 is the difference in oxygen content be
tween arterial and venous blood. 

d. The multiplier of 10 is needed for the same reason as 
explained for the D02. 

Ca02 and Cv02 share a common term (1 .34 x Hb), so 
Equation 9.7 can be rewritten as: 

V02 = Q x (1 .34 x Hb) x (Sa02 - Sv02) x 1 0  (9.8) 

where Sa02 - Sv02 is the difference in oxyhemoglobin 
saturation between arterial and mixed venous (pul
monary artery) blood. The determinants of V02 in this 
equation are all measurable quanti ties (a pulmonary ar
tery catheter is needed to measure cardiac output and 
Sv02, as described in Chapter 7) . 

2. Measured V02 

The V02 can be measured as the rate of 02 uptake from 
the ltmgs. 

(9.9) 

a. V02 is the rate of 02 uptake from the ltmgs (mL/min).  

b.  VE is the volume of gas that is exhaled per minute 
(Lim.in) .  

c. F102 and FE02 represent the fractional concentration 
of 02 in inhaled and exhaled gas, respectively. 

The V02 can be measured at the bedside with a special
ized device that is equipped with an oxygen sensor. 

3. Calculated vs. Measured V02 

The measured V02 is superior to the calculated V02 for 
the following reasons: 

a. The calculated V02 has a greater variability because it 
involves four measurements (Q, Hb, Sa02, Sv02), and 
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each of these measurements has i ts own variability 
(see Table 9.3) (1-4). 

b .  The calculated V02 is less accurate as a measure of 
whole-body V02 because it does not include the V02 of 
the lungs. Although the lw1gs normally contribute 
only 5% or less to the whole-body V02, this contribu
tion can increase to 20% or more when there is inflam
mation in the lLmgs (e.g., pneumonia or ARDS). (5). 

The normal V02 in a resting adult is shown in Table 9.2. 
Note that the V02 is only a small fraction of the D02• This 
is explained in the next section. 

TABLE 9.3 Variability of Calculated and Measured V02 

Parameter 

Thermodilution Cardiac Output 
Hemoglobin Concentration 

Arterial 02 Saturation (Sa02) 
Mixed Venous 02 Saturation (Sv02) 

Calculated V02 

Measured V02 

From References 1 -4. 

D. Oxygen Extraction 

Variability 

± 1 0% 

± 2% 

± 2% 

± 5% 

± 1 9% 

± 5% 

The ratio of 02 uptake to 02 delivery is called the oxygen ex
traction ratio (02ER). 

02ER = V02 I D02 (9.10) 

(This ratio can be multiplied by 100 and expressed as a 
percentage.) Since the V02 and D02 shai·e common terms 
(Q x 1.34 x Hb x 10), Equation 9.10 can be expressed as follows: 

02ER = (Sa02 - Sv02) /Sa02 (9. 11 )  
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When the Sa02 is close to 1 .0 (which is usually the case), the 
02ER is roughly equivalent to Sa02 - Sv02: 

(9 .12) 

The 02ER is normally about 0.25 (range = 0.2 - 0.3), as shown 
in Table 9.2. This means that only 25% of the oxygen delivered 
to the systemic capillnries is tnken. up into the tissues. Although 
02 extraction is normally low, it can increase when 02 deliv
ery is impaired, as explained in the next section. 

I I .  CONTROL OF OXYGEN UPTAKE 

A. The Role of 02 Extraction 

The oxygen transport system operates to maintain a constant 
flow of oxygen into the tissues (a constant V02) in the face of 
changes in oxygen supply (varying D02). This behavior is 
made possible by the ability of 02 extraction to adjust to 
changes in 02 delivery (6). The control system for V02 can be 
described by rearranging Equation 9.10 to make V02 the 
dependent variable: 

(9.13) 

Thus, the V02 will remain constant if changes in 02 delivery 
are accompanied by equivalent and reciprocal changes in 02 
extraction. However, if the 02 extraction remains fixed, chan
ges in D02 will be accompanied by equivalent changes in 
V02. The ability of 02 extraction to adjust to changes in D02 
therefore determines the tendency of V02 to remain constant 
in the face of changes in D02• 

A. The D02 -V02 Relationship 

The response to a progressive decrease in 02 delivery is illus-
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trated in the graph in Figure 9.1 (The equation at the top of 
the figure is similar to Equation 9.13, but the Sa02 - Sv02 dif
ference is used as the 02ER.) At the point indicating a nor
mal D02, the arterial 02 saturation (Sa02) is 98%, the mixed 
venous 02 saturation (Sv02) is 73%, and the 02 extraction 
(Sa02 - Sv02) is 25%. As the D02 decreases (moving left 
along the horizontal axis of the graph), the V02 remains con
stant w1til a point is reached where the Sv02 has decreased 
to 50% and the corresponding 02 extraction (Sa02 - Sv02) 
has increased to 48%. This is the maximum 02 extraction that 
can be achieved in response to decreases in 02 delivery. 
When 02 extraction is maximal, further decreases in D02 will 
result in equivalent decreases in V02• When this occurs, the 
V02 is referred to as being supply-dependent, which means 
that the rate of aerobic metabolism is limited by the supply 
of oxygen. This condition is known as dysoxia, and i t  is ac
companied by lactate accumulation (from anaerobic glycoly
sis) and impaired cell fw1Ction. 

1 .  Critical D02 

The D02 at which the V02 becomes supply-dependent 
is called the critical oxygen delivery (critical D02). It  is 
the lowest D02 that is capable of fully supporting aerobic 
metabolism. Although important conceptually, the criti
cal D02 has little clinical value for the following reasons: 

a .  The critical D02 has varied widely in studies of criti
cally ill patients (6-8), and thus it is not possible to pre
dict the critical D02 in any individual patient. 

b. The D02 -V02 curve does not always have a distinct 
point that marks the transition to a supply-dependent 
V02 (9). 

Although it is not possible to identify the critical D02 in 
each patient, you can avoid the critical D02 in most 
patients by maintaining the D02 at a rate that is at least 
four times higher than the V02• 
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FIGURE 9. 1 .  Graph showing the effects of a progressive decrease in sys
temic 02 delivery (D02) on whole-body 02 uptake (V02), and the 02 
saturation of hemoglobin in arterial blood (Sa02) and mixed venous 
blood (Sv02). 

I I I .  TISSUE OXYGENATION 

It is not possible to measure tissue P02 directly. Instead, the 
oxygen transport variables and blood lactate levels are used 
to evaluate tissue oxygenation. Table 9.4 shows the markers 
of threatened or impaired tissue oxygenation. 

TABLE 9.4 Clinical Markers of Threatened or Impaired 
Tissue Oxygenation 

I .  Oxygen Transport Variables 

1 .  V02 < 1 00 mUmin/m2 (when not due to hypometabolism). 

2. (Sa02 - Sv02) <: 50% 

3.  Sv02 � 50% 

II . Lactate Concentration in Blood 

1 . > 2 mEq/L is abnormal. 
2. > 4 mEq/L has prognostic implications. 
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A. Oxygen Transport Parameters 

1. Oxy9en Uptake ( V02) 

a. The adequacy of tissue oxygenation is determined by 
the balance between the metabolic requirement for 02 
(MR02) and the tissue oxygen supply (V02). 

b. Normally, the V02 is closely matched to the MR02, and 
aerobic metabolism continues unimpeded. 

c. If the V02 falls below the MR02, a portion of metabo
lism will be carried out anaerobically. Therefore, an 
abnormally low V02 (< 100 mL/min/m

2
), in the ab

sence of hypometabolism (which is not common in 
ICU patients), is evidence of inadequate tissue oxy
genation. 

2. Oxy9en Extraction (Sa02 - Sv02) 

a. The graph in Figure 9.1 shows that in conditions 
where oxygen delivery is reduced (e.g., anemia, hy
poxemia, or low cardiac output), an increase in 02 
extraction to 50% is the maximum adjush11ent possible 
to maintain tissue oxygenation. 

b. Therefore, an 02 extraction (Sa02 - Sv02) that is at or 
near 50% indicates that tissue oxygenation is either 
impaired or is on the verge of impairment. 

c. Consistent with this reasoning, an 02 extraction of 
50% has been suggested as a "transfusion trigger" to 
prompt the h·ansfusion of erytlu·ocytes to correct ane
mia (10). 

3. Venous 02 Saturation (Sv02) 

a.  As mentioned earlier, the Sv02 can be used as a surro
gate measure of 02 extraction if the Sa02 is close to 
100%. 

b. Accord ing to the graph in Figure 9.1, a decrease in 
Sv02 to 50% occurs when 02 extraction is maxin1al. 

c .  Therefore, an Sv02 of 50% can be used as a surrogate 
marker of maximum 02 extraction. 
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d. The Sv02 is traditiona lly measured in "mixed venous" 
(pulmonary artery) blood, but superior vena cava 
blood (from a central venous catheter) can be a suit
able alternative (10). However, multiple measure
ments of the central venous Sv02 must be averaged to 
gain close agreement with the Sv02 in mixed venous 
blood (11) .  

B. Blood Lactate 

The acnm1L1lation of lactate in blood is the most widely used 
marker of inadequate tissue oxygenation. Lactate can be 
measured in whole blood or plasma (12), and concentrations 
above 2 mEq/L are considered abnormal. Increasing the 
threshold to 4 mEq/L may be more appropriate for predict
ing survival (12). 

1. Other Sources of Lactate 

a. Unfortunately, lactate accwnulation in blood is not 
specific for impaired tissue oxygenation. 

b. Other sources of hyperlactatemia in ICU patients 
include hepatic insufficiency (whkh impairs lactate 
clearance), thiamine deficiency (which inhibits pyru
vate entry into mitochondria), severe sepsis (same 
mechanism as thiamine deficiency), and inh·acellular 
alkalosis (which stimulates glycolysis) (13,14). 

2. Severe Sepsis 

a. The predominant cause of lactate accumulation in 
severe sepsis appears to be cytoki.ne-mediated inhibi
tion of pyruvate dehydrogenase, an enzyme involved 
in pyruvate transport into mitochondria (15) .  The 
result is pyruvate accumulation in the cell cytoplasm 
and subsequent conversion to lactate. 

b. The absence of m1aerobic conditions in sepsis is sup
ported by a study showing that P02 levels in muscle 
are elevated in patients with severe sepsis (16). 

c.  Thus, elevation of blood lactate does not appear to be 
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a useful marker of impaired tissue oxygenation in 
severe sepsis. 

d. There is a sh·ong correlation between hyperlactatemia 
and mortality in severe sepsis (12,17), particularly 
when 4 mEq/L is used as the threshold for lactate ele
vation (12). Therefore, elevated blood lactate levels 
have prognostic implications in severe sepsis. 

See Chapter 23 for more information on lactate accumu
lation in blood. 
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HEMORRHAGE AND 
HYPOVOLEMIA 
The circulatory system operates with a relatively small vol
ume and a volume-sensitive ptunp. This is an energy effi
cient design, but it suffers from a lirnited tolerance to acute 
blood loss. Loss of less than 50% of the blood volume can be 
fatal, whereas major organs like the lungs, liver, and kidneys 
can lose as much as 75% of their ftmctional mass without a 
fatal outcome. Because of the lirnited tolerance to blood loss, 
successfo.l management of the bleeding patient requires 
prompt ir1tervention to halt bleeding and replace volume 
deficits. 

I. BODY FLUIDS AND BLOOD LOSS 

A. Distribution of Body Fluids 

Table 10.1 shows the volwne of body fluids for adult men 
and women expressed ill relation to lean body weight ir1 
kilograms. Note the followir1g: 

1. Total body water ir1 liters is equivalent to 60% of the lean 
body weight (600 mL/kg) ir1 males, and 50% of the lean 
body weight (500 mL/kg) in females. 

2. Blood voltune (66 mL/kg i.n males, and 60 mL/ kg i.n 
females) is only a small fraction (11 to 12%) of the total 
body water. The meager distribution of body fluids ill the 
vascular compartment is an important factor ill the limit
ed tolerance to blood loss. 

1 39 
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3. Plasma volume represents about about one quarter of the 
volume of extracellular fluid (interstitial fluid plus plas
ma) . This relationship is important for w1derstanding the 
effects of colloid and crystalloid resuscitation fluids 
(described later in the chapter). 

TABLE 10.1 Body Fluid Volumes in Adult Men & Women 

Men Women 

Fluid ml/kg 75 kgt ml/kg 60 kgt 

Total Body Water 600 45 L 500 30 L 

I nterstitial Fluid 1 20 9 L 1 00 6 L 

Whole Blood 66 5 L 60 3.6 L 

Plasma 40 3 L 36 2.2 L 

All weights are lean body weight. 

tAverage body weight (lean) for an adult male and female. 

From American Association of Blood Banks Technical Manual. 1 0th ed. 
Arlington, VA, American Association of Blood Banks, 1 990: 650. 

B. Severity of Blood Loss 

The following classification system is based the severity of 
acute blood loss (1 ) .  

1 .  Class I 
a. Loss of 15% or less of the blood volume (or ::; 10  mL/ kg). 

b.  The volume loss in this instance is fully replaced by in
terstitial fluid shifts (transcapillary refill) so that blood 
volume is maintained, and clinical findings are mini
mal or absent. 

2. Class II 

a. Loss of 15-30% of the blood volume (or 10-20 mL/kg) . 

b. This represents the compensated phase of hypovo-
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lemia. Blood volume is reduced, but blood pressure 
is maintained by systemic vasoconstriction. Postural 
cha11ges in pulse and blood pressure may be evident, 
but not consistently (see later). Urine output can fail to 
20 or 30 mL/hr, and splanchnic flow may be compro
mised. 

3. Class III 

a. Loss of 30-45% of the blood volume (or 20-30 mL/kg). 

b. This marks the onset of decompensated hypovolem.ia 
or hypovolemic shock, with hypotension, oliguria (urine 
output < 15 mL/ hr), depressed mentation, and lactate 
accumulation in the blood (> 2 mEq/L) .  

4. Class I V  

a .  Loss of more than 45% of the blood volume (or > 30 
mL/kg). 

b .  This condition can be irreversible and fatal. Hypoten
sion and oliguria can be profow1d (e.g., urine output 
<5 mL/hr) and refractory to volume replacement. 
Blood lactate levels are typically greater than 4 to 6 
mEq/L. 

Th.is classification system can be used to determine the 
replacement volume in individual patients with acute 
blood loss (see later). 

II .  CLINICAL EVALUATION 

The clinical evaluation of acute blood loss is limited in accu
racy, as described next. 

A. Vital Signs 

The sensitivity of vital signs for detecting blood loss is poor, 
as shown in Table 10.2 (2) . 
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1 .  Contrary to popular belief, supine tachycardia (> 90 bpm) 
is absent in a majority of patients with acute blood loss, 
regardless of severity. 

2. Supine hypotension (systolic pressme <90 mm Hg) ap
pears only in advanced stages of blood loss, when vol
ume deficits exceed 30% of blood volLune (about 1 .5 liters 
or more in an average-sized adult). 

3. Postural Changes 

a. To record postmal changes in pulse and blood pres
sme, the position should change from supine to stand
ing (not sitting), and at least one minute should elapse 
before measurements are obtained (2) . 

b. A significant postural change is defined as an increase 
in pulse rate of at least 30 bpm or a decrease in systolic 
pressure of at least 20 mm Hg (2). 

c. The most sensitive test is the postural pulse increment, 
which can become evident after 15-20% loss of blood 
volume (about 750-1 ,000 mL in an average-sized 
adult). 

d.  In general, orthostatic vital signs add little to the eval
uation of hypovolemia. 

B. Hemoglobin and Hematocrit 

1. Acute hemorrhage involves loss of whole blood, which is 
not expected to alter the blood hemoglobin concentration 
or hematocrit. This explains why there is a poor correla
tion between blood volume deficits and hemoglobin or 
hematocrit in acute hemorrhage (3) . 

2. A drop in hemoglobin and hematocrit in the early homs 
after acute hemorrhage is a reflection of volume resusci
tation with crystalloid or colloid fluids, (which expands 
the plasma volume and causes a dilutional decrease in 
the hemoglobin and hematocrit) (4). 
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3. For the reasons stated above, the hemoglobin and hema
tocrit should NEVER be used to evaluate acute blood 
loss. 

TABLE 1 0.2 Sensitivity of Vital Signs in Detecting 
Acute Blood Loss 

Supine Tachycardia 
Supine Hypotension 
Postural Pulse lncrementa 
Postural Hypotensionb 

Age < 65 yrs 
Age � 65 yrs 

Reported Sensitivitiest 

Moderate Loss Severe Loss 
(450 - 630 ml) (630 - 1 1 50 ml) 

0 - 42% 5 - 24% 

0 - 50% 21 - 47% 

6 - 48% 91 - 1 00% 

6 - 1 2% 
1 4 - 40% 

•Increase in pulse rate 2' 30 beats/min on standing. 

bDecrease in  systolic pressure > 20 mm Hg on standing. 

tcombined results of 9 clinical studies. From Reference 2. 

C. Invasive Hemodynamics 

1. Cardiac Filling Pressures 

a. Cardiac filling pressures show a poor correlation with 
ventricular end-diastolic volume (see Chapter 8, Fig
ure 8.4), and they do not predict responsiveness to vol
ume infusion (5). 

b.  Hypovolemia is associated with a decrease in ventric
ular distensibility (compliance) (6), which means that 
cardiac filling pressures will overestimate the i.ntravas
cular volume in hypovolemic patients. 

c .  Changes in cardiac filling pressures in response to vol
ume infusion are considered more meaningful than 
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single measurements. It is believed that rapid infusion 
of 500 mL isotonic saline will not raise the cardiac fill
ing pressures more than 2 mm Hg in hypovolemic pa
tients (7), but the validity of this belief is tmproven. 

2. Systemic Oxygen Transport 

(See Chapter 9 for a description of the 02 transport pa
rameters) .  Hypovolemia is accompanied by a decreased 
cardiac output and an associated decrease in systemic 02 
delivery (D02). The effect of this decline in D02 on the 
systemic 02 uptake (V02) can help to distinguish com
pensated hypovolemia from hypovolemic shock. 

a. In compensated hypovolemia, the V02 will remain 
normal (110-160 mL/min/m2) because 02 extraction 
has increased to compensate for the decrease in D02• 

b. In hypovolemic shock, the V02 falls below normal 
( < 100 mL/ min/ m2) because 02 extraction has reached 
its maximum level (approximately 50%) and ca.m1ot 
increase further in response to the declining D02. 
These D02-V02 relationships are demonstrated in Fig
ure 9 .1 .  

D. Acid-Base Parameters 

The arterial base deficit and blood lactate level ca11 provide 
information about the effects of hypovolemia on tissue oxy
genation. 

1. Arterial Base Deficit 

a. The base deficit is the amow1t (in rnillimoles) of base 
needed to titrate one liter of whole blood to a pH of 
7.40 (at a temperature of 37°C and a PC02 of 40 mm 
Hg). Because base deficit is measured when the PC02 
is normal, it is a measure of non-respiratory acid-base 
disturbances. In the hypovolemic patient, an elevated 
base deficit is a marker of global tissue acidosis from 
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impaired oxygenation (8). 

b.  Most blood gas analyzers detemine the base deficit 
routinely (using a PC02/HC03 nomogram), and the 
results are included in the blood gas report. The base 
deficit can also be calculated using Equation 10.l (9), 
where BD is base deficit in mmol/L, Hb is the hemo
globin concentration in blood, and HC03 is the serum 
bicarbonate concentration. 

BD = [(1 - 0.01 4 Hb) x HC03] - 24 
+ [(9.5 + 1 .63 Hb) x (pH - 7.4)] (10.1) 

c. The normal range for base deficit is +2 to -2 mmol/L. 
Increases in base deficit are classified as mild (-2 to -5 
mmol/L), moderate (-6 to -14 mmol/L), and severe 
(� -15 mmol/L).  

d.  In the bleeding patient, there is a direct correlation be
tween the magnitude of increase in base deficit and the 
extent of blood loss (10). Correction of the base deficit 
within hours after volume resuscitation is associated 
with a favorable outcome, while persistent elevations 
in base deficit can be a sign of impending multiorgan 
failure (10) .  

2. Blood Lactate 

a. As described in Chapter 9, hyperlactatemia (blood lac
tate > 2 mEq/L) can be a sign of a global shift to anaer
obic metabolism. 

b. When compared with the base deficit, elevations in 
blood lactate show a closer correlation with both the 
magnitude of blood loss ( 11) ,  and the likelihood of a 
fatal outcome (11,12). 

I I I .  VOLUME INFUSION 

The mortality in hypovolernic shock is directly related to the 
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magnitude and duration of hypoperfusion of the vital or
gans (1) .  This means that the rate of volume replacement can 
have an impact on outcome in hypovolemic shock. This sec
tion describes the factors that influence the infusion rate of 
resuscitation fluids. 

A. Catheter Size 

1. There is a tendency to cannulate the large central veins to 
achieve more rapid infusion rates. Howeve1� the rate of 
volume infusion is determined by the dim.ensions of the vascu
lar catheter, not the size of the vein. 

2. The influence of catheter size on infusion rate is defined 
by the Hagen-Poisseuille equation, which is described in 
Chapter 4 (see Equation 4 .1 )  and is  shown below. 

Q = LiP (nr4/8µL) (10.2) 

According to this equation, steady flow (Q) through a 
catheter is directly related to the driving pressure (LiP) 
for flow and the fourth power of the radius (r) of the 
cathete1� and is inversely related to the length (L) of the 
catheter and the viscosity (µ) of the infusate. 

3. Equation 10.2 predicts that flow through central venous 
catheters (which are at 6-8 inches in length) will be much 
slower than flow through peripheral vein catheters 
(which are 2 inches in length) if the diameter of the infu
sion channels is equivalent. 

4. The influence of catheter length on infusion rate is de
monstrated in Figure 10.1 (13). Using catheters of equal 
diameter (16 gauge), flow in the 2-inch catheter is about 
50% higher than flow in the 5.5-inch catheter, and is more 
than twice the flow rate in the 12-inch catheter. Therefore, 
for rapid volume resuscitation, cannulation of peripheral veins 
with short catheters is preferred to cannulation of lnrge central 
veins with long catheters. 
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5. Introducer Catheters 

Vo!Lm1e resuscitation of trauma victims may require flow 
rates in excess of 5 Lim.in (14). Because flow increases 
with the fourth power of the radius of a catheter, very 
rapid flow rates are best achieved with large-bore cath
eters like the introducer catheters described in Chapter 4 
(see Figure 4.1) .  These catheters are normally used as 
conduits for pulmonary artery catheters, but they can be 
used as stand-alone infusion devices. 

a. Gravity-driven flow through introducer catheters can 
reach 15 mL/sec, which is only slightly less than the 
gravity-driven flow rate (18 mL/sec) through stan
dard (3 mm diameter) intravenous tubing (15) .  

b .  The side infusion port on the hub of introducer cath
eters (see Figure 4.1) has a flow capacity that is only 
25% of the flow capacity of the catheter (15). There
fore, the side port on these catheters should not be 
used for rapid volume infusion. 
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HGURE 1 0. 1 .  The influence of catheter size on the gravity-driven flow 
rate of water. Catheter dimensions are indicated below the horizontal 
axis of the graph. (From Reference 13). 
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B. Type of Resuscitation Fluid 

l .  Types of Fluid 

There are three types of resuscitation fluid: 

a. Fluids that contain red blood cells; i.e., whole blood 
and erythrocyte concentrates or "packed cells". W11ole 
blood is rarely available for resuscitation, and packed 
cells are used to increase the oxygen carrying capacity 
of blood. 

b.  Fluids that contain large molecules with limited move
ment out of the bloodstream. These are called colloid 
fluids, and they are designed to expand the plasma 
volume. Common colloid fluids include albumin solu
tions, hetastarch, and the dextrans. 

c. Fluids that contain electrolytes and other small mole
cules that move freely out of the bloodstream. These 
are called crystalloid fluids, and they are used to ex
pand the extracellular volume. The most notable crys
talloid fluids are the saline (sodium chloride) solutions 
and Ringer 's solutions. 

2. Flow Characteristics 

a. The tendency for a fluid to flow is determined by its 
viscosity (see Equation 10.2), and the viscosity of re
suscitation fluids is a function of cell density. 

b .  The influence of cell density on the infusion rate of 
resuscitation fluids is shown in Figure 10.2 (16) .  The 
albumin solution flows as readily as water because it 
has no cells and has a viscosity comparable to water. 
W11ole blood flows less rapidly than the cell-free flu
ids, and the concentrated erythrocyte preparation 
(packed RBCs) has the slowest flow rate. 

c. The infusion rate of packed RBCs is enhanced by 
increasing the driving pressure with an inflatable cuff 
wrapped arow1d the blood bag, and also by adding an 
equal volume of isotonic saline to reduce the viscosity 
of the infusate. 
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IV. RESUSCITATION STRATEGIES 

The ultimate goal of volume resuscitation for acute blood 
loss is to maintain oxygen uptake (V02) into tissues and sus
tain aerobic metabolism. The strategies used to maintain V02 
are identified by the determinants of V02 in Equation 10.3. 
(This equation is described in detail in Chapter 9.) 

V02 = Q x Hb x 1 .34 x (Sa02 - Sv02) x 1 0  (10.3) 

Acute blood loss affects two components of this equation: 
cardiac output (Q) and hemoglobin concentration in blood 
(Hb). Therefore, promoting cardiac output and correcting 
hemoglobin deficits are the two goals of resuscitation for 
acute blood loss. 

A. Promoting Cardiac Output 

The consequences of a low cardiac output are far more 
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flGURE 1 0.2. Comparative infusion rates of erytlu·ocyte-contain.i.ng and 
cell-free resuscitation fluids. Catheter size and driving pressme are the 
same for all infusions. (From Reference 16). 
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th1·ea tening than the consequences of anemia, so the first pri
ority in the bleeding patient is to support cardiac output. 

1. The Trendelenburg Position 

a. The Trendelenburg position (legs elevated 45° above 
the horizontal plane and head down 15° below the 
horizontal plane) is a popular "autotransfusion ma
neuver" that is believed to promote cardiac output by 
shifting blood from the legs to more central veins to 
augment venous return. However, these presumed ef
fects have not been demonstrated in experimental studies. 

b. Studies have shown that the Trendelenburg position 
does not increase central blood volume (17,18), and 
does not increase cardiac output in hypovolemic pa
tients (19). 

c . .  Because there is no proof of efficacy, the Trendelenburg 
position is not advised for the management of hypov
olemia. It is axiomatic that the appropriate treatment of 
hypovolemia is volume replacement. 

2. Efficacy of Resuscitation Fluids 

The ability of each type of resuscitation fluid to augment 
cardiac output is shown in Figure 10.3 (20). The follow
ing results deserve mention: 

a .  A colloid fluid (dextran-40) is the most effective resus
citation fluid for augmenting cardiac output. On a vol
lllne-to-volume basis, the colloid fluid is about twice 
as effective as whole blood, six times more effective 
than packed cells, and eight times more effective than 
the crystalloid fluid (lactated Ringer 's). 

b. The limited ability of blood (particularly packed RBCs) 
to augment cardiac output is due to the viscosity effects 
of erythrocytes. Some studies have shown that packed 
RBCs cru1 actually decrease cardiac output (21 ) .  

If augmenting cardiac output is the first priority in  acute 
hemorrhage, the results in Figure 10.3 indicate that blood 
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is not the fluid of choice for early vo/11111.e resuscitation in acute 
blood loss. 

3. Colloid vs. C1ystalloid Resuscitation 

a. The marked difference in the ability of colloid and 
crystalloid fluids to augment cardiac output, as dem
onstrated in Figme 10.3, is due to differences in vol
wne distribution. 

b. Crystalloid fluids are distributed evenly in the extra
cellular fluid and, because plasma represents only 25% 
of the extracellular fluid, only 25% of the infused vol11.111e 
of crystal/aid fluids will remain in the vascular space and 
expand the plasma volume (22). 

c. Colloid fluids are primarily restricted to the plasma 

1 .0 

L'i CI 
(L/min /m2) 

0.5 

Packed 
RBCs 
(2 U) 

Whole 
Blood 
(1  U) 

Blood Products 

Ringer's 
Lactate 

(1 L) 

1 0% 
Dextran-40 

(500 ml) 

Asanguinous Fluids 

FIGURE 1 0.3 .  Graph showing the change in cardiac index (t.CI) follow
ing a one-hour infusion of the spe6fied resuscitation fluids. The volume 
of whole blood (1 unit = 450 mL) packed RBCs (2 wuts = 500 mL) and 
dextran-40 (500 mL) is equivalent, wlule the volw11e of Ringers lactate 
(1 Liter) is twice that of the other fluids. (From Reference 20). 
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because these fluids contain large molecules that do 
not readily move into the interstitial fluid. At least 75% 
of the infused volume of colloid fluids will remain in the vas
cular space and expand the plasma volume in the first few 
hours after infusion (22). 

d. Thus, colloid fluids are more effective for augmenting 
cardiac output because they are more effective for aug
menting plasma volume. 

e. Crystalloid fluids can achieve the same augmentation 
of plasma volume and cardiac output as seen with col
loid fluids, but the infusion volume must be at least 
three times greater than that of colloid fluids. 

Colloid and crystalloid resuscitation is described in de
tail in the next chapter. 

B. The Resuscitation Volume 

The volume of colloid or crystalloid fluid needed to replace 
volume deficits can be estimated in individual patients using 
the following two-step approach. 

1. Estimate the volume deficit by matching the patient's 
condition as closely as possible to one the four stages of 
progressive blood loss described earlier in the chapter. 
The corresponding volume deficits are as follows: Class I 
= 5 mL/kg, Class II = 15 mL/kg, Class III = 25 mL/kg, 
Class N = 35 mL/kg (these values are midway between 
the range of values shown earlier). Remember to use 
ideal body weight. 

2. The resuscitation volume (Vinrusc) is then determined as 
the volume deficit (V Lost) divided by the fraction of the 
infused volume that is retained in the plasma. The latter 
variable is the ratio of the increment in plasma volume to 
the infused volume (L'>Vptosmo/V1nru"'), and can be called the 
plasrna retention ratio. 

V1n1use = VLost I Plasma Retention Ratio (10.4) 
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For colloid fluids, at least 75% of the infused volume will 
remain in the plasma, so the plasma retention ratio is 
2'. 0.75 .  For crystalloid fluids, only 25% of the infused vol
ume is retained in plasma, so the plasma retention ratio 
is 0.25. 

3. Example 

Assume that an adult male with an ideal body weight of 
70 kg presents with acute GI hemorrhage, and the physi
cal exam shows only a postural increase in pulse rate of 
35 bpm. The latter finding makes this a Class II hemor
rhage with an estimated volume loss of 15 mL/kg, so the 
volume loss in this patient is 15 x 70 =1 ,050 mL. If a crys
talloid fluid is used for volume resuscitation, the resusci
tation volume is 1,050/0.25 = 4,200 mL. If a colloid fluid 
is used, the minimum resuscitation volume is 1 ,050/0.75 
= 1,400 mL. Therefore, resuscitation with a crystalloid flu
id requires at least 3 times more volume than resuscita
tion with a colloid fluid. 

C. Correcting Anemia 

After volume deficits are replaced and cardiac output is re
stored, attention can be directed to correcting hemoglobin 
deficits. The use of RBC transfusions to correct anemia is 
described in Chapter 30. 

D. End-Points of Resuscitation 

1. Trnditional End-Points 

a. The traditional end-points of volume resuscitation are 
normalization of blood pressure and urine output. 

b.  As many as 85% of patients with hypovolemic shock 
will have continued evidence of impaired tissue oxy
genation after the blood pressure and urine output 
return to normal (23). 
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c. Therefore, normalization of blood pressure and urine 
output should not mark the end of resuscitation, but 
should be followed by an evaluation of systemic oxy
genation. 

2. Systemic Oxy9enation 

a. The clinical measures listed below are used as indirect 
evidence of adequate tissue oxygenation (see Chapter 
9), and thus they can also be used as end-points of vol
ume resuscitation in hypovolemic shock. 

Oxygen uptake (V02) > 100 mL/min/m2 

Arterial base deficit > 2 mmol 

Serum lactate <2 mEq/L 

b .  The goal is to reach these end-points within 24 hours 
of the onset of hypovolemic shock (23). Unfortunately, 
this is not always possible, and the more prolonged 
the circulatory shock, the greater the risk of a fatal out
come. In one study of traLuna victims (24), there were 
no mortalities when blood lactate levels returned to 
normal within 24 hams, but the mortality rate rose to 
85% when hyperlactatemia persisted for longer than 
48 hours. 
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.. ·�;:�Chapter 
COLLOID AND 
CRYST ALLOID 
RESUSCIT ATION 

1 1  

Intravenous fluids are classified as crystalloid or colloid flu
ids. This chapter describes the comparative features of each 
type of fluid, and the individual fluids available for clinical 
use. A brief description of hypertonic fluid resuscitation is 
included at the end of the chapter. 

I .  CRYSTALLOID FLUIDS 

Crystalloid fluids are electrolyte solutions that contain only 
small molecules capable of unrestricted movement between 
plasma and interstitial fluid. The principal ingredient in 
crystalloid fluids is the inorganic salt sodium chloride 
(which takes adva11tage of sodium's role as the principal sol
ute in extracellular fluid).  

A. Crystalloid Distribution 

1. Crystalloid fluids are distributed uniformly in the extra
cellular fluid. Since the interstitial fluid represents about 
75% of the extracellular fluid (excluding bone), then 75% 
of infused crystalloid fluids will be distributed in the 
interstitial fluid. 

2. The tendency for crystaL!oid fluids to d istribute more in 
the interstitial fluid than in plasma is demonstrated in 
Figure 11 .1 .  ln this case, infusion of one liter of 0.9% sodi-
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um chloride (isotonic saline) adds of 275 mL to the plas
ma, and 825 mL to the interstitial fluid (1) .  The total vol
ume increment (1,100 mL) is more than the volume in
fused because isotonic saline is slightly hypertonic to in
terstitial fluid, and will draw water out of cells. 

I ncrease 
in 

Plasma Volume 

1 000 

500 

(ml) O 

I ncrease 
in 

I nterstitial Volume 

500 

1 000 

FIGURE 1 1 . 1 .  The effects of selected colloid and c1ystal loid fluids on the 
plasma volume and interstitial fluid volume. T11e infusion volume for 
ead1 fluid is shown in parentheses. (From Reference 1). 

B. Isotonic Saline 

The classic crystalloid fluid is 0.9% sodium chloride (0.9% 
NaCL), which is  also called isotonic snline (even though it is 
not isotonic to plasma) or normal saline (even though i t  is 
not a one-normal solution) . 

1 .  Composition 

When compared to plasma (see Table 11 .1 )  isotonic saline 
has a higher sodi.Lm1 concentration (154 vs. 140 mEq/L), 
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a much higher chloride concentration (154 vs. 103 mEq 
/L), a much lower pH (5.7 vs. 7.4) and a slightly higher 
osmolality (308 vs. 290 mOsm/L) .  The chloride differ
ence has significance, as described next. 

2. Adverse Effects 

Large volume infusions of isotonic saline can produce a 
hyperchloremic metabolic acidosis (2) . The culprit is tl1e ex
cess chloride in isotonic saline, which will promote renal 
bicarbonate excretion. This condition has no adverse con
sequences, but it can create confusion in the resuscitation 
of diabetic ketoacidosis, as explained in Chapter 23. 

C. Lactated Ringer's Solution 

Ringer 's solution was introduced in 1880 as a calcium-con
taining fluid that could promote cardiac contraction in frog 
heart preparations. It was later adopted for clinical use, and 
lactate was added as a buffer in 1930. 

1. Composition 

a. Ringer's solutions contain potassium and calcium in 
concentrations that approximate the free (ionized) 
concentrations in plasma. The addition of these cations 
requires a reduction in sodium concentration for elec
trical neutrality, and the resultant sodiw11 concentra
tion is lower than in isotonic saline or plasma (see 
Table 11 .1) .  

b .  The addition of lactate (28 mEq/L) requires a drop in 
chloride concentration, and the resultant chloride con
centration (109 mEq/L) is close to that of plasma (103 
mEq/L) .  This eliminates the risk of hyperchloremic 
metabolic acidosis observed after large-volume infu
sions of isotonic saline. 

2. Adverse Effects 

a. The calcium in Ringer 's solutions can bind to drugs 
(e.g., amphotericin, ampicillin, thiopental)  and reduce 
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TABLE 1 1 .1 Comparative Features of Crystalloid Fluids 
and Plasma 

mEq/L 
Osmolal ity 

Fluid Na Cl K Ca Mg Buffers pH (mOsm/L) 

Plasma 1 40 1 03 4 5 2 HC03 7.4 290 

0.9% NaCl 1 54 1 54 5.7 308 

Ringer's 1 30 1 09 4 3 Lactate 6.4 273 
Lactate 

7.5% NaCl* 1 283 1 283 5.7 2567 

Normosol ) 
3 

Acetate & 
Plasma-Lyte 1 40 98 5 7.4 295 
lsolytet 

Gluconate 

*From Stapczynski JS et al. Emerg Med Rep 1 994; 1 5:245. 

t1solyte also contains phosphate (1 mEq/L). 

efficacy (3) . These drugs should not be mixed with 
Ringer 's solutions. 

b. The calcium in Ringer's can also bind to the citrated 
anticoagulm1t in blood products. This inactivates the 
anticoagulaJ1t and promotes clot formation in donor 
blood. According to the American Association of 
Blood Bm1l<s, Ringer 's solutions are contraindicated as a 
diluent for red blood cell transfusions (4). 

D. Normal pH Fluids 

1. Three crystalloid fluids (Normosol, Isolyte, m1d Plasma
Lyte) contain both acetate and gluconate buffers to a
chieve a pH of 7.4 (see Table 11 .1 ) .  All tlu-ee fluids con
tain potassium (5 mEq/L) m1d magnesium (3 mEq/L), 
while Isolyte also contains phosphate (1 mEq/L) .  



Colloid and Crystalloid Resuscitation 1 6 1  

2. These fluids are not popular, but they have been recom
mended as preferable to isotonic saline for washing or 
diluting salvaged red blood cells (5). 

I I .  DEXTROSE SOLUTIONS 

A. Protein-Sparing Effect 

1. Dextrose was originally added to intravenous fluids as a 
nuh·ient. One gram of dextrose provides 3.4 kilocalories 
(kcal) when fully metabolized, so a 5% dextrose solution 
(50 grams per liter) provides 170 kcal per liter. 

2. Daily infusion of 3 liters of a 5% dextrose (D5) solution 
provides about 500 kcal per day, which is enough non
protein calories to limit the breakdown of endogenous 
proteins to meet daily caloric requirements. This protein
sparing effect is responsible for the early popularity of 
dextrose-containing fluids. 

3 .  The current availability of enteral and parenteral nutri
tion regimens obviates the need for 5% dextrose solu
tions as a source of calories. 

B. Volume Effects 

1. The addition of dextrose to an intravenous fluid does not 
enhance the performance of the fluid for volume resusci
tation because the dextrose is taken up by cells and me
tabolized. 

2. The poor performance of 5% dextrose-iJ1-water (D5W) as 
a resusci tation fluid  is shown in Figure 11 .1 .  In this case, 
infusion of one l iter of D5W is associated with a minimal 
(about 100 mL) increment in plasma volume. 
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3. Note in Figure 11 . 1  that the combined increments in plas
ma volume (100 mL) and interstitial fluid volmne (250 
mL) are far less than the volume infused. The volume dif
ference (650 mL) is the result of fluid movement into 
cells, which means that D5W expands the intracellular vol
ume (which is not a desirable effect) . 

C. Adverse Effects 

1. Enhanced Lactate Production 

In healthy subjects, only 5% of glucose metabolism leads 
to lactate production, but in critically ill patients with tis
sue hypoperfusion, as much as 85% of glucose metabo
lism is diverted to lactate production (6). Thus when tis
sue oxygenation is impaired, glucose is a source of meta
bolic acid production more than metabolic energy pro
duction. 

2. Hyperglycemia 

a. Hyperglycemia has several undesirable effects in criti
cally ill patients, including immm1osuppression (7), 
aggravation of ischemic brain injury (8), and increased 
mortality (9,10). 

b .  Clinical studies have shown improved survival in ICU 
patients when there is a protocol for strict glycemic 
control with insulin infusions (9,10). The mechanism 
for this effect is not known. 

Because 5% dextrose solutions offer no benefit, and can 
be harmful, the routine use of these solutions should be 
abandoned. 

I I I .  COLLOID FLUIDS 

The behavior of colloid fluids is determined by an osmotic 
force that is described briefly in the next section. 
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A. Colloid Osmotic Pressure 

1. Colloid fluids contain large molecules that do not readi
ly move out of the vascular compartment. These mole
cules create an osmotic pressure called the colloid osmotic 
pressure that favors the retention of water in the vascular 
compartment. 

2. The following relationship identifies the role of the col
loid osmotic pressure in capillary fluid exchange. 

Q ""  (Pc - COP) ( 1 1 . 1 )  

a. Q i s  the flow rate across the capillaries. 

b. P, is the hydrostatic pressure in the capillaries. 

c. COP is the colloid osmotic pressure of plasma. This 
pressure is created by plasma proteins (mostly albu
min), and the normal range is 20-25 mm Hg. 

3. The two pressures (P, and COP) act in opposition: P, fa
vors the movement of fluid out of the capillaries, and 
COP favors movement into the capillaries. 

4. Colloid fluids that are used to replace volume losses have 
a COP that is equivalent to the COP of plasma. This helps 
to retain most of the infused volume in the plasma. 

5 .  Some colloid fluids have a COP that is much higher than 
the COP of plasma: these fluids are used to draw intersti
tial fluid into the plasma. 

B. Volume Effects 

1. The effect of colloid fluid resuscitation on plasma and 
interstitial fluid volm11es is shown in Figure 1 1 . 1  The col
loid fluid in this case is a 5% albumin solution, which has 
a COP (20 mm Hg) that is equivalent to the COP of plas
ma. Infusion of one liter of this solution adds 700 mL to 
the plasma and 300 mL to the interstitial fluid. 
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2. Comparing the effects of the colloid and crystalloid fluid 
on plasma volume in Figure 11 . 1  reveals that the colloid 
fluid is about three times m.ore effective than the crystalloid 
fluid for increasing the plasma volum.e (1,11 - 13). 

3. Colloid fluids differ in their ability to increase the plasma 
volume, and this difference is a function of the COP of 
each fluid. This is demonstrated in Table 11 .2, which 
shows that fluids with a higher COP produce greater 
increments in plasma volume. 

TABLE 1 1 .2 Comparative Features of Colloid Fluids 

Colloid 
Osmotic 11 Plasma Volume Duration 

Fluid Pressure Infused Volume of Effect 

25% Albumin 70 mm Hg 4.0 - 5.0 1 2  h 

1 0% Dextran-40 40 mm Hg 1 .0 - 1 .5 6 h  

6% Hetastarch 30 mm Hg 1 .0 - 1 .3 24 h 

5% Albumin 20 mm Hg 0.7 - 1 .3 1 2  h 

From References 1 ,  1 1 -13,  1 7. 

C. Albumin Solutions 

Alblllnin solutions are heat-treated preparations of human 
serum albumin that are available as a 5% solution (50 g/L) 
and a 25% solution (250 g/L) in isotonic saline. 

1. Volume Effects 

a. The 5% albumin solution has an albtm1in concentra
tion (5 g/ dL) and a COP (20 mm Hg) that are equiva
lent to plasma. This solution is given in aliquots of 
250 mL, and the acute volume effect (70% retention in plas
ma, as shown in Figure 11.1) is lost after 12 homs (1,11). 
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b .  The 25% albumin solution has a COP (70 mm Hg) that 
is about three times higher than the COP of plasma. 
As a result, 25% albumin draws fluid from the intersti
tial space, and the increment in plasma volume can be 
four to five times greater than the volume infused (see 
Table 11 .2). This colloid fluid is given in small aliquots 
(50 mL) to shift interstitial fluid into the plasma in con
ditions where hypovolemia is associated with edema 
(e.g., hypoalbuminemia). It is not appropriate for re
placing volume losses. 

2. Safety 

Early claims of increased mortality attributed to albmnin 
infusions (14) have not been corroborated in more recent 
studies (15) . In addition, there is evidence of reduced 
morbidity when albtLI11ln is used instead of crystalloid 
fluids (16). 

D. Hydroxyethyl Starch 

Hydroxyethyl starch (hetastarch) is a synthetic starch poly
mer that is available as a 6% solution in isotonic saline. There 
are 3 preparations based on molecular weight (high MW, 
medium MW, and low MW), but only the high MW prepara
tion is available in the United States (17). 

1. Volume Effects 

Overall, 6% hetastarch is considered equivalent to 5% 
albumin as a plasma volume expander (even though the 
COP is higher, and the increment in plasma volume is 
slightly greater, as shown in Table 11 .2). 

2. Side Effects 

a. High MW hetastarch can cause a bleeding tendency 
due to decreased levels of Factor VIII and von Wille
brand factor, and impaired platelet adhesiveness (17, 
18). This effect becomes pronounced when more than 
1 .5 L hetastarch is infused within a 24 hr period (17) .  
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Overt bleeding is inconsistent. This side effect is not 
seen with low MW hetastarch (18) .  

b.  Serum amylase levels are elevated (2 to 3 times nor
mal) for one week after hetastarch infusion (the amy
lase cleaves hetastarch prior to clearcmce by the kid
neys) (17), and this could be misinterpreted as indicat
ing pancreatitis. 

3. Clinical Role 

Hetastarch is a less costly alternative to 5% albumin (see 
Table 11 .3), but the resuscitation voltm1e should be Jess 
than 1,500 mL daily to avoid a troublesome coagulopathy. 

E. The Dextrans 

The dextrans are glucose polymers prepared as 10% dex
tran-40 and 6% dextran-70, each with a different molecular 
weight. Both preparations use isotonic saline as the diluent. 

1. Volume Ejfects 

Both dextran preparations have a COP of 40 mm Hg, and 
cause a greater increase in plasma volume than 5% albu
min or 6% hetastarch (see Table 11 .2). Dextran-70 may be 
preferred because the duration of action (12 hours) is 
longer than that of dextran-40 (6 hours) (11) .  

2. Side Effects 

a. Dextrm1s produce a dose-related bleeding tendency 
that involves impaired platelet aggregation, decreased 
levels of Factor VIII m1d von Willebrm1d factor, and 
enhanced fibrinolysis (18). These effects are minimal 
when the dextran dose is limited to 20 mL/kg daily. 

b. Dexh·ans coat the surface of red blood cells m1d can in
terfere with the ability to cross-match blood. Red cell 
preparations must be washed to eliminate this prob
lem. Dextrans also increase the erythrocyte sedimenta
tion rate as a result of their interactions with red blood 
cells ( 19) .  
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c. Dextrans have been implicated as a cause of acute re
nal failure (19), but a causal link is unproven. 

3. Clinical Role 

The dextrans have fallen out of favor because of their 
side effects. 

TABLE 1 1 .3 Cost Comparison for Resuscitation Fluids 

Fluid Manufacturer Unit Size AWPt 

Crystalloid Fluids 

Isotonic Saline Hospira 1 ,000 ml $1 .46 

Lactated Ringer's Hospira 1 ,000 ml $1 .48 

Colloid Fluids 

5% Albumin Bayer 250 ml $30.63 

25% Albumin Bayer 50 ml $30.63 

6% Hetastarch Abbott 500 ml $27.63 

6% Dextran-70 Hospira 500 ml  $1 4.96 

t Average wholesale price listed in 2005 Red book. Montvale, NJ, 
Thomson PDR, 2005. 

IV. COLLOIDS vs. CRYSTALLOIDS 

There is a longstanding debate concerning the type of fluid 
(crystalloid or colloid) that is most appropriate for volume 
res usci ta ti on. 

A. Colloid Fluids 

1. Pros 

The major point in favor of colloid fluids is their effec
tiveness in expanding the plasma volume. Colloid fluids 
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will achieve a given increment in plasma volume with 
only one-quarter to one-third the volume required of 
crystalloid fluids. Since the goal of volLUne resuscitation 
is to support the intravascular volume, colloid fluids are 
the logical choice over crystalloid fluids 

2. Cons 

The major argument against colloid fluids is the expense 
(see Table 11.3) and the lack of a docwnented survival 
benefit to justify the expense. The bulk of evidence shows 
no difference in mortality in patients who are resuscitat
ed with colloid or crystalloid fluids (15,20). 

B. Crystalloid Fluids 

1 .  Prns 

The proponents of crystalloid resuscitation claim that 
crystalloid fluids can achieve the same increment in plas
ma volume as colloid fluids (if enough crystalloid fluid is 
infused) but at a much lower cost. 

2. Cons 

The major argument against crystalloid fluids is their 
poor performance as plasma volume expanders. The prin
cipal effect of crystalloid infusions is to expand the interstitial 
fluid volume, not the plasma volurne. 

C. Preferences 

Instead of selecting one type of fluid for all occasions, it 
seems more reasonable to select the most appropriate fluid 
for the clinical condition. For example, a crystalloid fluid is 
more appropriate for a patient with hypovolemia due to 
dehydration (where there is a urliform loss of extracellular 
fluid), whereas a colloid fluid is more appropriate for a pa
tient with life-tlueateni.ng hypovolemia due to hemorrhage. 
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V. HYPERTONIC RESUSCITATION 

Volume resuscitation with 7.5% NaCL (hypertonic saline), 
which has ai1 osmolality about 8.5 times greater than that of 
plasma (see Table 11 .1 ), is being investigated as a method of 
small-volume resuscitation. 

A. Volume Effects 

1. As shown in Figure 11 .l ,  the increment in plasma volume 
following infusion of 250 mL of 7.5% NaCL is about twice 
the infused volume. The same increment in plasma vol
ume would require infusion of 2 liters of isotonic saline 
(or eight times the volume of hypertonic saline). 

2. Figure 11 .1  also shows 7.5% NaCL produces an increase 
in extracellular fluid volume (1 ,235 mL) that is 4 to 5 
times greater than the infused volume (250 mL). The 
additional volume comes from intracellular fluid that 
moves out of cells ai1d into the extracellular space. This 
highlights one of the feared consequences of hypertonic 
resuscitation: i.e., cell dehydration. 

B. Clinical Role? 

1 .  Small-volume resuscitation with hypertonic saline has 
potential benefits in the following clinical situations: 

a. In trauma victims with hypotension and closed head 
injuries (to limit the severity of cerebral edema) . 

b. In cases of acute hemorrhage from a vascular injury (to 
limit blood loss through the injured vessel until the in
jury can be surgically repaired). 

c. In patients with subarachnoid hemorrhage, a combi
nation of hypertonic saline in 6% hetastarch has been 
successful in reducing intracranial pressure (21 ) .  
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2. At the present time, there are no firm indications for hy
pertonic saline over more traditional resuscitation fluids. 
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ACUT E 
HEART FAILURE(S) 

Acute, decompensated heart failure is the leading cause of 
hospital admissions for adults over the age of 65 (1). Heart 
failure is not a single entity, but can be classified according to 
the side of the heart that is involved (right-sided and left
sided heart failure) and the portion of the cardiac cycle that 
is affected (diastolic and systolic heart failure). This chapter 
describes the diagnosis and management of these heart fail
ure(s) in the ICU. 

I. H EMODYNAMIC ALTERATIONS 

A. Progressive Heart Failure 

The influence of progressive heart fai lure on cardiac per
formance is shown in Figure 12.1 .  Changes in cardiac per
formance occur in 3 distinct stages (as indicated by the cir
cled munbers in Figure 12.1) :  

1 .  The earliest stage of heart failure is characterized by an 
isolated increase in ventricular end-diastolic pressure 
(the wedge pressure in Figure 12.1 ) .  The stroke volume 
and cardiac output are maintained, but at the expense of 
venous congestion. 

2. The next stage is characterized by a decrease in stroke 
volume and a corresponding increase in heart rate. The 
tachycard ia offsets the reduction in stroke volume, so the 
cardiac output remains u1ichanged. 

1 73 
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3. The final stage is characterized by a steady decline in car
diac output and an accelerated rise in the wedge pres
sure. (Note the blunted heart rate response, which is re
sponsible for the drop in cardiac output). These changes 
mark the onset of decompensated heart failure. If left Llll
checked, the steady decline in cardiac output will even
tually lead to hypoperfusion of the vital organs and is
chemic tissue injury: a condition known as cardiogenic 
shock. 

4. The changes in cardiac performance in progressive heart 
failure are sununarized in Table 12.l .  The following 
points deserve mention: 

a. Because the cardiac output does not decline until the 
later stages of heart failure, cardiac output monitoring 
is not a sensitive method of detecting heart failure 
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FIGURE 1 2. 1 .  Serial d1anges in measures of cardiac performance in a 
patent who developed rapidly progressive heart failure in the immedi
ate postoperative period. 
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b. The optimal measure of cardiac performance for the 
detection of cardiac pump failure is the relationship 
between end-diastolic pressure and stroke volume. An 
increase in end-diastolic pressure without a correspon
ding rise in stroke volume is the earliest sign of pump 
failure (see Table 12 .1 ) .  

TABLE 1 2.1 Cardiac Perfonnance in Progressive Heart Failure 

Performance 
Cardiac Pump Failure 

Measure Mild Moderate Advanced 

End-Diastol ic Pressure High High High 

Stroke Volume Normal Low Low 

Cardiac Output Normal Normal Low 

B. Systolic vs. Diastolic Heart Failure 

1 .  The Entities 

a. Heart failure is classically described as fa ilure of car
diac contraction during systole. This condition is now 
known as systolic heart failure. 

b. Systolic function is normal in 40 to 50% of newly-diag
nosed cases of heart failure (1 ) .  In these cases, the heart 
failure is due to a decrease in ventricular distensibility 
during diastole. This condition is known as diastolic 
heart failure (2) . Common causes of diastolic heart fail
ure in ICU patients include ventricular hypertrophy, 
myocardial ischemia (stLUmed myocardium), and pos
itive-pressure mechanical ventilation. 

2. Pressure- Volume Curves 

The pressure volrnne relationships in Figure 12.2 will be 
used to point out the similarities and differences between 
systolic and diastolic heart fai lure. 
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FIGURE 1 2.2. Graphs showing the effects of heart failure on pressure-vol
ume relationships dLu-ing systole (upper curves) and diastole (lower 
cwves). Left heart failure is associated with an increase in end-diastolic 
pressure, and this is associated with an increased end-diastolic volwne in 
systolic failure and a decreased end-diastolic volwne in diastolic failUJe. 

a. The curves at the top of Figme 12.2 demonstrate that 
heart failure is associated with an increased end-dias
tolic pressme (EDP) and a decreased stroke volume. 
These changes occur in both types of heart failure, as 
indicated in Table 12.2. 

h. The lower set of curves in Figure 12.2 show the pres
sme-volurne relationships during diastole in both 
types of heart failure. Note that in systolic heart fail
ure, the increased EDP is associated with an increase in 
end-diastolic volume (EDV), while in diastolic heart 
failure, the increased EDP is associated with a decrease 
in EDV. Therefore, end-diastolic volume, not end-diastolic 
pressure, is the parameter that distinguishes diastolic fro111 
systolic heart failure (see Table 12.2). 
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c. Unfortunately, end-diastolic volume is not easily mea
sured at the bedside, but there is another measure that 
has discriminatory value (see next). 

TABLE 1 2.2 Features of Diastolic & Systolic Heart Failure 

Parameter 
Diastolic 
Failure 

Systolic 
Failure 

End-Diastol ic Pressure 
Stroke Volume 

End-Diastolic Volume 
Ejection Fraction 

High 
Low 

Low 

Normal 

High 
Low 

High 

Low 

Note that only the parameters below the dotted line can distinguish 
between the two types of heart failure. 

3. Ventricular Ejection Fraction 

a. The venh·icular ejection fraction (EF) expresses the stroke 
volume (SV) as a fraction of the end-diastolic volume 
(EDV): 

EF = SV/ EDV (12. 1 )  
The EF provides a measure of  cardiac contractile 
strength during diastole. 

b. The EF is normal in patients with diastolic heart fail
ure, and reduced in patients with systolic heart failure. 
The normal ejection fraction of each ventricle is shown 
below: 

Ejection Fraction (EF) 

Right Ventricle 

Left Ventricle 

Normal Range 

0.50-0.55 
0.40-0.50 

c.  Cardiac ultrasound can be used to measure EF at 
the bedside. Transthoracic ultrasound can be used to 
measure the EF of the left ventricle (2,3), and trans
esophageal ultrasotmd can be used to measure the EF of 
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the right ventricle (4). A specialized pulmonary artery 
catheter is also available that can monitor the EF of the 
right ventricle (see next section). 

C. Right Heart Failure 

1 .  Right heart failure is more common than suspected in the 
ICU (5), but it may be clinically apparent only in the later 
stages of illness. 

2. Right heart failure is usually systolic failure, and thus is 
associated with an increased end-diastolic volume and a 
decreased ejection fraction. 

3. The central venous pressure (CVP) is normal in about 
one-third of cases of right heart failure (6). The CVP be
gins to rise only when right ventricular dilatation has 
reached a point where it is impeded by the pericardium 
(6). This d iffers from left heart failure, where the pulmo
nary capillary wedge pressure (PCWP) rises early in the 
course of illness (see Figure 12 . 1 ) .  

4. A specialized pulmonary artery catheter is  available that 
ca11 measure the end-diastolic volume and ejection frac
tion of the right ventricle (see Reference 7 for a descrip
tion of this catheter). Transesophageal ultrasound can 
also be used to measure right ventricular EF, as men
tioned earlier. 

II .  B-TYPE NATRIURETIC PEPTIDE 

Brain-type (B-type) natriuretic peptide (BNP) is a hormone 
that is released by the ventricular myocarditm1 in response 
to volume and pressure overload. Plasma levels of BNP 
increase in direct relation to increases in ventricular end
diastolic volume and end-diastolic pressure (both right
sided and left-sided), and the rise in BNP produces both 
vasodilation and an increase in renal sodium excretion (8) .  
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1 .  In patients who present to the emergency room with 
dyspnea of unknown etiology, a plasma BNP > 100 pico
grams/ milliliter (pg/mL) will identify heart failure al
most 90% of the time (9). 

2. Plasma BNP levels also show a direct correlation with the 
severity of heart failure (8), which means that plasma 
BNP levels may be useful for evaluating h·eatment re
sponses and selecting end-points of management. 

3. Plasma BNP levels are also influenced by gender, age, 
and renal function. The levels are 50% higher in females 
than in males, and levels in both sexes can triple in ad
vanced age (> 75 yearn) (8). However, these factors do not 
raise the BNP levels above the 100 pg/mL threshold for 
the diagnosis of heart failure. 

4. Renal insufficiency increases plasma BNP levels because 
BNP is cleared by the kidneys, and plasma levels can ex
ceed the 100 pg/mL threshold if there is associated vol
ume overload (10) .  

B. Any Role in the ICU? 

1 .  Plasma BNP has been studied primarily in the emergency 
room setting. Few studies have been performed in the ICU. 

2. It is unlikely that plasma BNP will replace more tradi
tional methods of evaluating heart failure in the ICU, but 
BNP levels could prove useful for monitoring the re
sponse to treatment. 

I I I .  MANAGEMENT STRATEGIES 

The management of heart failure described here is  intended 
only for the ICU environment because the treatments are 
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based on invasive hemodynamic measurements rather than 
symptoms, and the drugs that are used are given by contin
uous intravenous infusion. Table 12.3 contains a list of the 
drugs and the recommended dose rates. (These drugs are 
presented in much more detail in Chapter 45.) 

TABLE 1 2.3 Drugs Used to Manage Acute Heart Failure 

Drug Dose Range Principal Actions 

Dobutamine 3 - 1 5  µg/kg/min Positive inotropic effect and 
systemic vasodi latation 

Dopamine 1-3 µg/kg/min Renal vasodilatation and 
natriuresis 

3-1 O µg/kg/min Positive inotropic effect and 
systemic vasodilatation 

> 1 0  µg/kg/min Systemic vasoconstriction 

Mi lrinone 50 µg/kg bolus, then Positive inotropic effect and 
0.25 -1 µg/kg/min lusitropic effect, and 

systemic vasodilatation 
Nitroglycerin 1 -50 µg/min Venous vasodilatation 

>50 µg/min Arterial vasodilatation 
Nitroprusside 0.3-2 µg/kg/min Systemic vasodilatation 

A. Left-Sided Systolic Heart Failure 

Contracti le failure involving the left ventricle is the proto
type model of heart failure, and the one for which most treat
ments are designed. The h·eatments described here are for 
decompensated heart failure, which corresponds to the point 
on the lower curve in Figure 12.3. The goal of therapy is to 
move the point to the left and upward (as indicated by the 
arrow). The treatments are organized according to the condi
tion of the patient's blood pressure (i.e., high, normal, or 
low). 
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FIGURE 1 2.3 .  Cardiac perfonnance curves for the normal and failing left 
venh·icle. The point on the lower curve represents decompensated heart 
failure. 

1 .  High Blood Pressure 

Decompensated heart failure with elevated blood pres
sure is a familiar condition in the early period after car
diopulmonary bypass surgery. 

Profile: High PCWP /Low CO/High BP 

Treatment: Vasodilator therapy with nitroprusside or ni
troglycerin. If the PCWP remains above 20 mm 
Hg, add diuretic therapy with furosemide. 

a. Vasodilator drugs like nitroprusside and nitroglycerin 
will dilate both arteries and veins, and the overall ef
fect will be a reduction in blood pressure, an increase 
in cardiac output, and a decrease in the wedge pres
sure (11) .  

b.  Nitroprusside is a more effective vasodilator than ni
troglycerin, but drug safety is a concern. The major 
problem with nitroprusside is cyanide toxicity, which is 
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described in Chapter 45. Nitroprusside is also not ad
vised in patients with ischemic heart disease because 
the drug can produce a "coronary steal syndrome" (12). 

c. Nitroglycerin is a safer alternative to nitroprusside. 
Low infusion rates (<50 µg/min) will dilate veins se
lectively (which can reduce cardiac output further), 
and dose rates in excess of 50 µg/m_in are usually re
quired to produce effective arterial vasodilation. The 
major drawback with nitroglycerin infusions is the de
velopment of tolerance, which can appear after 16 to 
24 hours (12). 

d. Diuretic therapy with furosemide is indicated only if 
vasodilator therapy does not reduce the wedge pres
sure below 20 mm Hg. (The effects of diuretic therapy 
are described later in the chapter). 

e. The wedge pressure should be kept just under 20 mm 
Hg because this is the highest pressure that will aug
ment cardiac output without producing pulmonary e
dema. This is shown in Figure 12.3 as the highest point 
on the lower curve that does not enter the hatched 
(pulmonary edema) region. 

2. Normal Blood Pressure 

This is the usual presentation of heart failure caused by 
non-hypertensive heart disease (e.g., ischemic heart dis
ease). 

Profile: High PCWP/ Low CO/Normal BP 

Treatm.ent: lnodilator therapy with dobutamine or milri
none, or vasodilator therapy with nitroglyc
erin. If the PCWP does not drop below <20 
mm Hg, add diuretic therapy with furosemide. 

a. Dobutamine and milrinone are called inodilators be
cause they have both positive inotropic and vasodila
tor actions (13,14). Dobutamine is a �-receptor agonist, 
while milrinone is a phosphodiesterase inhibitor. Both 
drugs augment cardiac output and reduce ventricular 
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filling pressures. Blood pressure is usually Lmaffected 
in the usual doses, but dobutamine can increase blood 
pressure, and milri.none can promote hypotension. 

b. Because dobutamine can increase myocardial oxygen 
(because of its positive inotropic actions), vasodilator 
therapy (e.g., nitroglycerin) has been recommended as 
a safer alternative to dobutamine in patients with is
chemic heart disease (13,14). 

c. Milrinone is preferred to dobutamine in patients re
ceiving �-blocker drugs because its efficacy is inde
pendent of �-receptors. 

d. Diuretic therapy has the same role in this situation as 
it did for hypertensive heart failure: i.e., it is reserved 
for cases where the wedge pressure remains above 20 
mm Hg despite inod i lator or vasodilator therapy. 

3. Low Blood Pressure 

Decompensated heart failure accompanied by hypoten
sion is the sine qua non of cardiogenic shock., and requires 
prompt intervention. 

Profile: High PCWP /Low CO /Low BP 

Treatment: Dopamine in vasoconstrictor doses. Consider 
a mechanical assist device in patients with coro
nary artery disease and a correctable lesion. 

a. Hemodynamic drugs are notoriously w1successful in 
cardiogenic shock, and the mortality rate continues to 
be is as high as 80% (15). 

b. Increasing blood pressure (to a mean pressure of 
60 nu11 Hg) is a priority, and dopamine is a popular 
choice because it acts as a vasopressor in high doses 
(> 10 pg/kg/min) and retains some positive inotropic 
actions associated with lower doses (5 to 10 pg/kg 
/ min) (12-14). However, low cardiac output states are 
accompanied by systemic vasoconsh·iction, and vaso
pressor drugs can further aggravate tissue hypoperfu
sion. 
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c. Mechanical cardiac support is indicated if myocardial 
function is expected to improve spontaneously (as oc
curs in the early period following cardiopulmonary 
bypass surgery), or when a corrective procedure (e.g., 
angioplasty) is planned. A description of the support 
devices is beyond the scope of this text. 

4. Limited Role for Diuretics 

a. Diuretics should be used cautiously in acute heart fail
ure because intravenous furosemide can cause a 1 5  to 20% 
drop in cardiac output in this situation (16,17). The ex
pected effect of diuresis in decompensated heart fail
ure is shown by the arrow in Figure 12.3. 

b. Drugs that augment cardiac output should always be 
given priority over diuretics in acute heart failure. In 
fact, if cardiac output can be restored, the stimulus to 
retain salt and water will be eliminated, and diuretics 
will not be necessary. 

5. Furosemide by Continuous Infusion 

a. Critically ill patients can have an attenuated response 
to furosemide (18), possibly as a result of reduced 
transport proteins and chloride depletion (furosentide 
acts by inhibiting chloride reabsorption in the Loop of 
Henle). 

b. Because the diuretic effect of furosemide is closely re
lated to its urinary excretion rate (19), continuous in
fusion of the drug will produce a more vigorous di
uresis than bolus injection. 

c. INDICATION. Continuous furosemide infusion should 
be considered when an 80 mg IV bolus dose of furo
semide fails to produce more than 2 liters of urine out
put in the ensuing four hours. 

d. DOSAG E .  Start with 100 mg furose1nide as an IV bolus, 
and inunediately follow with a continuous infusion of 
furosemide at 40 mg/lu·. Double the dose rate every 12  
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hours if needed to achieve a urine output of at least 
100 mL/h. The dose rate should not exceed 170 mg/hr 
(20). 

6. Nesiritide 

a. Nesiritide (Natrecor) is a recombinant human B-type 
natriuretic peptide that acts as a systemic vasodilator 
to augment cardiac output. 

b. DOSAGE. Give initial bolus of 2 µg/kg and follow with 
a continuous infusion at 0.01 µg/kg/min. This dose 
rate can be increased 0.01 µg/kg/min every 3 hours to 
a maximum dose of 0.03 µg/kg/min (21 ) .  

c.  Clinical studies show that nesiritide offers no advan
tage over h·aditional vasodilators such as nitroglycerin 
(21 ) .  In fact, there is a report of increased short-term 
(30 day) mortality attributed to nesiritide (22), which 
prompted an FDA safety alert about the drug. 

B. Left-Sided Diastolic Heart Failure 

The prevalence of diastolic dysftmction in acute heart failure 
is not known, but heart failure associated with left ventricu
lar hypertrophy or acute myocardial ischemia is probably 
diastolic failure. There is no general agreement about the op
timal treatment of diastolic heart failure (3), but the follow
ing recommendations seem valid. 

1. Because systolic ftmction is normal or only mildly im
paired in diastolic heart failure, positive inotropic agents 
have no role in the treatrnent of diastolic heart failure. 

2. Because ventricular filling is impaired in diastolic heart 
failure, diuretic therapy is counterproductive in diastolic heart 
failure. 

3. Vasodilator therapy is appropriate for diastolic failure re
sulting from hypertension-induced left ventricular hy-
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pertrophy. Some vasodilator agents, such as nitroglycerin 
and rnilrinone, can promote ventricular relaxation dur
ing diastole (3,14), and these lusitropic effects are well-suit
ed for diastolic heart failure. 

C. Right Heart Failure 

The therapeutic strategies below are meant for cases of pri
mary right heart failure and not for patients with right heart 
failure secondary to lw1g disease. The pulmonary capillary 
wedge pressure (PCWP) and right ventricular end-diastolic 
volume (RVEDV) are used as the focal points of management. 
(The RVEDV can be measured with a specialized PA catheter 
as described previously). 

1 .  If PCWP is below 15 mm Hg, infuse volwne w1til the PCWP 
or CVP increases by 5 mm Hg or either one reaches 20 mm 
Hg (6). 

2. If the RVEDV is less than 140 mL/m2, infuse volrnne un

til the RVEDV reaches 140 mL/m2 (23). 

3. If PCWP is above 15 mm Hg or the RVEDV is 140 mL/ m2 

or higher, infuse dobutamine, beginning at a rate of 5 
µg/kg/minute (24,25). 

4. In the presence of AV dissociation or complete heart block, 
instih1te sequential A-V pacing and avoid ventricular pacing 
(3). 

The response to volume infusion must be carefully moni
tored in right heart failure because excessive volume can 
overdistend the right venh·icle, causing the interventricular 
septrnn to bulge into the left ventricular cavity and impair 
left ventricular filling. This process whereby the right ventri
cle can influence the ftmction of the left ventricle is called 
interventricular interdependence. 
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CARDIAC ARREST 
Cardiac arrest i s  managed with a variety o f  interventions 
known in total as cardiopulmonary resuscitation or CPR. Since 
fewer than 10% of cardiac arrest victims smvive the experi
ence (1) ,  CPR can hardly be called effective, yet it is w1iver
sally embraced as a standard of care. This chapter presents 
the essential features of CPR as described in the most recent 
guidelines on the subject (2). 

I. BASI C  LIFE SUPPORT 

Basic life support involves 3 directives: establish and maintain 
patency of the upper airways, provide ventilation through 
periodic lung inflations, and promote circulation with chest 
compressions (3). 

A. Airway Patency 

1 .  Airway patency is a concern for all Lmconscious patients. 

2. The oropharyngeal airway, an S-shaped device that is 
passed over the tongue and into the pharynx, is easily 
placed and can prevent a flaccid tongue from occluding 
the oropharynx. 

3. Translaryngeal intubation should be the preferred meth
od for maintaining airway patency in the hospital set
ting, where trained perso1111el are available. 

B. Ventilation 

1. Ventilation in BLS means periodic lung inflations with 
self-inflating "ventilating bags" that are attached to a 
face mask or endoh·acheal tube. 

1 89 
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2. The recommended rate of lung inflations is 8 to 10 per 
minute, and it is not necessary to deliver the inflations 
between chest compressions. 

3. The inflation volumes should be just enough to produce 
a rise in the chest wall, and the inflation time should not 
exceed one second to allow time for the lungs to empty. 

4. Excessil'e Ventilation 

a. There is a tendency to overventilate patients during 
CPR, which can be cow1terproductive. In one survey 
of CPR techniques, the rate of ltmg inflations was 
20/m.in (double the recommended rate) in 60% of the 
resuscitations ( 4). 

b .  The problem with rapid breathing and large inflation 
volumes is the inability of the ltmgs to fully empty 
during exhalation. The retained air creates a positive 
end-expiratory pressme (called intrinsic PEEP), and 
this pressure can reduce cardiac output by in1peding 
venous return and restricting venh·icular distension 
during diastole. This will only add to the high mortal
ity in this situation (5). 

c. To avoid excessive ventilation during CPR, it is imper
ative to keep the rate of lung inflations at 8-10/min
ute. Inflation volumes can be reduced by using one 
hand to compress the ventilating bag. The capacity of 
these bags is about 1,600 mL, which is about three 
times greater than the tidal volun1e of an average
sized adult (about 7 mL/kg, or 500 mL in a 70 kg 
subject). One-handed compression will expel a volume 
of about 800 mL, which is closer to the normal tidal 
volume than completely emptying the bag with two
handed compression. 

C. Chest Compressions 

1. Chest compressions should be delivered over the mid-
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sternum with the elbows locked and the arms straight. 
Each compression is a tluT1st delivered through the heel 
of the hands (one on top of the other) to depress the ster
num 1.5 to 2 inches. When the compression is released, 
the sternum should be allowed to recoil completely be
fore the next compression. 

2. The rate of chest compressions should be at least 100 per 
minute, and a compression-ventilation ratio of 30:2 is rec
ommended (3) . 

3. It is important to avoid unnecessary interruptions in 
chest compressions. One survey of CPR revealed that in
terruptions in chest compressions accounted for one
quarter of the total resuscitation time (4). 

I I .  ADVANCED LIFE SUPPORT 

Advanced life support (also called advanced cardiac life 
support or ACLS) includes measures for ventilatory support 
(intubation and mechanical ventilation), hemodynamic sup
port (drugs) and cardiac rhythm support (defibrillation). 
This section describes the use of these support measures in 
the management of pulseless cardiac arrest. This information 
is included in the flow diagrams in Figure 13.1 and 13.2. 

A. Defibrillation 

Direct-current (DC) cardioversion is the treatment of choice 
for ventricular tachycardia (V-Tach) and ventricular fibrilla
tion (V-Fib ), and it is the only treatment modality that has 
had an impact on survival from cardiac arrest. 

1. Timing 

a. The survival benefit of electrical cardioversion is a 
function of the time elapsed from onset of cardiac ar-
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V-TACH / V-FIB 

0 Give 1 shock: 
• Monophasic: 360 joules 
• AED: device-specific 
• Biphasic: device-specific or 200 joules 
Resume CPR immediately after shock. 

f) Check rhythm: is it shockable? { If pulseless,} 
go to 

Box 1 A  in 
Figure 1 3.2 

If IV/10 available, give vasopressor during CPR (before or after 
the shock): 
Epinephrine: 1 mg IV/10, and repeat every 3-5 min if needed 
Vasopressin: May give one dose (40 Units IV/10) to replace 

first or second dose of epinephrine. 

Check rhythm: is it shockable? { I f  pulseless,} 
go to 

Box 1 A  in 
Figure 1 3.2 

Consider antiarrhythmics during CPR (before or alter the shock): 
Amiodarone: 300 mg IV/10 and consider another 1 50 mg 

OR 

Lidocaine: 1 - 1 .5 mg/kg IV/10, then 0.5-0.75 mg/kg if needed 
(max dose=3 mg/kg). Use only as a second-line agent. 

OR 

Magnesium: 1 -2 grams IV/10 for torsades de pointes 

FIGURE 1 3. 1 .  Flow diagram for the management of pulseless cardiac 
arrest due to ventricular tad1ycardia (V-Tnch) and venh·icular fibrillation 
(V-Fib). Adapted from Reference 8. 
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er) When IV/10 available, give vasopressor during CPR: 
Epinephrine: 1 mg IV/10, and repeat every 3-5 min if needed. 
Vasopressin: May give one dose (40 Units IV/10) to 

replace first or second dose of epinephrine. 
Consider Atropine (1  mg IV/10) for asystole or slow PEA rate. 
Repeat every 3-5 min if needed to a total of 3 doses. 

No 
Check rhythm: is it shockable? ..._ __ 

Yes 

Give 1 shock: 
• Monophasic: 360 joules 
• AED: device-specific 

{Repeat Box 1 A} 
if still pulseless 

• Biphasic: device-specific or 200 joules 
Resume CPR immediately after shock. 

{ Go to Box 2 } 
in Figure 1 3. 1  

FIGURE 1 3.2. Flow diagram for the management of  cardiac arrest due to 
asystole or pulseless electrical activity (PEA). Adapted from Reference 8. 

rest to the first electric shock (6,7). This is demonstrat
ed in Figure 13.3. Note that 40% of patients survived 
when the first shock was delivered 5 minutes after the 
arrest, while only 10% of patients survived if defibril
lation was delayed for 20 minutes. 

b.  For out-of-hospital cardiac arrests when the response 
time exceeds 5 minutes, a brief period of CPR ( 1 .5 to 3 
minutes) is recommended prior to the initial cow1ter
shock. This recommendation is based on evidence that 
chest compressions can enhance the response to elec
trical cardioversion (1) . 
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2. Technical Considerations 
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The effectiveness of elech·ic countershocks depends on 
the type of waveform delivered. Newer defibrillators de
liver biphasic shocks, which are effective at lower energy 
levels than the monophasic shocks used by older defibril
lators. 

a. The recommended energy level for the first shock is 
200 joules for biphasic shocks (unless otherwise speci
fied by the defibrillator manufacturer) and 360 joules 
for monophasic shocks (11) . 

b .  If the first shock is ineffective, two additional shocks 
can be attempted (don't forget to perform CPR be
tween successive shocks). There is no evidence that in
creasing the energy levels in successive shocks is more 
effective than maintaining the energy level of the ini
tial shock. 

50 
N = 1 ,667 

40 
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20 

1 0  
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5 1 0  1 5  20 

Time to Defibrillation (min) 

FIGURE 1 3 .3 .  The relationship between survival rate and time to defibril
lation in patients with ventriculat fibriUation. N = number of subjects 
studied. (From Reference 7). 
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Automated external defibrillators (AEDs) are designed 
to operate with mi.njmal human i.nput (6). 

a .  The AED has 2 electrode pads: one is placed on the 
right anterior chest wall, and the other is placed on the 
left lateral chest wall .  

b .  Sensors in the pads act like precordial leads to record 
the cardiac rhytlu11. The AED analyzes the rhytlun and 
then displays a prompt indicating if defibrillation is 
appropriate. The operator does not see the cardiac 
rhythm. If defibrillation is indicated, the operator sim
ply presses a button to deliver the shock. The machine 
automatically selects the strength of the pulse. 

c. After the shock is delivered, the machine will again 
analyze the cardiac rhythm and determine if a second 
shock is necessary. This sequence can continue lmtil 
three shocks are delivered. 

d. AEDs have been used primarily for cardiac arrests that 
occur outside the hospital, but they are also available 
in most hospitals as well. The ability to deliver rapid 
DC cardioversion without introducing human error 
should make AEDs popular in all settings. 

B. Routes of Drug Administration 

1. Intravenous Route 

a. The intravenous route is preferred for drug delivery 
during CPR, and peripheral veins are preferred to central 
veins because cannulation of peripheral veins does not 
require interruption of CPR (8). 

b .  Drugs given via peripheral veins should always be in
jected as a bolus, followed by a 20 mL bolus of an intra
venous fluid (8). The extremity should be elevated for 
10 to 20 seconds to facilitate drug delivery to the heart. 

c. If the initial drug injection is Lmsuccessful, central 
venous cannulation can be performed for subsequent 
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drug administration. This latter maneuver reduces the 
transit time for drugs to reach the heart by 1 to 2 min
utes (8) . 

2. Alternate Routes 

a. When venous access is not readily available, drugs can 
be delivered by ptmcturing a marrow cavity (usually 
in the sternum) or injecting the drug into the upper 
airways. 

b.  The intraosseous (IO) route is preferred to the airway route 
because drug absorption from the airways is erratic 
(8). Howeve1� the airways route continues to be a pop
ular alternative in adults. 

3. The Endotrncheal Route 

a. The drugs that can be given via the endotracheal route 
are atropine, epinephrine, vasopressin, and lidocaine. 

b. The endotracheal dose of each drug should be 2 to 2.5 
times the recommended intravenous dose (8). 

c. All drugs injected into the airways should be diluted 
in 5 to 10 mL of water or isotonic saline. Water may be 
the preferred diluent because of enhanced drug ab
sorption (8) . 

C. Vasopressor Drugs 

Vasopressor drugs are recomn1ended for most cases of pulse
less cardiac arrest (see Figures 13.l and 13.2). 

1. Epinephrine 

a. Epinephrine, which is a �-receptor agonist in low do
ses and an a-receptor agonist in high doses, is the tra
ditional vasopressor used in cardiac arrest. 

b. The recommended dose is 1 mg (10 mL of a 1 :10,000 
solution) as a bolus injection (IV / IO), repeated every 3 
to 5 minutes if necessary (see Table 13 .1 ) .  

c. Endotracheal epinephrine (usual dose is  2 to 2.5 mg) 
is not advised because poor absorption can result in 
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prominent �-receptor stimulation and w1wanted car
diac stimulation (8). 

2 .  Vasopressin 

a. Vasopressin is a nonadrenergic vasoconstrictor that 
can be used in a single bolus dose of 40 Units (IV /IO) 
to replace the first or second dose of epinephrine. 

TABLE 1 3.1 Cardiopulmonary Resuscitation Drugs 

Drug Dosage (IV or 10) Indications 

Vasopressors 

Epinephrine 1 mg first dose and 
repeat every 3-5 min 
i f  needed 

Vasopressin 40 U as a single dose 

Antiarrhythmic Agents 

Amiodarone 300 mg first dose, 
then 1 50 mg once 
if needed 

Lidocaine 1-1 .5  mg/kg first dose, 
then 0.5 -0.75 mg/kg 
to a total of 3 doses 
or 3 mg/kg 

Magnesium 1-2 g over 5 minutes 

Atropine 1 mg first dose and 
repeat every 3-5 min 
if needed to a total 
of 3 doses 

From Reference 8. 

Asystole, PEA, and shock
resistant V-Fib or V-Tach 

Can replace the first or 
2nd dose of epinephrine 

V-Fib or V-Tach that is 
refractory to defibrillation 
and vasopressors 

Alternative to amiodarone 

Torsades de pointes 
associated with a 
prolonged QT interval 

Bradyarrhythmias, or as 
an adjunct to vasopressors 
for asystole and slow-rate 
PEA 

Abbreviations: IV = intravenous, V-Fib = ventricular fibrillation, 
V-Tach = ventricular tachycardia, PEA = pulseless electrical activity. 
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b. The use of vasopressin has two potential benefits: (1)  
vasopressin acts as a cerebral vasodilator, and (2) there 
is no risk of unwanted cardiac stimulation from epi
nephrine. The disadvantage of vasopressin is its ac
tions as a coronary artery vasoconstrictor (8). 

c. Several clinical trials have shown no survival benefit 
when vasopressin is substituted for epinephrine (9). 

D. Antiarrhythmic Agents 

1. Amiodarone 

a. Amiodarone is recommended for cases of V-Fib and 
pulseless V-Tach that are refractory to defibrillation 
and vasopressor drugs (8,10). 

b. The initial dose is 300 mg (IV /10), followed by a sec
ond dose of 150 mg if needed. 

c. Arniodarone can produce hypotension and bradycar
dia (10), but these effects have been minimized by a 
new aqueous formulation that does not contain vaso
active solvents (8). 

2 .  Lidocaine 

a. Lidocaine has been the traditional antiarrhythmic a
gent used for shock-resistant V-Fib and V-Tach. How
ever, because amiodarone seems to produce better re
sults for short-term survival (11), lidocaine is now re
commended only as a second-line agent (8) . 

b. The recommended dosage of lidocaine is 1 -1.5 mg/kg 
(IV /IO) initially, then 0.5-0.75 mg/kg every 5 to 
10 minutes if needed to a maximtm1 of 3 doses or 
3 mg/kg. 

3. Magnesium 

a. Inh·avenous magnesiLll11 is effective in terminating poly
morphic V-Tach (also called "torsades de pointes") asso
ciated with a prolonged QT interval (see Chapter 15). 
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b. The recommended dose of magnesium is 1-2 grams 
(IV /IO) infused over 5 minu tes (8). 

4. A tropine 

a. Atropine is an anticholinergic agent that is recom
mended as an adjunct to vasopressor therapy for car
diac arrest associated with asystole or slow-rate pulse
less electrical activity (see Figure 13.2). The recom
mended dose is 1 mg (IV / IO), which can be repeated 
every 3 to 5 minutes to a total dose of 3 mg (the dose 
that produces complete vagal blockade) (8). 

I I I .  MONITORING DURING CPR 

The goal of the resuscitation effort is to restore circulatory 
flow. Since it is not possible to directly measure blood flow 
(global or regional) during CPR, indirect or surrogate meas
ures of blood flow are used. These measurements, which are 
described below, are limited and sometimes misleading. 

A. Arterial Pulse and Pressure 

Despite their popularity, the arterial pulse and pressure are 
not reliable markers of circulatory blood flow. This is dem
onstrated in Figure 13.4, which shows the effect of chest 
compressions on the arterial pressure and central venous 
pressure in a patient with asystole. If the arterial blood pres
sure is considered in isolation, the size of the pressure pulse 
(50 1IU11 Hg) would be interpreted as indicating that the chest 
compressions are successful in promoting systemic blood 
flow. However, the central venous pressure is roughly the 
same magnitude as the arterial pressure, indicating that there 
is no pressure gradient for systemic blood flow. Therefore, the 
arterial pressure in this case is unlikely to be associated with 
a significant rate of blood flow. 
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FIGURE 1 3.4. TI1e influence of chest compressions on arterial and central 
venous pressure tracings in a patient with asystolic carcliac arrest. Al
though there is a systolic pressure of 50 mm Hg, the central venous pres
sure is equivalent, so there is no pressure graclient to drive systenlic 
blood flow. 

1 .  Mean Arterial Pressure 

Despite the fact that blood pressure is an unreliable 
marker of blood flow during CPR, a popular goal of re
suscitation is a mean arterial pressure of 60 mm Hg, 
which is considered the minimum pressure needed for 
adequate cerebral blood flow. 

2. Corona1y Pe1Jusion Pressure 

a. The pressme gradient that drives coronary blood flow, 
which is called the coronary perfusion pressure (CPP) is 
the difference between the aortic diastolic pressme 
and the right-atrial pressure. 

b. Clinical studies have shown that a CPP ;::: 15 mm Hg 
dmi.ng CPR is associated with a successful outcome 
(12,13). 

c. W11en CPR is performed on a patient with indwelling 
arterial and central venous catheters, the CPP can be 
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estimated by using the peripheral arterial diastolic 
pressure as a substitute for the aortic diastolic pres
sure. 

B. End-Tidal PC02 

The excretion of carbon dioxide in exhaled gas is a direct 
fwKtion of pulmonary blood flow, and the partial pressure 
of C02 in end-expiratory gas (the end-tidal PC02) can be 
used as an indirect indicator of cardiac output during CPR 
(16,18-20). The end-tidal PC02 is easily measured at the bed
side with infrared sensing devices called capnometers that 
are connected to an artificial airway (i.e., a tracheal tube). 

a. An increase in end-tidal PC02 during CPR is an indi
cation that the resuscitation effort is successful in pro
moting cardiac output. 

b.  Clinical studies have shown that an increase in end
tidal PC02 during CPR is predictive of a successful 

End-Tidal 
Pco2 

(mm Hg) 

30 

20 

Initial 

Survivors 
(N = 1 6) 

After 20 min 

FIGURE 1 3.5. Changes in end-tidal PC02 during CPR in  survivors and 
nonsurvivors of cardiac arrest due to pu.lseless elech·ical activity. Data 
points represent the mean end-tidal PC02 for ead1 group. (From 
Reference 15). 
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outcome (12,14,15). This is demonstrated in Figure 
13.5. Note that the end-tidal PC02 increased (from 12 
to 31 mm Hg) after 20 minutes of CPR in the survivors, 
while the end-tidal PC02 decreased during CPR in 
nonsurvivors. 

c. A threshold of 10 mm Hg for end-tidal PC02 can be 
used to predict outcome: i.e., when end-tidal PC02 does 
not rise above 1 0  mm Hg during CPR, the resuscitative ef
fort is unlikely to be successful. 

C. Venous Blood Gases 

During CPR, arterial blood gas analysis often reveals a respi
ratory alkalosis (indicating operator-induced hyperventila
tion), while venous blood gas analysis often reveals a meta
bolic acidosis (indicating systemic hypoperfusion) (16,17) .  
Therefore, venous blood gas analysis is more appropriate for 
evaluating tissue perfusion during CPR. 

IV. POST-RESUSCITATION CONCERNS 

The immediate goal of CPR is to restore spontaneous circu
lation, but this does not ensure a satisfactory recovery. This 
section describes some concerns in the post-resuscitation 
management that will help to optimize the recovery from 
cardiac arrest. 

A. Fever Suppression 

1. Animal studies show that ischem.ic brain injury is aggra
vated by increased body temperature (18), and clinical 
studies show that increased body temperature after CPR 
is associated with an unfavorable neurologic outcome 
(19). These studies suggest that it is wise to avoid in
creased body temperature following cardiac arrest. 

2. Acetaminophen (10-15 mg/kg per dose, 3 to 4 times a 
day) can be used for antipyresis. This drug must be given 
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enterally, and should not be given to patients with hepat
ic dysfunction. 

3.  Cooling blankets are problematic because they can in
duce shivering (which increases body temperature) and 
can provoke vasospasm in diseased coronary arteries (20). 

TABLE 1 3.2 Induced Hypothermia after Cardiac Arrest 

Eligible Patients 

Patients with out-of-hospital cardiac arrest due to V-Fib or V-Tach 
who remain comatose after return of spontaneous circulation 

Inclusion Criteria 

All of the following criteria must be satisfied: 
a. Cardiac arrest is cardiac in origin 
b .  Body temperature is not reduced 
c .  Patient is hemodynamically stable 
d. Patient is intubated and on a ventilator 

Methodology 
1 .  Cooling should begin within 1 to 2 hours after CPR. 
2. Use cooling blamket to achieve a body temperature of 32°C to 

34°C (89.6°F to 93.2°F). 
3. Use sedation and neuromuscular blockade to avoid shivering. 
4. Watch for hyperkalemia and hyperglycemia during hypothermia 
5. Maintain hypothermia for 1 2-24 hours, and then allow passive 

rewarming.  

From References 21 and 22.  

B. Therapeutic Hypothermia 

1. Induced hypothermia has been shown to improve neuro
logic outcome in patients who remain comatose after out
of-hospital cardiac arrest due to V-Fib or V-Tach (21,22). 

2. The eligibility criteria for post-CPR hypotherrn.ia are 
listed in Table 13.2, along with important aspects of the 
methodology. 
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a.  The target body temperature is 32°C to 34°C (89.6°F to 
93.2°F), and this should be maintained for no less than 
12 hours and no longer than 24 hours (21 ) .  

b .  External cooling can provoke shivering, which is 
counterproductive for the reasons stated earlier. 
Therefore, shivering should be suppressed by admin
istering a neuromuscular blocker (e.g., atracurium). 

c. Hypothermia is associated with hyperkalemia (usual
ly mild) and hyperglycemia (27), so vigilance for these 
changes is warranted. 

C. Glycemic Control 

1. Hyperglycemia following cardiac arrest is associated 
with a poor neurologic outcome (23). 

2. There are no studies to show that aggressive manage
ment of hyperglycemia improves neurologic outcome af
ter cardiac arrest, but th.is practice has been shown to re
duce morbidity and mortality in ICU patients (24). 

3 .  Based on these observations, the recent American Heart 
Association Guidelines for CPR reconunend avoiding 
hyperglycemia in the post-resuscitation period (25). Th.is 
goal is accomplished by using insulin infusions when 
necessary, and avoiding dextrose-containing inh·avenous 
solutions when possible. Careful monitoring of blood 
glucose is necessary during insulin infusions because hy
poglycemia can also be injurious to the central nervous 
system. 

D. Predicting Neurologic Outcome 

In patients who do not awaken immediately after CPR, the 
single most important concern is the likelihood of neurolog
ic recovery. The following clinical factors will help to predict 
the likelihood of a satisfactory neurologic recovery. 



1 .  Duration of Coma 
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a. Failure to regain consciousness after CPR has prognos
tic significance if the coma persists for longer than 4 to 
6 hours. 

b.  Fewer than 15% of patients will recover fully if their 
coma persists for longer than 4 to 6 hours after cardiac 
arrest (26). 

c. If a patient is not awake 24 hours after a cardiac arrest, 
there is only a 10% chance of satisfactory neurologic 
recovery (26). 

d.  A Glasgow Coma Score less than 5 points (see Chap
ter 40) on the third day following cardiac arrest will 
identify patients with little or no chance of neurologic 
recovery (27). 

2. Other Prognostic Signs 

A review of 11 shidies involving patients who did not 
awaken immediately after CPR identified four clinical 
signs that act as independent predictors of death or poor 
nemologic recovery after cardiac arrest (28). 

a .  No corneal reflex. 

b. No pupillary light reflex. 

c. No withdrawal to pain. 

d. No motor response. 

The presence of any of these signs 24 hours after cardiac 
arrest carries a poor prognosis for neurologic recovery. 
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. \Chapter 14 
ACUT E CORONARY 
SYNDROMES 
The management of patients with acute coronary syndromes 
requires timely interventions (often within hours after the 
onset of symptoms). These interventions are described here 
using information from guidelines listed in the bibliography 
at the end of the chapter (1-3). 

I. THE CORONARY SYNDROMES 

A. Definitions 

Acute coronary syndromes (ACS) are characterized by the sud
den onset of coronary insufficiency as a result of thrombotic 
occlusion of one or more coronary arteries. The following 
conditions are identified: 

1. ST-segment elevation myocardial infarction (STEM!), 
caused by complete and sustained coronary occlusion. 

2. Non-ST-segment elevation myocardial infarction (non
STEMI) and unstable angina (UA), which are caused by 
partial coronary occlusion or transient occlusion with 
spontaneous revascularization. 

B. Pathogenesis 

The seminal event in all these conditions is thrombus forma
tion in one or more coronary arteries. The inciting event is 
rupture of an atherosclerotic plaque, which exposes the 
blood to thrombogenic lipids and leads to activation of 
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platelets and clotting factors. The trigger for plaque disrup
tion is not known, but liquefaction caused by local inflam
mation and inflammatory mediators is believed to be in
volved. 

I I .  ROUTINE MEASURES 

The routine measures used for all patients with ACS are 
shown in Figure 14. l .  These measures should be initiated 
immediately after ACS is suspected. 

A. Relieving Chest Pain 

1 .  Nitro9Jycerin 

a. Nitroglycerin (0.4 mg sublingual tablets or aerosol 
spray) is given for up to three doses (each 5 minutes 
apart) to relieve chest pain. If the chest pain persists 
after 3 doses of n itroglycerin, immediate administra
tion of morphine is indicated. 

b.  lntravenous infusion of nitroglycerin is recommended 
for patients with recurrent chest pain due to unstable 
angina. The initial dose rate is 5 - 10 µg/min, and this 
can be increased by 5-10 i-1g/min every 5 minutes 
cmtil pain relief is achieved. (See Chapter 45 for a nitro
glycerin dose chart.) 

c. Nitroglycerin is NOT advised in patients who have 
taken a nitric oxide synthetase inhibitor or phosphodi
esterase inhibitor for erectile dysfunction within the 
past 24 hours (because of the risk for hypotension). 

2. Morphine 

Morphine is the drug of choice for chest pain that is re
fractory to nitroglycerin. 

a. The initial dose is 5 mg given by slow intravenous 



Acute Cornnary Syndromes 2 1 1 

push (e.g., 1 mg/minute), and this can be repeated 
every 5 to 10 minutes if necessary. Pain relief can be 
sustained with a morphine infusion (1 -5 mg/hr). 

b.  Morphine may cause a decrease in blood pressure, 
which is primarily due to reduced sympathetic nerv
ous system activity. This usuaLly requires no interven-

ROUTINE MEASURE 

Relieve Chest Pain 

Antiplatelet Therapy 

ACE Inhi bition 

�-Receptor Blockade 

SPECIFIC RECOMMENDATIONS 

Start with nitroglycerin (0.4 mg sublingual 
tablets or aerosol spray). 

If no relief after 3 doses, use morphine 
(5 mg IV every 5 to 1 O min as needed). 

Use chewable aspirin ( 1 62 to 325 mg initial 
dose, then 75 to 1 62 mg daily). 

For alternative Rx, use cfopidogrel (300 mg 
initial dose, then 75 mg daily). 

Use oral therapy only with any ACE inhibitor and 
start at a reduced dose to minimize the risk of 
hypotension. 

Sample regimen: oral lisinopril at 5 mg on day 1 ,  
5 mg on day 2 ,  1 0  mg on day 3, then 1 0  m g  daily. 

Use oral therapy unless ACS accompanied by 
high BP or tachyarrhythmia. Can use metoprofol: 
start with IV dose of 2.5 to 5 mg and repeat 
every 5 min if needed to total dose of 10 mg. 

At 1 5  min after last IV dose, start oral Rx with 
50 mg every 6 hrs for 48 hrs, then 1 00 mg BID. 

FIGURE 14 . 1  Routine measures for the ear.ly management of acute 
coronary syndromes. Abbreviation: ACE = angiotensin-converting
enzyme. 
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tion. A drop in blood pressure to hypotensive levels 
usually indicates hypovolemia, and can be corrected 
by volume infusion (2). Pressor agents should NEVER 
be used to correct morphine-induced decreases in 
blood pressme. 

B. Antiplatelet Therapy 

1. Aspirin 

Aspirin causes irreversible inhibition of platelet aggrega
tion by inhibiting thromboxane production (4), and re
duces short-term (30 day) mortality in ACS by 2 to 3% (5). 

a .  Chewable aspirin in a dose of 162 to 325 mg should be 
given to all patients with suspected ACS who have not 
taken aspirin prior to presentation. Non-enteric-coated 
aspirin is preferred because of enhanced buccal ab
sorption. 

b.  The initial dose should be followed by a daily dose of 
75 to 162 mg, which is continued indefinitely. 

2. Thienopyridines 

The thienopyridines irreversibly block surface receptors 
involved in ADP-induced platelet aggregation (4) . This 
mechanism of action differs from that of aspirin, so the 
antiplatelet effects of aspirin and the thienopyridines can 
be additive. 

a .  There are 2 drugs in this class: clopidogrel (Plavix) 
and ticlodipine (Ti.did). Clopidogrel seems to be pre
ferred because of fewer side effects (4) . 

b. The recommended dose of clopidogrel in ACS is 300 
mg initially, followed by 75 mg daily (2). 

c. Clopidogrel has been used as a substitute for aspirin. 
However, combined therapy with clopidogrel and 
aspirin in ACS is associated with a lower mortality 
than that seen with aspirin therapy alone (6). 
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C. �-Receptor Blockade 

Beta-receptor b lockade is recommended for all patients with 
ACS except those with contraindications (e.g., bradycardia) 
and those with cocaine-induced myocardial infarction (be
cause of the risk of coronary vasospasm from unopposed 
ex-receptor activity) (7). 

a. Oral therapy is suitable for most cases of ACS. Intra
venous therapy is more appropriate for patients with 
hypertension or tachyarrhythmias. 

b. The agents used most often are atenolol (Tenormin) 
and metoprolol (Lopressor), which are selective �,
receptor antagonists. The oral and intravenous dosing 
regimens for metoprolol are shown below (8). 

Oral regimen: Start with intravenous metoprolol dose 
of 2.5 to 5 mg and repeat every 5 minutes if need
ed to a total dose of 10 mg. Fifteen minutes after 
the last IV dose, start oral therapy with 50 mg 
every 6 hours for 48 hours, then 100 mg BID. 

IV regimen: Add 5 mg metoprolol to 50 mL D5 W and 
infuse over 15 to 30 minutes. Repeat every 6 
hours. 

D. Angiotensin-Converting-Enzyme Inhibition 

Angiotensin-converting-enzyme (ACE) inhibitors reduce 
cardiac work, and may also have an inhibitory effect on the 
cardiac remodeling that contributes to post-MI heart failure. 

1 .  ACE inhibi tors are recmrunended for all patients with 
acute MI, but  they provide the most benefit in the follow
ing conditions (9) :  

a .  Anterior MI 

b .  Acute MI with left ventricular dysfLmction (LV ejection 
fraction < 0.40) or symptomatic left heart failure. 

c. Acute MI with tachycardia. 
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2. Contraindications to ACE inhibitors include hypoten
sion, serum creatini.ne > 2.5 mg/dL, and bilateral renal 
artery stenosis. 

3. Any ACE inhibitor can be used, and the first dose should 
be given within 24 hours after symptom onset (2). One 
effective ACE inhibitor regimen is shown in Figure 14.l 
(10).  Oral therapy only is recommended, to minimize the 
risk of hypotension. 

4. Angiotensin-receptor blockers (ARBs) are considered as 
a suitable alternative to ACE inhibitors in patients with 
acute MI complicated by LV dysfunction or heart failure 
(2) . One successful ARB regimen is oral valsartan given 
in a dose of 20 mg initially, followed by a gradual in
crease to 160 mg twice daily by the end of the hospital
ization (11) .  

III. REPERFUSION THERAPY 

Reperfusion therapy is designed to alleviate thrnmbotic ob
struction and restore patency in occluded coronary arteries. 
There are two approaches to reperfusion: pharmacologic 
(using thrombolytic agents) and mechanical (using balloon 
an giop las ty) .  

A. Thrombolytic Therapy 

1 .  Indications 

Patients are candidates for thrombolytic therapy when 
all of the following condi tions are satisfied. 

a .  Onset of chest pain between 30 minutes and 12 hours 
prior to presenta tio:n. 

b . 12-lead ECG shows ST elevation of at least 0.1 mV 
(1 mm) in two contiguous leads, or a new left bundle 
branch block. 

c. Coronary angioplasty not immediately available. 
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d .  No hypo tension or evidence of heart failure. 

e. No contraindication to thrombolytic therapy (see Table 
14. 1) .  

Recent guidelines (2)  include true posterior MI  as an in
dication for thrombolytic therapy if  treatment is started 
within 12 hours of symptom onset. This condition should 
be suspected when the ECG shows ST-segment depres
sion with upright T waves in leads V, through V4 (12) . 

TABLE 14.1  Contraindications to Thrombolytic Therapy 

Absolute Contraindications 

Active bleeding other than menses 

Malignant intracranial neoplasm (primary or metastatic) 
Cerebrovascular anomaly (e.g . ,  AV malformation) 
Suspected aortic dissection 
lschemic stroke within 3 months (but not within 3 hours) 
Prior history of intracranial hemorrhage 

Sign ificant closed-head or facial trauma within 3 months 

Relative Contraindications 
Systolic BP > 1 80 mm Hg or diastolic BP > 1 1 0  mm Hg 

Active bleeding within the past 4 weeks 
Noncompressible vascular punctures 
Major surgery within the past 3 weeks 
Traumatic or prolonged ( >  1 0  min) CPR 
lschemic stroke over 3 months ago 
Dementia 
Active peptic ulcer disease 
Pregnancy 

Ongoing therapy with anticoagulants 

From Reference 2. 

2. Timin9 

The survival benefit of thrombolytic therapy is greatest 
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when therapy is initiated in  the first few hours after 
the onset of chest pain. Thereafte1� the survival benefit 
declines steadily with time and is eventually lost 12  
hours after symptom onset. To ensure timely initiation of 
thrombolytic therapy, emergency rooms in the United 
States have adopted the following guidelines (2) : 

a. When a patient with sudden onset of chest pain enters 
the emergency room, a 12-lead ECG should be per
formed and interpreted within 10 minutes (door-to
ECG time <10 minutes). 

b. Thrombolytic therapy, if  indicated, should be started 
within 30 minutes after the patient enters the emer
gency room (door-to-needle time <30 minutes). 

TABLE 14.2 Thrombolytic Agents 

Agent Dose Comments 

Streptokinase 1 .5 mi l l ion Units IV Less effective and more 
(SK) over 60 min frequent side effects 

than alteplase 

Alteplase 1 5  mg IV bolus, Most frequently used 
(tPA) + 0.75 mg/kg over 30 min lytic agent 

+ 0.5 mg/kg over 60 min 
(90 min total) 

Reteplase 1 0  Units as IV bolus and Bolus doses are easier 
(rPA) and repeat in 30 min to give and produce 

more rapid clot lysis 
than tPA 

Tenecteplase IV bolus of: Most clot-specific and 
(TNK) 30 mg for BW< 60 kg rapidly acting lytic agent 

35 mg for BW= 60-69 kg Easiest to use because 
40 mg for BW = 70-79 kg of single bolus dose 
45 mg for BW= 80-89 kg 
50 mg for SW<'. 90 kg 
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The available fibrinolytic agents a11d recorrunended dos
ing regimens for acute MI are shown in Table 14.2. All of 
these agents act by converting plasminogen to plasmin, 
which then breaks fibrin strands into smaller submlits. 
Streptokinase acts on circulating plasmi.nogen and pro
duces a systemic lytic state, while the other agents act 
only on fibrin-bound plasminogen and produce clot-spe
cific lysis. This distinction (clot-specific versus systemic 
lysis), however, has little clinical relevance. 

a. Streptokinase was the first tlu·ombolytic agent that 
showed a survival benefit in acute MI. The popularity 
of this agent has waned over the years, in part because 
of troublesome side effects. Sh·eptokinase is a bacterial 
protein and acts as an antigen to promote fever (20 to 
40% of cases), allergic reactions (5% of cases), and ac
cumulation of neutralizing antibodies (with repeated 
use) (13).  

b.  Alteplase (tissue plasminogen activator or tPA) pro
vides a greater survival benefit than streptokinase ( 14) 
and has fewer side effects. I t  is currently the favored 
lytic agent for reperfusion therapy, but its popularity 
is being challenged by newer lytic agents capable of 
more rapid clot lysis. 

c. Reteplase (rPA) is a molecular variant of tPA that is 
given as two bolus doses 30 minutes apart (see Table 
14.3). Despite more rapid clot lysis (15), reteplase does 
not produce better outcomes than a lteplase (16) .  

d. Tenecteplase (TNK-tPA) is another variant of tPA that 
is given as a single bolus. Clot lysis occurs in less time 
than with the other lytic agents (17), but the mortality 
rate is no different than with other lytic agents (18). 

Excluding streptokinase, there is no clear favorite among 
the tlu·ombolytic agents in terms of promoting survival 
in STEMI. However, bolus therapy with reteplase or tenecte-
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plase should probably be favored because of the mme rapid 
clot lysis (which is desirable even if survival is unaffect
ed) and the simplified dosing regimens. 

4. Bleeding 

a. The bleeding tendency that hatmts tlu·ombolytic ther
apy is the result of systemic fibrinolysis with depletion 
of circulating fibrinogen levels. 

b.  Intracerebral hemorrhage is the most feared complica
tion of thrombolytic therapy, and occurs in 0.5 to 1 % of 
cases (17). Alteplase, reteplase, and tenecteplase share 
the same risk for this serious complication. 

c .  Troublesome bleeding elsewhere (i.e., that requires 
blood replacement) occurs in 5 to 15% of patients, re
gardless of the lytic agent used (19). 

d.  The hemostatic defect produced by fibrinolytic agents 
can be partially corrected by cryoprecipitate adminis
tration (10 to 15 bags) to raise the serum fibrinogen 
level to 1 g/L (19). If bleeding persists, fresh frozen 
plasma (up to 6 units) will elevate fibrinogen levels 
further, and will provide volmne replacement as well. 

e. Antifibrinolytic agents such as epsilon-aminocaproic 
acid (5 grams infused over 15 to 30 minutes) should be 
reserved only for the most serious and refractory cases 
of bleeding because tl1ese agents can promote wide
spread tlu·ombosis (19). 

5. Reocclusion 

Reocclusion (occurring within days) is reported in about 
one of every four patients who receive thrombolytic ther
apy (2,17). Thrombin released during clot dissolution is 
believed to be the culprit. This risk of reocclusion has 
prompted the use of anti.thrombotic therapy with hep
arin and antiplatelet agents after successful clot lysis. 
This adjcmctive therapy is described later in the chapter. 
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B. Coronary Angioplasty 

The use of balloon-tipped catheters to open occluded arter
ies was adapted for use in the coronary arteries in 1977, and 
this method of percutaneous coronary angioplasty is now the pre
ferred method of repe1fusion in acute coronary syndromes. 

1. An9ioplasty vs. Lytic Thernpy 

Several clinical trials have compared coronary angioplas
ty and thrombolytic therapy in patients with STEMI who 
present within 12 hours of symptom onset. The pooled 
results show a significant reduction in both mortality rate 
and rei.nfarction rate when angioplasty is used instead of 
thrombolytic therapy. For every 100 patients treated with 
angioplasty instead of thrombolytic therapy, there are 2 fewer 
deaths and 4 fewer (non-fatal) reinfarctions (20). 

2. Timin9 

Clinical trials in patients with STEMI have shown that 
the survival benefit of angioplasty falls significantly 
when the procedure is delayed for more than 2 hours 
after the patient arrives at the hospital (21) .  This observa
tion has prompted the recommendation that no more than 
90 minutes should elapse frorn the time the patient arrives in the 
emergency room and the time the angioplasty is pe1formed (2) . 

3. In terhospital Transfer 

Less than 25% of hospitals in the United States (and less 
than 10% of the hospitals in Europe) have the capability 
to perform coronary angioplasty. One potential remedy 
for this situation is timely interhospital transfer of 
patients. Clinical studies have shown that interhospital 
transfer for coronary angioplasty, if completed in one to 
two hours, can retain the survival benefit of angioplasty 
(2,22). The following recommendations have been pro
posed for hospitals without angioplasty capability (2) : 
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a. If the symptom duration is less than 3 hours, th.rom
bolytic therapy is recommended (because lytic therapy 
is most effective in this time period) wuess interhospi
tal h·cmsfer will not delay reperfusion therapy by more 
than one hour. 

b. If the symptom duration is longer than 3 hours, inter
hospital transfer for angioplasty is recommended. The 
total door-to-balloon time, including the transfer time, 
should be close to 90 minutes to achieve the optimal 
benefit of angioplasty. 

IV. ADJUNCTS TO REPERFUSION THERAPY 

Anti.thrombotic therapy with anti.platelet agents and heparin 
has a proven benefit when used alone or in combination 
with reperfusion therapy. When used in combination, anti.
thrombotic therapy reduces the risk of reocclusion and rein
farction. 

A. Heparin 

1. Which Heparin for Which Condition 

The following is a swnmary of the A.CC/ A.HA recom
mendations for the use of m1iractionated heparin (UFH) 
and low-molecular-weight heparin (LMWH) in acute 
coronary syndromes (2,3). (See Chapter 3 for a descrip
tion of the different heparin preparations). 

a. LMWH is preferred to UFH for patients with unstable 
angina (UA) and non-ST-segment elevation myocar
dial infarction (non-STEMI) (3,23). 

b. UFH and LMWH are considered equivalent in pa
tients with ST-segment elevation myocardial infarction 
(STEMI) who do not receive reperfusion therapy (2). 

c. Despite promising results with LMWH (24), UFH is 
recommended for patients with STEMI who undergo 
angioplasty or thrombolytic therapy (2). 
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The ACC/ AHA recommendations for heparin dosing 
in acute coronary syndromes are shown below (1-3). 
Enoxaparin is used as the LMWH because this agent has 
been studied most in clinical trials. 

Enoxaparin: Start with an intravenous bolus of 40 mg and 
follow with subcutaneous injections of 1 mg/kg 
twice daily for 5 days (3). Reduce the dose in pa
tients with renal insufficiency using the guidelines 
in Table 14.3. 

UFH: Start with an intravenous bolus of 60 -70 Units/kg, 
and follow with an infusion of 12-15 Uni.ts/kg/hr. 
Use the lowest doses (bolus dose of 60 Units/kg and 
infusion rate of 12 Uni.ts/kg/hr) when UFH is com
bined with thrombolytic therapy and use a larger 
bolus dose (70 to 100 Uni.ts/kg) when UFH is com
bined with angioplasty. Measure the activated par
tial thromboplastin time (aPTT) 3 hours after start
ing the infusion, and adjust the infusion rate to 
maintain the aPTT at 1 .5 to 2 times control (3). 

TABLE 14.3 Enoxaparin Dosage Based on Renal Function 

GFRt SC Dose GFRt SC Dose 
(ml/min) (mg/kg q 1 2h) (ml/min) (mg/kg q 1 2h) 

� BO 1 .0 40 - 49 0.6 

70 - 79 0.9 30 - 39 0 .5 

60 - 69 0.8 20 - 29 0.4 
50 - 59 0.7 10 - 1 9 0 .3  

tGFR (mUmin) = (1 40 - age) x wt  (kg)/ 72  x serum creatinine (mg/dl) 

For females, multiply GFR by 0.5. 

From Green B. et al. Dosing Strategy for enoxaparin in patients with renal 
impairment presenting with acute coronary syndromes. Br J Clin 
Pharmacol 2004; 59:281 . 
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B. Aspirin 

When used in combination with fibrinolytic agents, aspirin 
reduces the rate of reinfarction. The dosing regimen for as
pirin is described earlier in the chapter. 

C. Platelet Glycoprotein Inhibitors 

When platelets are activated, specialized glycoproteins on 
the platelet surface (called Ilb/Illa receptors) change config
uration and begin to bind fibrinogen. Fibrinogen binding to 
adjacent p latelets then promotes platelet aggregation. A class 
of drugs known as platelet glycoprotein (IIb/IIIa) inhibitors can 
bind to the IIb/illa receptors on platelets and prevent the 
binding of fibrinogen. The final result is inhibition of platelet 
aggregation. Because the Ilb/Illa receptors are the final com
mon pathway for platelet aggregation, the Ilb/Illa inhibitors 
are the most powerful antiplatelet agents available. 

1. Dru9 Preparations 

The platelet glycoprotein inhibitors available for clinical 
use are included in Table 14.4, along with the dosing reg
imen for each. 

a .  Abciximab (try to pronotmce it!) is a monoclonal anti
body and is the most expensive. most potent, and 
longest-acting drug in the group. The bleeding time 
can take 12 hours to normalize after discontinuing this 
drug (4). This prolonged activity is a disadvantage 
when emergency coronary bypass surgery is required. 

b.  Eptifibatide (a synthetic peptide) and tirofiban (a 
tyros.ine derivative) are short-acting agents that are 
cleared by the kidneys. After discontinuing these 
drugs, bleeding times return to normal in 15 minutes 
(for eptifibatide) to 4 hours (for tirofiban) (4). 

c. Dose adjushnents are reconunended for the short-act
ing agents in patients with renal insufficiency (see 
Table 14.4). Abciximab is cleared by the reticuloendo-
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thelial system and does not require dose adj ustments 
in renal failure. 

TABLE 1 4.4 Platelet Glycoprotein (llb/ll la) Inhibitors 

Agent 

Abciximab 

Eptifibatide 

Tirofiban 

Commercial 
Preparation Dosing Regimen 

ReoPro 0.25 mg/kg as IV bolus followed 
by infusion of 0.1 25 µg/kg/min 
(maximum 1 O µg/min) 

Jntegril in  1 80 µg/kg as IV bolus followed 
by infusion of 2 µg/kg/min for 
up to 96 hours 

Aggrastat 

For serum creatinine of 2-4 
mg/dl, first reduce dose to 
1 30 µg/kg and reduce infusion 
rate to 0.5 µg/kg/mint 

0.4 µg/kg/min for 30 minutes 
followed by infusion of 
0 .1  µg/kg/min 
For creatinine clearance 
<30 mUmin, reduce both dose 
rates by 50%.t 

tManufacturer's recommendation. 

2. Indications 

Platelet glycoprotein inhibitors are primarily used in pa
tients with unstable angina (UA) and non-ST-elevation 
myocardial infarction (non-STEMI) when the following 
conditions are present (3): 
a. When coronary angioplasty is planned in the next 24 

to 48 hours. 

b.  When there is evidence of continuing myocardial isd1emia. 

c. When there are risk factors for recurrent ischemic 
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events, such as age > 75 years, heart failure, new or 
worsening mitral regurgitation, markedly elevated 
cardiac troponin levels, and cardiogenic shock (3). 

The greatest benefit occurs when these agents are used in 
conjunction with angioplasty (1-3,23), and abciximab is 
used only when angioplasty is performed. These drugs 
are also gaining popularity in patients with STEMI, and 
are usually given in combination with angioplasty or 
thrnmbolytic therapy (2,3). 

3 .  Adve1·se Fjfects 

Abnormal bleeding is, of course, the major concern with 
platelet glycoprotein inhibitors. 

a. Mucocutaneous bleeding is the most common side 
effect, but the true incidence is difficult to ascertain 
because these drugs are often given in combination 
with aspirin and heparin. Intracranial hemorrhage has 
not been reported in  association with these drugs. 

b.  Thrombocytopenia is reported in 2% of patients who 
receive abcixi.mab, and is more conunon with repeated 
use of the drug (23). 

4. Contrnindications 

a. Active bleeding is an absolute contraindication to 
platelet glycoprotein inhibitors. 

b. Relative contraindications include major surgery with
in the past 3 months, stroke in the past 6 months, sys
tolic pressure > 180 nu11 Hg or diastolic pressure > llO 
mm Hg, and severe thrombocytopenia (23). 

V. EARLY COMPLICATIONS 

A. Mechanical Complications 

Mechanical complications are usually the result of transmu
ral Ml. All are serious, and all require prompt action. 
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1. Acute mitral regurgitation is the result of papillary muscle 
rupture, and presents with the sudden onset of pulmo
nary edema and the characteristic holosystolic murmur 
radiating to the axilla. The pulmonary artery occlusion 
pressure may reveal prominent V waves, but this can be 
a nonspecific finding. The diagnosis is confirmed by 
echocardiography, and arterial vasodilators (e.g., hy
dralazine) are often needed to relieve pulmonary edema 
pending surgery. The morta lity rate is 70% without sur
gery and 40% with surgery (24). 

2. Ventricular septa[ rupture can develop at any time in the 
first 5 days after an acute ML The diagnosis can be elu
sive without cardiac ultrasound. There is a step-up in 02 
saturation from the right atrium to the pulmonary artery, 
but this is rarely measured. The initial management in
volves vasodilator (e.g., nitroglycerin) infusions com
bined with mechanical support (the intraaortic balloon 
pump) if needed. The mortality rate is 90% without sur
gery and 20 to 50% with surgery (2). 

3 .  Ventricular free wall rupture occurs in up to 6% of cases of 
STEMI, and is more common with anterior MI, fibrino
lytic or steroid therapy, and advanced age (2). Early man
ifestations include recurrence of chest pains and new ST
segment abnormalities on the ECG. Accumulation of 
blood in the pericardium often leads to rapid deteriora
tion and cardiovascular collapse from pericardial tam
ponade. Diagnosis is made by cardiac ul trasoLU1d (if time 
permits), and prompt pericardiocentesis combined with 
aggressive volLUTie resuscitation is required for hemody
namic support. Immediate surgery is the only course of 
action, but fewer than half of the patients smvive despite 
surgery (2). 

B. Arrhythmias 

Cardiac rhytlun d isturbances are common after acute MI, 
and this topic is covered in detail in the next chapter. 
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C. Cardiac Pump Failure 

About 15% of cases of acute MI are accompanied by cardiac 
pump failure and cardiogenic shock (24). The management 
involves hemodynamic support (usually with intraaortic 
balloon counterpulsation) followed by reperfusion using 
coronary angioplasty or coronary bypass surgery. The mor
tality rate in cardiogenic shock is high (60 to 80%) (25), 
despite our best efforts. 

1 .  Hemodynamic Support 

The goal of hemodynamic support in this situation is to 
augment cardiac output without increasing myocardial 
oxygen consumption. Table 14.5 shows the effects of dif
ferent types of hemodynam.ic support on the determi
nants of myocardial 02 conswnption (preload, contractil
ity, afterload, and heart rate) in decompensated heart 
failure and cardiogen.ic shock. As indicated by the net 
effect on myocardial 02 consumption, vasodilator ther
apy is superior to dobutamine in heart failure, and the 

TABLE 14.5 Hemodynamic Support and Myocardial 
Oxygen Consumption 

Heart Failure Cardiogenic Shock 

Parameter Vasodilators Dobutamine IABP Dopamine 

Preload "' "' "' 1' 
Contractility H H 
Atterload H "' "' 1' 
Heart Rate 1' 1' 
Net effect on """ "' 1' H H t t t  myocardial V02 

IABP = lntraaortic balloon pump; V02 = oxygen consumption. 
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intraaortic bal loon pump (IABP) is superior to dopamine 
in cardiogenic shock. (See Chapter 12 for more informa
tion on the treatment of cardiac pump failure). 

2. Repe1fusion Thernpy 

a. The ACC/ AHA guidelines recommend coronary an
gioplasty when cardiogenic shock appears within 36 
hours of acute MI and when the angioplasty can be 
performed within 18 hours of the onset of shock (2). 

b.  Coronary artery bypass surgery is considered if the 
cardiac catheterization reveals multivessel disease that 
is not suitable for angioplasty, or the obstruction in
volves the left main coronary artery (2). 

VI.  ACUTE AORTIC DISSECTION 

Aortic dissection is  i.ncluded in this chapter because the clin
ical presentation ca.n be mistaken as an acute coronary syn
drome, and a missed diagnosis can be fata l .  

A. Chest Pain 

1. Chest pain is the most common complaint in acute aortic 
dissection. The pain is often sharp, a.nd is described as 
"ripping or tearing" in about 50% of cases (26). Radia
tion to the jaws and arms is uncommon. 

2. The chest pain in aortic dissection can subside spontaneous
ly for hours to days (26,27), and this is a source of m issed 
diagnoses. The recurrence of pain after a pain-free inter
val is often a sign of impending aortic rupture. 

B. Clinical Findings 

1. Hypertension and aortic insufficiency are each present i_n 
about 50% of cases, and hypotension is reported in 25% 
of cases (26,27). 
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2. Dissection can cause obstruction of the left subclavian 
artery leading to blood pressure differences in the arms. 
However, this finding is absent in up to 85% of cases (27). 

3. Mediastinal widening is evident on routine chest x-rays 
in 60% of patients with aortic dissection. This finding nei
ther confirms nor excludes the presence of aortic dissection. 

C. Diagnosis 

1. The diagnosis requires one of four imaging modalities (28): 

a.  Magnetic resonance imaging (MRI): sensitivity and 
specificity 98%. 

b. Contrast-enhanced computed tomography: sensitivity 
94%, specificity 87%. 

c. Transesophageal echocardiography: sensitivity 98%, 
specificity 77%. 

d. Aortography: sensitivity 88%, specificity 94%. 

2. MRI is the diagnostic modality of choice for aortic dissec
tion. CT angiography and transesophageal ultrasound 
are high-yield alternatives to MRI. 

D. Management 

1. Acute dissection in the ascending thoracic aorta is a sur
gical emergency. 

2. Prompt control of hypertension is warranted prior to sur
gery to reduce the risk of aortic rupture. The blood pres
sure reduction should not be accompanied by an increase 
in cardiac output because increased flow rates in the aorta 
will create shear forces that promote further dissection. 

3. The drug regimens shown in Table 14.6 will reduce blood 
pressure without increasing cardiac output (26,27). One 
regimen uses a vasodilator (nitroprusside) infusion com-
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bined with a �-blocker (esmolol) infusion. The �-blocker 
is given first to prevent the vasodilator-induced increase 
in cardiac output. Esmolol is used as the �-blocker be
cause it has a short duration of action (9 minutes) and 
thus is easy to titrate. Single-drug therapy with labetalol, 
a combined a- and �-receptor antagonist, will produce 
the same result. 

TABLE 14.6 Treating Hypertension in Aortic Dissection 

Combined therapy with �-blocker and vasodilator: 

Start with esmolol: 500 µg/kg bolus and follow with 50 µg/kg/min. 
Increase infusion by 25 µg/kg/min every 5 min 
until heart rate 60-80 bpm. 

Maximum dose rate is 200 µg/kg/min. 

Add nitroprusside: Start infusion at 0.2 µg/kg/min and titrate 
upward to desired effect. 
See the nitroprusside dosage chart in 
Chapter 45. 

Monotherapy with combined a-� receptor antagonist: 

Labetalol : 20 mg IV over 2 min, then infuse 1 -2 mg/min 
to desired effect and stop infusion. 
Maximum cumulative dose is 300 mg. 
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T ACHYCARDIAS 
This chapter describes the diagnosis and management of 
rapid rhythm disturbances using clinical practice guidelines 
developed by consensus groups in the United States and 
Europe (see References 1-3). 

I. DIAGNOSTIC APPROACH 

The diagnostic approach to tachycardias (heart rate > 100 
beats/minute) can be organized as shown in Figure 15. l .  
This approach i s  based on  selected components of the elec
trocardiogram, including 1) the duration of the QRS com
plex, 2) the uniformity of the R-R intervals, and 3) the pattern 
of ah·ial activity. 

A. QRS Duration 

1. A normal QRS duration (::; 0.12 second) identifies tachy
cardias that originate above the AV conduction system. 
These narrow QRS complex tachycardias (also called supra
ventricular tachycardias) include sinus tachycardia, atri
al tachycardias, AV nodal re-entrant tachycardia (a type 
of paroxysmal supraventricular tachycardia), atrial flut
ter and atrial fibrillation (see Figure 15.1) .  

2. A prolonged QRS duration (> 0.12 seconds) is most often 
the result of a tachycardia that originates below the AV 
conduction system; i.e., ventricular tachycardia (VT). Oc
casionally, a wide QRS complex tachycardia is the result 
of a supraventricular tachycardia (SVT) with prolonged 
conduction through the AV node. 

2 3 3  
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Heart Rate > 1 00 bpm 

(ORS s 0. 1 2  sec) 

Narrow ORS Complex 
Tachycardias 

1 . Sinus tachycardia 
2. Atrial tachycardia 
3. AV nodal re-entrant tachycardia 
4 .  Atrial flutter or fibrillation 

I 

1 . Sinus tachycardia 1 .  Multifocal atrial 
tachycardia (MAT) 

(ORS > 0. 12  sec) 

Wide ORS Complex 
Tachycardias 

1 .  Ventricular tachycardia 
2. Supraventricular tachycardia 

(SVT) with prolonged AV 
conduction 

Irregular 
- R-R 

intervals 

t 
2. AV nodal 

re-entrant 
tachycardia 
(AVNRT) 

2. Atrial fibrillation {AF) 

SVT with 
prolonged 

AV conduction 

3.  Atrial flutter 

t ! 
Evaluate Atrial Activity 

Sinus tach: uniform p waves 
AVNRT: no p waves 
A.flutter: sawtooth waves 
MAT: multiple p wave morphologies 
AF: fibrillatory waves 

AV dissociation 
or fusion beats 

Ventricular 
tachycardia 

FIGURE I S. I .  Flow diagram for the evaluation of tad1ycardias using 
selected criteria from the electrocardiogram. 

B. Uniformity of the R-R intervals 

The regularity of the cardiac rhythm is determined by the 
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distance between R waves (the R-R interval) in a series of  
consecutive heart beats. (A regular rhytlun will produce R-R 
intervals that are uniform in length from beat to beat). The 
diagnostic implications of uniform and non-uniform R-R 
intervals is shown in Figure 15.1, and is sw11marized below. 

1. Narrow Q!lS Complex Tachycardias 

a. If the R-R interval is uniform (indicating a regular 
rhythm), the possible rhytluns include sinus tachycar
dia, AV nodal re-entrant tachycardia, and atrial flutter. 

b. If the R-R interval is non-Lmlform (indicating an irreg
ular rhytlun), t11e most likely rhytluns are multifocal 
atrial tachycardia and atrial fibrillation. 

2. Wide Q_RS Complex Tachycardias 

a. A uniform R-R interval does not help to distinguish 
ventricular tachycardia from an SVT with prolonged 
AV conduction. In this situation, look for AV dissocia
tion or fusion beats, which are evidence of ventricular 
tachycardia (these ECG findings are described later in 
the chapter) 

b.  An irregular R-R interval is evidence of an SVT with 
prolonged AV conduction. 

C. Atrial Activity 

The pattern of atrial activity can be very useful in identifying 
the cause of a narrow QRS complex tachycardia, as indicat
ed at the bottom of Figure 15.1 .  

1 .  For a narrow QRS complex tachycardia with a regular 
rhytlun: 

a.  The presence of wuform p waves and a fixed PR inter
val is evidence of a sinus tachycardia. 

b.  The absence of p waves is evidence of an AV nodal re
entrant tachycardia (see Figure 1 5.2). 

c. The presence of sawtootl1 waves is evidence of ah·ial flutter. 
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1 sec 

FIGURE 1 5.2 AV nodal re-entrant tad1ycardia, a type of paroxysmal 
supraventricular tad1yca1·dia (PSVT). Note the absence of p waves, 
whid1 are hidden in the QRS complexes. 

2. For a narrow QRS complex tachycardia with an irregular 
rhytlmt (see Figure 15.3): 

A 

B 

a. The presence of multiple p wave morphologies is evi
dence of multifocal atrial tachycardia. 

b. The presence of fibrillatory waves is evidence of atrial 
fibrillation. 

FIGURE 1 5. 3. Narrow QRS complex tadiycardias with an irregular 
rhytlun. Panel A is a multifocal atrial tad1ycardia (note the multiple p 
wave morphologies and variable PR intervals) and panel B is atrial fib
rillation. (From the CD ROM provided with Critical care nursing: A 
holistic approach. Philadelphia: Lippincott Williams & Wilkins, 2005.) 
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Ah·ial fibrillation (AF) is the most prevalent cardiac arrhyth
mia, affecting about 1 % of the adult population (3). 

A. Predisposing Factors 

1. Most patients with AF are elderly (median age 75 years) 
and have underlying heart disease. About 15% are 
y0tmger (<60 yrs) and have no comorbid conditions (3). 
This latter condition is known as lone ntrinl fibrillation. 

2. Hyperthyroidism is considered the major extracardiac 
source of AF, but the importance of this condition may be 
overestimated. In one survey of nursing home residents 
with AF, not a single case of hyperthyroidism was dis
covered (4). 

3. AF is very common in the first 3 to 4 days after cardiac 
surgery. The incidence is 30% following coronary artery 
bypass surgery and 60% following valve surgery (5). The 
etiology is unclear, but 90% of cases convert sponta
neously to sinus rhythm within 2 months (3) . 

B. Adverse Consequences 

1. Cardiac Pe1jormance 

a. The principal threat from AF is impaired venh·icular 
filling. The contributing factors are loss of ah·ial con
tractions (which normally contribute 25% of the ven
tricular end-diastolic volmne) and a rapid heart rate 
(which reduces diastolic filling time). Diastolic dys
function (e.g., from left ventricular hyperh·ophy) mag
nifies the deleterious effects of AF on ven h·icular filling. 

b.  Cardiac stroke output will decrease in response to the 
change in ventricular filling, but the magnitude of 
change will depend on several factors (e.g., the pres
ence and severity of systolic dysftmction). 
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2. A trial Thrombosis 

Thrombus formation i.n the left atrium can be apparent 72 
hours after the onset of AF (7). These thrombi can (and 
do) break loose and enter the cerebral circulation to pro
duce embolic stroke. The management issues related to 
atrial thrombosis in AF are described later in the chapter. 

C. DC Cardioversion 

Direct-current (DC) cardioversion, which is a painful and 
anxiety-provoking experience for awake patients, should be 
reserved only for cases of AF with severe hemodynamic 
compromise (hypotension or acute pulmonary edema). The 
following protocol has proven successful in 90% of cardio
version attempts (3): 

1. Premedication with an opiate (morphine or fentanyl) is 
advised, and will provide both analgesia and sedation. 

2. The DC shocks should be synchronized to the R wave of 
the QRS complex to avoid electrical stimulation during 
the vulnerable period of ventricular repolarization, which 
usually coincides with the peak of the T wave (3) . 

3. If the defibrillator is an older model that delivers mono
phasic shocks, begin with 200 joules (J) for atrial fibrilla
tion and 50 J for atrial flutter. If additional shocks are 
needed, increase the energy level by 100 J for each shock 
until a maximum strength of 400 J is reached . 

4. For biphasic shocks (the waveform used by newer model 
defibrillators), follow the protocol for monophasic shocks 
but decrease the energy of each shock by 50%. 

D. Pharmacologic Cardioversion 

1. Indications 

Acute cardioversion with an antiarrhytlunjc agent is 



Tachycardias 239 

appropriate for first episodes of AF that are less than 48 
hours in duration and are not associated with hemodynamic 
compromise. Successful carclioversion in this situation will 
avoid the need for long-term anticoagulation. The deci
sion to attempt cardioversion must be weighed against 
the fact that 50% of cases of new-onset AF convert spon
taneously to sinus rhythm in the first 72 homs (6). 

2. Drug Regimen 

The most successful antiarrhytlunic agent for acute ter
mination of AF is ibutilide (see dose recommendation in 
Table 15.1) .  Successful cardioversion is achieved in over 
50% of cases, and 80% of the responses occur within 30 
minutes of drug administration (7) . The only risk associ
ated with ibutilide is torsades de pointes (described la
ter), which is reported in 4% of cases (7) . 

E. Acute Rate Control 

When there is no immediate threat to life, t11e management 
of AF is directed at  slowing the heart rate to a target level of 
60 to 80 bpm (3). This is accomplished with the drug regi
mens shown in Table 15.l .  The drugs in this table share the 
ability to slow impulse transmission through t11e AV node. 

1. Diltiazem 

a. Diltiazem is a calcium-cha1rnel blocker fuat achieves 
satisfactory rate control in 85% of patients with AF (8). 
The acute response dissipates in 1 -3 hours, so a con
tinuous infusion (5 to 15 mg/lu) is recommended to 
maintain rate conh·ol. 

b. Diltiazem has negative inotropic actions, but is gener
ally safe to use in patients with systolic heart failure (3). 

2. �-Blockers 

a. �-Blockers are preferred for rate control when AF is 
associated witl1 hyperadrenergic states (e.g., after car
diac surgery). 
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TABLE 1 5.1 Acute Pharmacotherapy of Atrial Fibrillation 

Drug Dose Regimen 

Cardioversion 

lbutilide 1 mg IV over 1 O min 
and repeat once if 
needed. 

Acute Rate Control 

Diltiazem 0.25 mg/kg IV over 

Esmalol 

Metoprolol 

2 min,  then 0.35 mg/kg 
1 5  min later if needed. 
Follow with infusion of 
5-1 5 mg/hr for 24 hr. 

500 µg/kg IV over 
1 min, then infuse at 
50 µg/kg/min .  Increase 
dose rate by 25 µg/kg/min 
every 5 min if needed to 
maximum of 200 µg/kg/min. 

2.5-5 mg IV over 2 min. 
Repeat every 1 0-1 5 min 
if needed to total of 3 
doses. 

Amiodarone 300 mg IV over 1 5  min, 
then 45 mg/hr for 24 hr. 

Comments 

Successful cardioversion 
in 50% of cases, usually 
within 30 min .  

Effective rate control in  
85% of patients. 
Safe to use in patients 
with heart failure. 

Ultra-short-acting 
B-blocker that permits 
rapid dose titration. 

Bolus dosing regimen 
not optimal for precise 
rate control. 

A suitable alternative for 
patients who do not 
tolerate more effective 
rate-reducing drugs. 

From Reference 3. Amiodarone dose regimen from Reference 1 7. 

b. The �-blockers with proven efficacy in AF include 
esmolol and metoprolol. Esmolol is preferred for 
acute rate control because it is ultra-short-acting 
(senm1 half-life of 9 minutes) and the dose rate can be 
titrated rapidly to maintain the desired heart rate (9) . 
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a. When given as recommended in Table 15.1, amioda
rone will produce satisfactory rate reduction in 75% of 
patients with AF (10). 

b. Arniodarone is less effective than diltiazem, but i t  pro
duces less cardiac depression and hypotension than 
diltia.zem (10). This creates a possible niche for amio
da.rone in patients who do not tolerate diltia.zem. 

c. The adverse effects of intravenous a.mioda.rone include 
hypotension (15%), infusion phlebitis (15%), bradycar
dia. (5%), and elevated liver enzymes (3%) (7,11 ) .  

d.  There are several potential drug interactions because 
arniodarone is metabolized by the cytochrome P450 
enzyme system in the liver. The interactions with di
goxin and warfarin (blood levels increased by a.rnio
da.rone) a.re most relevant in the ICU (11) .  

F. Antithrombotic Therapy 

The risk of a.trial thrombosis and subsequent embolic stroke 
is one of the major concerns in patients with AF. 

1. Risk Categories 

There a.re 3 risk categories for embolic stroke (high, mod
erate, and low risk), and Table 15.2 shows the clinical 
characteristics for ea.ch category, along with the thera
peutic recommendations. 

a .  For patients in the high risk category, the incidence of 
embolic stroke is 6% per year without treatment, and 
3% per year with coumadin anticoagulation to achieve 
an INR of 2 to 3. (12) 

b. Patients in the moderate-risk category have a 2% an
nual incidence of embolic stroke (which is lower than 
the incidence reported during anticoagulation therapy 
with coumadin). Antiplatelet therapy with aspirin (325 
mg daily) is recommended for these patients. 
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c. Patients with lone atrial fibrillation (i.e., AF without 
comorbid conditions in a patient yoLmger than 60 yrs 
of age) have the same risk of embolic stroke as the gen
eral population, so antithrombotic therapy is not re
quired in these patients. 

2. Cardioversion 

For cardioversion of AF that is less than 48 hours in dura
tion, the risk of embolism with cardioversion is low 
(< 1 %), so anticoagulation is not needed prior to cardio
version (3). When the duration of AF exceeds 48 hours, 
the risk of embolization with cardioversion is about 6%, 
and anticoagulation is recommended for 3 weeks before 
cardioversion is attempted. 

TABLE 1 5.2 Antithrombotic Therapy & Risk of Embolic Stroke 

High Risk 

I. Oral Anticoagulation (INR = 2- 3) 
Age > 75 yrs 
Age � 60 yrs plus diabetes or coronary artery disease 

Heart failure with LV ejection fraction < 0.35 
Heart failure with hypertension or thyrotoxicosis 
Prosthetic heart valves (mechanical or tissue) 

Rheumatic mitral valve d isease 
Prior thromboembolism 

Moderate Risk 

I I .  Antiplatelet Therapy (Aspirin, 325 mg daily) 
Age < 60 yrs with heart disease, but no risk factorst 
Age � 60 yrs with no risk factorst 

Low Risk 

Ill. No Therapy Required 

Age <60 yrs and no heart disease (Lone AF) 

tRisk factors include heart failure, LV ejection fraction <0.35. and a 
history of hypertension. 
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G. Wolff-Parkinson-White (WPW) Syndrome 

1. The WPW syndrorn.e (short P-R interval and delta waves 
before the QRS) is characterized by recurrent supraven
tricular tachycardias that originate from an accessory (re
entrant) pathway in the AV conduction system (2). One 
of these tachycardias is atrial fibrillation. 

2. In cases of AF associated with WPW syndrorne, calcium-chan
nel blockers and digoxin are contraindicated because these 
drugs can paradoxically accelerate the ventricular rate 
(by blocking the wrong pathway). 

3. The treatment of choice for th.is type of tachycardia is 
electrical cardioversion or cardioversion with procain
amide. (The procainamide dosing regimen is: 100 mg IV 
over 2 minutes, then up to 25 mg/min IV to a maximum 
of one gram in the first hour, then 2 to 6 mg/min.) 

I I I .  MULTIFOCAL ATRIAL TACHYCARDIA 

A. Features 

Multi.focal atrial tachycardia (MAT) is a narrow QRS tachy
cardia with an irregular rhytlu11, and is characterized by 
multiple p wave morphologies and a variable P-R interval 
(see Figure 15.3). It is seen most often in the elderly (average 
age = 70), and over half of the cases occur in patients with 
chronic lung disease (13). 

B. Acute Management 

MAT can be difficult to manage, but the following measures 
can be effective. 

1. Start wiili intravenous magnesium: mix 2 grams MgS04 
in 50 mL saline and infuse over 15 minutes, then mix 6 
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grams MgS04 in 500 mL saline and infuse over 6 hours 
(14). This regimen has been successful in converting 
MAT to sinus rhythm in 88% of attempts, even when 
serum magnesium levels are normal. The mechanism is 
unclear, but the actions of magnesium as a calcium-chan
nel blocker may be responsible. 

2. Correct hypomagnesemia and hypokalem.ia if present. If 
these electrolyte disorders co-exist, the magnesium defi
ciency must be corrected before potassium replacement 
is started. (The reason for this is explained in Chapter 28). 
Use the following replacement protocol: 2 mg MgS04 (in 
50 mL saline) IV over 15 minutes, then 40 mg potassium 
IV over 1 hour. 

3. If the above measures are ineffective, give IV metoprolol 
(a �-blocker) as directed in Table 15.1 .  Th.is regimen has 
been successful in converting MAT to sinus rhythm in as 
many as 80% of attempts (13). 

a. If metoprolol cannot be given safely (e.g., patient has 
reactive airways disease), give verapamil (a calcium
channel b locker) in a dose of 7-150 mg/kg IV over 2 
minutes (3) . Verapamil converts MAT to sinus rhythm 
in less than 50% of cases, but it can also slow the ven
tricular rate. Watch for hypotension, which is a com
mon side effect of verapamil. 

IV. PAROXYSMAL SUPRAVENTRICULAR 

TACHYCARDIA 

A. Features 

1. Paroxysmal supraventricular tachycardia (PSVT) is a 
narrow QRS complex tachycardia with a regular rhythm 
and an abrupt onset. 
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2. The source of these arrhythmias is an accessory pathway 
that conducts impulses at a different speed than the nor
mal conduction pathways. The difference in conduction 
velocities allows an impulse traveling down one path
way (antegrade transmission) to travel up the other path
way (retrograde transmission). This circuitous transmis
sion of impulses creates a self-sustaining re-entrant tachy
cardia. The trigger is an ectopic impulse that travels through 
one of the pathways. 

3. There are 5 different types of PSVT, each with a different 
location for the accessory pathway. The most common is 
AV nodal re-entrant tachycardia, where the accessory pa th.
way is in the AV node. 

B. AV Nodal Re-entrant Tachycardia 

1. Features 

a. AV nodal re-entrant tachycardia (AVNRT) is a narrow 
QRS complex tachycardia with a regular rhythm and a 
rate between 140 and 220 bpm. It differs from sinus 
tachycardia in that the onset is abrupt and there are no 
discernible p waves on the ECG (see Figure 15.2). 

b.  This arrhythmia is typically seen in relatively yow1g 
adults with no comorbid conditions who complain of 
the sudden onset of palpitations, dyspnea, and chest 
pains. 

2. Adenosine 

a. Adenosine is an endogenous purine nucleotide that 
briefly depresses activity in the sinus and AV nodes. 
When given by rapid intravenous injection, adenosine 
terminates AV re-entrant tachycardias in over 90% of 
cases (15). The effect is usually apparent within 30 sec
onds, and the AV block lasts only 1 -2 minutes. 

b. A summary of the clinical use of adenosine is present
ed in Table 1 5.3 
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c. Note that peripheral veins are preferred for adenosine 
injection. This is based on reports showing that adeno
sine injection (in standard doses) thmugh central ve
nous catheters can provoke brief periods of cardiac 
standstill (16). If a central venous catheter is used for 
adenosine injection, the dose must be reduced by 50%. 

d. Side effects are common after adenosine injection, but 
most disappear rapidly because of adenosine's ultra
short duration of action. One of the troublesome side 
effects is bronchoconstriction in astlm1atic subjects 
(17), which is why adenosine should NOT be used in 
patients witl1 astlm1a. 

TABLE 1 5.3 Adenosine for AV Nodal Re-entrant Tachycardia 

I. Injection site: 
Use a peripheral vein for drug injection if possible. 
If a central vein is used, reduce adenosine dose by 50%. 

II. Dosing Regimen: 
1 .  Give 6 mg by rapid injection and follow with 20 ml saline 

flush. 
2. If no response after 2 min, give a second dose of 1 2  mg. 
3. The 12 mg dose can be repeated once if necessary. 

I l l .  Transient Reactions: 
• Facial flushing (50%) 
• Sinus bradycardia, AV block (50%) 
• Dyspnea (35%) 
• Chest pain (20%) 
• Nausea, headache, dizziness (5 -1 0%) 

IV. Drug I nteractions: 
• Theophyll ine antagonizes the actions of adenosine. 
• Adenosine effect is enhanced by B-blockers, calcium-channel 

blockers, and dipyridamole. (Reduce adenosine dose 50%). 

V. Contraindications: Asthma, AV block, sick sinus syndrome 

AV = atrioventricular. From References 1 5- 1 7. 
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In uncommon cases where adenosine is ineffective or not 
tolerated, calcium-channel blockers can be used to termi
nate AVNRT. One recommended drug regimen is shown 
below (18): 

Diltiazem: 0.25 mg/kg N over 2 minutes. If no response, 
give 0.35 mg/kg over 2 minutes. After conversion to 
sinus rhythm, infuse at 5-15 mg/hr for 24 hours. 

I t  is very important to rule out Wolff-Parkinson-White 
(WPW) syndrome as a cause of the PSVT before giving 
calcium-channel blockers because of the potential for 
these drugs to increase the ventricular rate in tachycar
dias associated with WPW (see earlier in the chapter). 

V. VENTRICULAR TACHYCARDIA 

Ventricular tachycardia (VT) is a wide QRS complex tachy
cardia that has an abrupt onset, a regular rhythm, and a rate 
above 100 bpm. VT that lasts longer than 30 seconds (sus
tained VT) is a potentially life-threatening arrhythmia that 
requires prompt attention. 

A. VT versus SVT 

VT can be difficult to distinguish from an SVT with pro
longed conduction through the AV node. This is demonstrat
ed in Figure 15.4 The tracing in the upper panel shows a 
wide QRS complex tachycardia that looks like VT. The trac
ing in the lower panel shows spontaneous conversion to si
nus rhytlun. Note that the QRS complex remains unchanged 
after the arrhythmia is terminated, revealing an underlying 
bundle branch block. Thus, the apparent VT in the upper 
panel is actually a paroxysmal SVT with a pre-existing bw1-
dle branch block. 
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A 

B 

FIGURE 1 5.4. An apparent VT (upper panel) that is actually an SVT with 
aberrant (prolonged) AV conduction. 111e correct diagnosis is evident 
only when spontaneous conversion to sinus rhythm (in the lower panel) 
reveals a pre-existing bw1dle brand1 block. (Tracings coLU"tesy of Dr. 
Rid1ard M. Greenberg, M.D.). 

1. Evidence of VT 

The presence of either of the following ECG abnormali
ties is evidence that the rhythm disturbance is VT. 

a. AV DISSOCIATION. The atria and ventricles beat inde
pendently in VT, so tlie lack of a fixed relationship 
between P waves and QRS complexes is evidence of VT. 

b. FUSION BEATS. A hision beat is an irregularly-shaped 
QRS complex that just precedes the onset of VT. These 
complexes are the result of retrograde h·aJ.1sn1ission of 
a ventricular ectopic impulse that merges (fuses) with 
a normal QRS complex. The presence of a fusion beat 
is therefore evidence of venh·icular ectopic activity. 

2. Primmy Heart Disease 

A simplified approach to distinguishing VT from SVT 
with aberraJ.1t conduction is to consider the presence or 
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a. VT is the cause of 95% of wide complex tachycardias 
in patients with primary heart disease (19). 

b. Therefore, a wide QRS complex tachycardia in any patient 
with primary heart disease should be treated as VT. 

B. Acute Management 

The management of patients with a wide QRS complex 
tachycardia can proceed as follows. This approach is organ
ized in a flow diagram in Figure 15.5. 

WIDE ORS COMPLEX TACHYCARDIA 
WITH UNIFORM MORPHOLOGY 

Is the patient stable? 

CD IMMEDIATE CARDIOVERSION 

1. Use synchronized shocks. 

2. Start at 1 00 J. 
3. Repeat if needed and add 1 00 J 

to each successive shock. 

® INTRAVENOUS AMIODARONE 

1 .  Give 1 50 mg IV over 1 O min. 

2. Follow with 1 mg/min infusion 
for 6 hours, then 0.5 mg/min 
infusion for 1 8  hours. 

3. Additional doses of 1 50 mg IV 
can be given every 1 O min as 
needed. 

4. Maximum daily dose is 2.2 g. 

Are you sure the rhythm is VT? 

® INTRAVENOUS ADENOSINE 

1. Start with 6 mg IV push. 

2. If no response in 2 min, 
give 12  mg IV push. 

3. If no response in  2 min, 
give 12 mg IV push. 

4. If no response, go to box #2. 

FIGURE 1 5.5. Flow diagram for the acute management of patients with 
wide QRS complex tad1ycardias. (From Reference 1). 
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1 .  If there is evidence of hemodynamic compromise, initiate 
DC cardioversion immediately with an initial shock of 
100 J, followed by repetitive shocks of 200, 300, and 360 J, 
if necessary. This is necessary regardless of whether the 
rhythm is VT or SVT with aberrant conduction. 

2. If there is no evidence of hemodynamic compromise and 
the diagnosis of VT is certain, start intravenous amio
darone to terminate the arrhythmia (see Figure 15.5 for 
the amiodarnne dosing regimen) (1) .  

3. I f  there is no evidence of hemodynamic compromise and 
the diagnosis of VT is uncertain, intravenous adenosine can 
help to unm.ask a paroxysmal SVT. Adenosine will not ter
minate VT, but it will abruptly terminate most cases of 
paroxysmal SVT. If the arrhythmia persists after adeno
sine, VT is the likely diagnosis, and intravenous amio
darone is indicated to terminate the rhythm. 

4. Lidocaine can be used to terminate VT in patients who 
do not tolerate amiodarone. The initial dose is 1 to 1 .5 
mg/kg by bolus injection. After 5 minutes, a second dose 
of 0.5 to 0.75 mg/kg can be given if needed. A mainte
nance infusion of 2 to 4 mg/ min can be used for contin
ued arrhythmia suppression. Lidocaine infusions should 
not extend beyond 6 to 12 hours because prolonged infu
sions can produce an excitatory neurotoxic syndrome. 

VI.  TORSADES DE POINTES 

A. General Features 

1. Torsades de pointes ("twisting around the points") is a 
polymorphic VT that is associated with a prolonged QT 
interval (20). The name derives from the appearance of 
the QRS complexes as twisting arow1d the isoelectric line 
of the ECG (see Figure 15.6). 
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FIGURE 1 5.6. Torsades de  poi.ntes, a polymorphic ventricular tad1ycardia 
that appears to be twisting around the isoelectric line of the ECG. 
(Tracing courtesy of Dr. Richard M. Greenberg, M.D.). 

2. Polymorphic VT with a normal QT interval is not tor
sades de pointes, and is simply called polymorphic VT. 

3. Measuring the QJ Interval 

The QT interval is usually measured in limb lead II, and 
must be corrected for the heart rate. The rate-corrected 
QT interval (QTc) is equivalent to the measured QT inter
val divided by the square root of the R-R interval (21) .  

arc = OT/VAR (15.1) 

A prolonged QT interval is defined as a QTc > 0.44 seconds. 

B. Etiologies 

Torsades de pointes can be congenital (idiopathic) or ac
quired. The acquired form is caused by a variety of drugs 
and electrolyte disorders that prolong the QT interval. 

1. The drugs that can trigger this arrhythmia are listed in 
Table 15.4 (22,23). 

2. The electrolyte disorders that may be responsible are 
hypokalemia, hypomagnesemia, or hypocalcernia (20) . 

C. Management 

The management of polymorphic VT with a normal QT 
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interval is the same as described for monomorphic VT (i.e., 
arniodarone). The management of torsades de pointes de
pends on whether the QT prolongation is congenital or ac
quired. 

1. The congenital form is managed with ventricular pacing 
to raise the heart rate above 100 bpm. The increased rate 
shortens the QT interval and reduces the tendency for VT. 

2. The acquired form is treated as follows: 

a .  Use intravenous magnesium (Mg++) for acute manage
ment: Start with 2 grams Mg•• (as MgS04) injected 
over one minute, and repeat 10 minutes later if need
ed. Follow with a continuous infusion of 1 gram Mg++ 
per hour for the next 6 hours. 

b.  Identify and discontinue any drugs that prolong the 
QT interval. 

c. Identify and correct any relevant electrolyte abnormal
ities. Mg++ deficiency is the principal concern here, 
particularly since hypokalernia and hypocalcernia can 
be the result of an tmderlying Mg++ deficiency. (For 
more information on Mg++ deficiency, see Chapter 28). 

TABLE 1 5.4 Drugs That Can Trigger Torsades de Pointes 

Anti- Anti-
Antiarrhythmics microbials psychotics Others ( Ouinidine Clarithromycin Chlorpromazine Cisapride 
IA 

Procainamide Erythromycin Haloperidol Droperidol 

Flecainide Gatifloxacin Thioridazine Methadone ( lbutil ide Levofloxacin 
I l l  

Sotalol Pentamidine 

From References 22,23. 
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'Ji '�- Chapter 16 
ACUT E RESPIRAT ORY 
DISTRESS SYNDROME 
The condition described in this chapter, which has the non
descript name acute respiratory distress syndrome (ARDS), is 
the leading cause of acute respiratory failure, and is charac
terized by widespread inflammation in the lungs, often ac
companied by inflammatory injury in other organs (1-3), 

I. FEATURES 

A. Pathogenesis 

L ARDS is a diffuse inflammatory process that involves 
both lungs, 

2, The process usually begins with activation of circulating 
neutrophils, which adhere to the endothelium of the pul
monary capillaries, The neutrophils then release the con
tents of their cytoplasmic granules, which damages the 
endothelium and produces a leaky-capillary type of exu
dation into the ltmg parenchyma, 

3, Neutrophils cross the capillary endothelium and pro
duce an inflammatory injury of the lung parenchyma, 
and this tissue damage promotes further inflammation, 
creating a vicious cycle that leads to progressive respira
tory insufficiency 

B. Predisposing Conditions 

A variety of conditions predispose to ARDS, and the most 
notable are listed in Table 16,L 
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1 .  The most common predisposing conditions are those that 
trigger a systemic inflammatory response (i.e., fever and 
leukocytosis). The most common of these is the sepsis syn
drome, which is a local or bloodstream infection associat
ed with a systemic inflammatory response. The incidence 
of ARDS in the sepsis syndrome is as high as 40% (4) . 

TABLE 1 6.1 Predisposing Conditions for ARDS 

1 .  Conditions associated with a systemic inflammatory response 
(fever, leukocytosis): 
a. Sepsis syndrome 

b. Endotoxemia 
c .  Extensive tissue injury 

d. Cardiopulmonary bypass 

2. Local conditions in the lungs: 

a. Gastric acid aspiration 
b. Pneumonia 
c. Pulmonary contusion 
d. Ventilator-induced lung injury 

3. Embolism syndromes: 
a. Fat embolism syndrome 

b .  Amniotic fluid embolism 

4 .  Miscellaneous conditions: 
a. Blood transfusions 
b. Drugs 
c .  Pancreatitis 
d. lntracranial hypertension. 

2. If the predisposing conditions are combined, the inci
dence of ARDS is about 25%, and the presence of ARDS 
increases the mortality rate tlu-eefold (4). 
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C. Clinical Manifestations 

1. The earliest signs of ARDS include tachypnea and pro
gressive hypoxemia, which is often refractory to supple
mental oxygen. Fever is common and may be present 
from a predisposing condition. 

2. The chest x-ray can be mu·eveali.ng in the first few hours 
of the illness. However by 24 hours after symptom onset, 
the chest x-ray reveals bilateral pulmonary infiltrates (see 
Figme 16.1) .  

3. Progressive hypoxemia leading to dependence on mech
anical ventilation often occurs in the first 48 hours of the 
illness. 

FIGURE 16 .L  Portable chest x-ray from a patient with ARDS. The infiJ
trates appear to be distributed uniformly throughout both lower illllg 
fields. The actual location of the in£iJ tra tes in ARDS is shown in Figure 16.2. 
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I I .  D IAGNOSIS 

A. Diagnostic Criteria 

1 The diagnosis of ARDS requires all of the conditions list
ed in Table 16.2 (5). Note the term acute Lung injury (ALI), 
which is a less severe form of ARDS. 

2. The conditions most often confused with ARDS are mul
tilobar pneumonia and cardiogenic pulmonary edema. Multi
lobar pneumonia can be indistinguishable from ARDS 
based on the diagnostic criteria in Table 16.2, and cardio
genic pulmonary edema can be mistaken as ARDS be
cause of the limitations of the wedge pressure measure
ment (see next). 

TABLE 1 6.2 Diagnostic Criteria for ARDS and ALI 

1 .  Acute onset 

2. Presence of a predisposing condition 
3. Bilateral infi ltrates on chest x-ray 
4. Pa02/F102 < 200 mm Hg for ARDS 

Pa02/F1 02 = 200 - 300 mm Hg for ALI 

5. Pulmonary artery occlusion pressure � 1 8  mm Hg or no cl in ical 
evidence of left heart failure. 

B. ARDS vs. Hydrostatic Pulmonary Edema 

The clinical presentation of ARDS and hydrostatic (cardio
genic) pulmonary edema can be indistinguishable, and the 
pulmonary artery occlusion pressure (known as the wedge 
pressure and described in Chapter 8) is considered a valuable 
measurement for differentiating between the 2 conditions. 
As indicated in Table 16.2, a wedge pressure ::; 18 mm Hg is 
considered evidence of ARDS, and a wedge pressure above 
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18 mm Hg is considered evidence of hydrostatic pulmonary 
edema. The problem here is that the wedge pressure is not a 
measure of capillary hydrostatic pressure (see next). 

1. Pitfalls of the Wedge Pressure 

a. As described in Chapter 8, the wedge pressure is a 
measure of left atrial pressure, and the pulmonary cap
illary hydrostatic pressure is higher than the left atrial 
pressure (if the 2 pressures were equivalent, there 
would be no pressure gradient for flow in the pulmo
nary veins). 

b.  The wedge pressure will therefore underestimate the 
actual capillary hydrostatic pressure. In conditions 
where the pulmonary venous resistance is elevated 
(e.g., during mechanical ventilation), the wedge pres
sure may be considerably lower than the capillary 
hydrostatic pressure. This means that 11 wedge pressure 
:::: 18 mm Hg does not exclude the possibility of hydrostatic 
pulmonary edema. 

2. Bronchoalveolar Lavage 

Although rarely used, bronchoalveolar lavage is a reli
able test for distinguishing ARDS from hydrostatic pul
monary edema. This procedure is performed at the bed
side using a flexible bronchoscope that is advanced into 
one of the involved lung segments. Once in place, the 
lung segment is lavaged with isotonic saline. The lavage 
fluid is then analyzed for neutrophil density and protein 
concentration. 

a. In pulmonary edema, neutrophils will make up less 
than 5% of the cells recovered in lung lavage fluid, 
whereas in ARDS, as many as 80% of the recovered 
cells are neutroph.ils (6). 

b .  Inflanunatory exuda tes are rich in proteinaceous mate
rial, and lung lavage fluid in ARDS is similarly rich in 
protein. When the protein concentration in lung la
vage fluid is expressed as a fraction of the plasma pro-
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tein concentration, the following criteria can be applied 
(7): 

lavage protein/plasma protein < 0.5 = hydrostatic edema 

lavage protein/plasma protein >0.7 =ARDS 

I I I .  MANAGEMENT 

Since ARDS was first described in 1967, only one therapeu
tic manipulation has proven effective in improving survival 
in ARDS: i.e., the use of reduced inflation volumes during 
mechanical ventilation. This is not really a specific therapy 
for ARDS, but is a lessening of the harmful effects of mech
anical ventilation on the lw1gs. 

A. Ventilator-Induced Lung Injury 

Since the introduction of positive-pressure mechanical venti
lation, large inflation volwnes (tidal volwnes) have been 
used to reduce the tendency for atelectasis during mechani
cal ventilation. 

1 .  The standard tidal volumes during mechanical ventila
tion are 10 to 15 mL per kg body weight, which are about 
twice the size of normal tidal volumes recorded during 
quiet breathing (6 to 7 mL/kg). 

2. In patients with ARDS, the large inflation volumes are 
delivered into lLmgs that have a marked reduction in 
functional volwne. The decreased functional volume in 
ARDS is evident in Figure 16.2. Note that the lung con
solidation is confined to the posterior or dependent lw1g 
regions. The relatively small region of L111i1wolved lung 
in the anterior portion of the thorax is the region where 
the inflation volmnes from the ventilator are dish·ibuted. 
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FIGURE 1 6.2 CT images of lw1g slices in a patient with ARDS. Lw1g 
capacity is reduced by the consolidation in the posterior lung regions, 
and the bulk of mechanical ventilation is delivered to the Lminvolved 
lw1g regions in the anterior thorax. (CT images digitally retouched. 
From Rouby J-J, et al. Cr.it Care Med 2003; 31(Suppl):S285-S295.) 

3. Because the ftmctional lung volume in ARDS is mark
edly reduced, the large inflation volumes delivered by 
mechanical ventilation cause overdistension and rup
ture of the distal airspaces. This volume-related injury is 
known as volutmuma. (Pressure-related lung injury is 
called barotrauma) . 

4. Volutrauma produces stress-fractures in the alveolar cap
illary interface, and this leads to infiltration of the distal 
airspaces with an inflammatory cells and proteinaceous 
material. The resulting clinical condition is called ventila
tor-induced Jung injury, and the pathologic changes look 
strikingly similar to ARDS (8). 

5 .  The damaging effects of mechanical ventilation may not 
be confined to the lw1gs; i.e., inflammatory mediators 
that accumulate in the lw1gs in response to volutrauma 
could enter the systemic circulation and travel to distant 
organs to produce widespread inflammatory injury and 
multi.organ dysfunction (9). 
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B. Low-Volume Ventilation 

To reduce the risk of ventilator-induced lw1g injury, a new 
strategy has been adopted for mechanical ventilation in 
ARDS that uses reduced tidal volwnes (6 mL/kg instead of 
the usual 10 to 15 mL/kg). Some clinical h·ials have shown 
a survival benefit associated with low-volume ventilation in 
ARDS (10,11 ) .  

1 .  Protocol 

a. A protocol for low-volume ventilation in ARDS is 
shown in Table 16.3. This protocol has 3 objectives: ( 1 )  
maintain a tidal volume no higher than 6 mL/kg, (2) 
keep the end-inspiratory plateau pressure below 30 cm 
H20 (this pressure is described in Chapter 18), and (3) 
avoid severe respiratory acidosis. 

b.  Note that the tidal volumes in this protocol are based 
on predicted body weight (which is the weight that best 
corresponds to normal lung volumes). 

2. Permissive Hypercapnia 

One of the consequences of low-volwne ventilation is 
reduced C02 elimination, which can lead to hypercapnia 
and respiratory acidosis. Allowing hypercapnia to persist 
in favor of maintaining low-volwne ventilation is known 
as permissive hypercnpnia (12). 

a .  Clinical trials of permissive hypercapnia have shown 
that arterial PC02 levels of 60 to 70 mm Hg and arteri
al pH levels of 7.2 to 7.25 are safe for most patients 
(13) .  The protocol in Table 16.3 is designed to keep the 
arterial pH above 7.15, but the preferred arterial pH is 
7.30 to 7.45. 

b.  Carbon dioxide is a powerful respiratory stimulant, 
and even mild degrees of hypercapnia can lead to in
creases in respiratory rate that interfere with effective 
mechanical ventilation. If this occurs, neuromuscular 
paralysis may be necessaxy. 
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TABLE 1 6.3 Protocol for Low-Volume Ventilation in ARDS 

I. First Stage: 

1 .  Calculate patient's predicted body weight (PBW). 

Males: PBW = 50 + [2.3 x (height in inches - 60)] 
Females: PBW = 45.5 + [2.3 x (height in inches - 60)) 

2. Set in itial tidal volume 0/r) at 8 mUkg PBW. 

3. Add positive end-expiratory pressure (PEEP) of 5 -7 cm H20. 

4. Reduce Vr by 1 mUkg every 2 hours until Vr = 6 mUkg. 

5 .  Adjust F102 to achieve Sa02 � 90%. 

II. Second Stage: 

1 .  When Vr = 6 mUkg, measure plateau pressure (Ppl). 

2. If Ppl > 30 cm H20, decrease Vr in 1 mUkg increments until 
Ppl < 30 cm H20 or Vr = 4 mUkg. 

Ill. Third Stage: 

1 .  Monitor arterial blood gases for respiratory acidosis. 
2. If pH = 7. 1 5-7.30, increase respiratory rate (RR) until 

pH > 7.30 or RR = 35 bpm. 
3 .  If pH < 7. 1 5, increase RR to 35 bpm. If pH still < 7. 1 5, 

increase Vr in 1 mUkg increments unti l  pH > 7 . 1 5. 

IV. Optimal Goals: 

Vr = 6 mUkg, Ppl < 30 cm H20, pH = 7.30 -7.45 

Adapted from the protocol developed by ARDS Network, available 
at www.ardsnet.org/studies/arma. 

3. Positive End-Expirntory Pressurn (PEEP) 

Low-volume ventilation is often accompanied by col
lapse of terminal airways at the end of expiration and re
opening of the airways during lung inflation. This repet
itive opening and closing of terminal airways can itself 
be a source of lung injury (possibly by creating shear 
forces that damage the airway epithelium) (14). This 
problem can be corrected (at least partially) by using pos
itive end-expiratory pressure (PEEP) to reduce the ten-
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dency for airway collapse at end-expiration. (PEEP is 
described in Chapter 20.) 

a .  The use of low-level PEEP (5 - 7 cm H20) is a standard 
practice during low-volume ventilation. There is no 
added benefit from higher levels of PEEP (for prevent
ing airways collapse) (15) .  

b. Higher levels of PEEP can be used, if necessary, to re
duce the fractional concentration of inhaled oxygen 
(F102) to safe levels. PEEP opens distal airspaces (alve
olar recruihnent), and this effect improves arterial oxy
genation and allows a reduction in the F102• When an 
F102 > 60% is needed to maintain an Sa02 2".90% (or 
::::: 88% if a pulse oxirneter is used to measure Sa02), 
PEEP is added in increments of 2-4 cm H20 tmtil the 
F102 can be reduced below 60%. (The risk of pulmo
nary oxygen toxicity is considered minimal when the 
F102 is below 60%). 

C. Fluid Management 

Fluid management in ARDS is usually aimed at reducing ex
tra vascular lung water with diuretics. While this approach 
has shown modest benefits in clinical measures like ltmg 
compliance, gas exchange, and length of time on the ventila
t01� there is little evidence of a consistent survival benefit 
(16,17). The following are some problems with diuretic ther
apy in ARDS that deserve mention. 

1. Problems with Diuretic Therapy in ARDS 

a. The first problem with diuretic therapy in ARDS is the 
nature of the ltmg irtfiltration. Diuretics are used to re
duce watery edema fluid. However, the lung infiltration 
in ARDS is an inflammatory process, and diuretics don't 
reduce inflammation. 

b. The second problem with diuretic therapy in ARDS is 
the risk for hemodynarnic compromise. Most patients 
with ARDS are receiving positive-pressure mechanical 
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ventilation, and venous pressures must be higher than 
normal to exceed the positive intrathoracic pressures 
and maintain venous return to the heart. Diuretic ther
apy can compromise venous return to the heart, and 
the resulting decrease in cardiac output will adversely 
affect systemic oxygen transport. Hemodynarnic mon
itoring with a pulmonary artery catheter can provide 
valuable information if aggressive diuretic therapy is 
planned. 

B. Blood Transfusions 

1. The h·aditional practice of transfusing RBCs to maintain 
a hemoglobin of 10 gm/ dL has no documented benefit in 
ICU patients, including ventilator-dependent patients 
(18) .  A lower transfusion threshold of 7 gm/dL has pro
ven safe in ICU patients, except possibly patients with 
active coronary artery disease (19). 

2. Considering that blood transfusions can cause ARDS, and 
that this complication may be much more common than 
recognized (20), it is wise to avoid RBC transfusions 
whenever possible in patients with ARDS. 

3.  See Chapter 30 for more information on anemia and 
blood h·ansfusions in the ICU. 

C. Pharmacotherapy 

1 .  Steroids 

High-dose steroid therapy has no effect on ARDS when 
given within 24 hours of the onset of illness (21). How
ever when steroids are given later in the course of illness, 
during the fibrinoprolifera ti ve phase that begins 7 -14 
days after the onset of  illness, there is  a definite survival 
benefit (22). One of the successful regimens involves 
methylprednisolone in a dose of 2 to 3 mg/kg/day. 
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2. Failed Thernpies 

Several attempted therapies for ARDS have failed to 
show a survival benefit. The failed therapies include sur
factant (in adults), nih·ic oxide, pentoxyphylline, liso
phylline, ibuprofen, prostaglandin E1, ketoconazole, and 
N-acetylcysteine (16,17) .  

D. Misdirected Therapy? 

Attempts at treating ARDS have been directed primarily at 
the lungs, but a majority of deaths in patients with ARDS are 
the result of multiorgan failure rather than respiratory 
(23-25).  The relationship between mortality and multiorgan 
failure in ARDS is shown in Figure 16.3 (24,25) .  Note the 
steady rise in mortality rate as the number of organ failures 
increases. This relationship suggests that the therapeutic 
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FIGURE 16.3. Mortality rate in ARDS as a fw1ction of nLUTiber of organs 
failed. Data from References 24 and 25. 
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approach to ARDS should be directed away from the lw1gs 
and toward a more systemic inflammatory disorder if there 
is to be a survival benefit. 
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ASTHMA AND COPD 
IN THE ICU 

This chapter describes the management of patients with 
acute exacerbations of astlu11a and clu·onic obstructive pul
monary disease (COPD). The focus here is on the use of 
pharmacologic agents to relieve airways obstruction. The 
principles of mechanical ventilation are described in the next 
section of the book. 

I. ACUTE EXACERBATION OF ASTHMA 

A. Peak Expiratory Flow Rate 

The management of acute astluna requires an assessment of 
the severity of airflow obstruction, but the physical examina
tion is 1mreliable in tlus regard (1). The peak expiratory flow 
rate (PEFR) is an objective measure of airflow obstruction 
that is easily obtained at the bedside. 

1. The PEFR is the greatest flow velocity that can be gener
ated during a forced exhalation from total 11mg capacity 
(i.e., when the lw1gs are fully inflated). The measurement 
is obtained with a hand-held device (called a peak flow 
meter) that the patient exhales into. A series of 3 measure
ments should be obtained, if possible, and the highest 
value is taken as the PEFR. 

2 The PEFR is an effort-dependent measurement, and is 
reliable only when the patient gives a maximum expira
tory effort. Patients who are in respiratory distress may 
be w1able to perform this maneuver. 
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3. Figure 17.1 shows the normal PEFR for adult men and 
women (2) . As indicated, the PEFR varies with age, gen
der, and height. For men, PEFR readings up to 100 L/min 
below predicted are considered within normal limits. For 
women, the equivalent figure is 85 L/min. 
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FIGURE 17 . 1  Normal peak expiratory flow rates (PEFR) for adult men 
and women. Adapted from Reference 2 for the Miiu-Wright Peak Flow 
Meter TM 
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4. The PEFR can be used in acute astluna as shown in 
Figure 17 .2 (3,4). 

a .  PEFR > 70% of normal values indicates rninimal or no 
airflow obstruction. 

b.  PEFR = 50- 70% of normal values indicates moderate 
airflow obstruction. 

c. PEFR <50% of normal values indicates severe airflow 
obstruction. 

B. Aerosol Drug Therapy 

The drugs used to relieve airflow obstruction (i.e., bron
chodilators) are delivered as inhaled aerosols. This mode of 
delivery is more effective than oral or intravenous therapy 
(5,6), and has fewer side effects. Two devices are used to gen
erate bronchodilator aerosols: nebulizers and metered-dose 
inhalers. 

1 .  Nebulizel'S 

Small-volume nebulizers use a reservoir volume of 3 to 6 
mL (drug plus saline diluent). A narrow capillary htbe is 
submerged in the solution and a rapidly flowing stream 
of gas is passed over the open end of the hibe. This gas 
jet creates a viscous drag that draws the drug solution up 
the capillary tube. When the solution reaches the gas jet, 
it is pulverized to form an aerosol spray, which is then 
inhaled by the patient. The reservoir volume is complete
ly aerosolized in less than 10 minutes. 

2. Metered-Dose Inhalers 

The metered-dose inhaler (MDI) operates like a can of 
hair spray. The device has a pressurized canister that con
tains a drug solution with a boiling point below room 
temperature. When tl1e canister is squeezed between the 
thumb and fingers, a valve opens that releases a fixed 
volume of the drug solution. The liquid immediately 
vaporizes when it emerges from the canister, and a liquid 
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propellant in the solution creates a high-velocity spray. 

a. The high velocity of MDI sprays is problematic be
cause most of the aerosol spray impacts on the poste
rior wall of the oropharynx and .is not inhaled. The 
velocity of the spray can be reduced by using a spacer 
device to increase the distance between the MDI and 

INITIAL ASSESSMENT OF ACUTE ASTHMA 

PEFR >50% 
• Inhaled p,.agonisl by MDI or 

nebulizer every 20 min. x 3 
• Oral steroids if no immediate 

response or if palient on 
chronic steroid Rx 

PEFR <50% 
• Inhaled f32·agonist + anticholinergic 

by nebulizer every 20 min. x 3 
or continuously for 1 hour 

• Oral or IV steroids 

Severe Respiratory Distress 
• Intubation and mechanical ventilation 

REPEAT ASSESSMENT • Nebulized P2·agonist + anticholinergic 

PEFR 50-80% predicted 
• Inhaled �-agonist every 60 min. 

• Oral or IV corticosteroid 

• Continue treatment 1-3 hours 

• IV corticosteroid 

Admit to ICU 

PEFR <50% predicted 
• Inhaled f32-agonist + anticholinergic 

by nebulizer continuously for 1 hour 

• IV corticosteroid 

PEFR ;,50% but <70% PEFR <50% 

Discharge Home Admit to 
Hospital 

• PC02 �42 mm Hg 

Admit to ICU 

FIGURE 1 7.2 Protocol for the management of acute exacerbation of asth
ma. Adapted from Reference 3. PEFR = pea.k expiratory flow rate. 
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mouth. Spacer devices (which are usually chambers 
that hold several sprays from an MDI) should be used 
routinely to improve lung deposition of MDI sprays. 

3. Nebulizer vs. MDI 

The dose of bronchodilators delivered by nebulizers is 
far greater than the dose delivered by MDis, but the 
bronchodilator response is the same. Th.is is demonstrat
ed in Figure 17.3 (7). Because MDis are equivalent to neb
ulizer treatments but are less labor intensive (i.e., do not 
require a respiratory therapist to administer), MDis are 
favored over nebulizers for bronchodilator therapy (don't for
get to use a spacer with the MDI). 

C. �-Receptor Agonists 

The favored bronchodilators in asthma are drugs that stimu
late �-adrenergic receptors in bronchial smooth muscle (�2 
subtype) to promote smooth muscle relaxation (8). Short-act
ing agents are preferred for acute therapy because they can 
be given more frequently. The most popular short-acting �2-
agonist is albuterol. When inhaled as an aerosol, albuterol 
produces an effect within 5 minutes, and it lasts 2 - 5  hours 
(8). The dose of aerosolized albuterol in acute asthma is 
shown in Table 17.1 .  

1 .  Intermittent vs. Continuous Aerosol Therapy 

For acute exacerbation of asthma, albuterol can be given 
as a series of intermittent aerosol treatments (using a neb
ulizer or MDI) every 20 minutes, or as a single continu
ous nebulizer treatment (see Table 17.l for the doses). 
Most studies show no difference in efficacy between the 
two regin1ens (9). Continuous aerosol therapy is favored 
by many because it is easier to administer. 

2. Parenteral Therapy 

For the rare asthmatic patient who does not tolerate 
bronchodilator aerosols (usually because of excessive 
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FIGURE 17.3 Bronchodi lator response to albuterol delivered by nebuliz
er (2.5 mg per treatment) and metered-dose inhaler (MDI) (0.4 mg per 
treatment) in patients with acute exacerbation of asthma. PEFR = peak 
expiratory flow rate. Adapted from Reference 7. 

coughing), the following regimens are effective (1): 

a .  Epinephrine: 0.3-0.5 mg by subcutaneous injection 
every 20 minutes x 3, or 

b. Terbutaline: 0.25 mg by subcutaneous injection every 
20 minutes x 3. 

3. Side Effects 

High-dose aerosol therapy with �2-agonists can produce 
a number of side effects, including tachycardia, tremors, 
hyperglycemia, hypokalemia, hypomagnesemia, and hy
pophosphatemia (8,10,11) .  Cardiac ischemia is rare (11) .  

C. Anticholinergic Agents 

l .Anticholinergic agents are less effective than �2-agonists 
in astluna, and are used only in in combination with �2-
agonists (see Figure 17.2) (3,4,12). 
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2. The only anticholinergic agent approved for clinical use is 
ipatropium bromide, a derivative of atropine that blocks 
muscarinic receptors in the airways. The aerosol dose of 
ipatropium in acute asthma is shown in Table 17.1. 

TABLE 1 7  .1 Drug Therapy for Acute Exacerbation of Asthma 

Drug Preparation Dose 

Short-Acting �rReceptor Agonist 

Albuterol nebul izer 
solution (5 mg/ml) 

Albuterol by MDI 
(90 µg/puff) 

Anticholinergic Agent 

2 .5-5 mg every 
20 min x 3 doses, 
or 1 0 -1 5 mg/hr 
continuously, then 
2.5 - 1 0  mg every 
1 -4 hrs as needed. 

4-8 puffs every 
20 min up to 4 hrs, 
then every 1 - 4 hrs 
as needed. 

lpatropium bromide 0.5 mg every 
nebulizer solution 20 min for 3 doses, 
(0.25 mg/ml) then every 2-4 hrs 

as needed. 

Comments 

Dilute albuterol 
solution to final 
volume of 5 ml 
and deliver at gas 
flows of 6 - 8  Umin. 

As effective as 
nebulizer fi.. MDI 
should be used 
with spacer device. 

Can mix in same 
nebulizer as 
albuterol. Should 
not be used alone as 
first- l ine therapy. 

lpatropium bromide 4-8 puffs as needed. MDI del ivery has not 
by MDI (1 8 µg/puff) been studied in 

acute asthma. 

Corticosteroids 

Methylprednisolone 
(IV), or prednisone 
(oral) 

1 20- 180 mg/day 
in 3 or 4 divided 
doses for 48 hrs, 
then 60-80 mg/day 
until PEFR � 70% of 
predicted. 

No difference in effi
cacy between IV and 
oral f\. Onset of 
effect takes several 
hours. 

From Reference 3. Drug doses are for adults only. 
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3. Systemic absorption of aerosolized ipatropium is rrlini
mal, so there is little risk of anticholinergic side effects; 
i .e. , tachycardia, dry mouth, blurred vision, and urinary 
retention. 

D. Corticosteroids 

Steroids are recommended for all patients with acute asthma 
(see Figure 17.2). The steroid preparations used most often 
are methylprednisolone (for intravenous therapy) and 
prednisone (for oral therapy), and the recommended doses 
are shown in Table 17.1 .  The following points about steroid 
therapy deserve mention. 

1. There is no difference in efficacy between oral and intra
venous steroids (13). 

2. The beneficial effects of steroids may not be apparent 
until 12 hours after therapy is started (13). 

3. There is no clearly defined dose-response curve for ste
roids, which means that higher doses of steroids are not 
superior to lower doses (13). 

4. A 10-day course of steroids can be stopped abruptly 
without a tapering dose (14). 

5 .  A myopathy has been reported in ventilator-dependent 
asthmatic patients treated with high-dose steroids and 
neuromuscular blocking agents (15). 

a .  Unlike the traditional steroid myopathy, which is char
acterized by proximal muscle weakness, this myop
athy involves both proximal and distal muscles, and is 
often associated with rhabdomyolysis. The muscle 
weakness can hamper weaning from mechanical ven
tilation. 

b. Once the disorder is suspected, rapid taper of the par
alyzing agents and steroids is advised. 
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c. The muscle weakness can be prolonged, but the disor
der is usually reversible. 

E. Other Considerations 

The following are some important considerations for the 
management of acute astlu11a in the emergency department: 

1. Supplemental oxygen is not necessary if the arterial 02 
saturation measured by pulse oximeh-y is 92% or higher. 

2. Chest x-rays are not necessary unless there is suspicion of 
a condition other than asthma (e.g., pneumonia). 

3. Arterial blood gases are not necessary unless the patient 
is in extremis, is cyanotic, or is refractory to initial bron
chodilator therapy. 

4. Antibiotics are not necessary unless there is evidence of a 
trentable infection. 

I I .  ACUTE EXACERBATIONS OF COPD 

Acute exacerbations of COPD (i.e., chronic bronchitis and 
emphysema) are responsible for about half a million hospi
tal admissions yearly in the United States, and half of these 
are ICU admissions (16). 

A. Bronchodilator Therapy 

1. Short-acting �2-agonists like albuterol are used routinely 
in acute exacerbation of COPD. The usual dose is 2.5-
5 mg via nebulizer or 2 puffs by MDI every 4 to 6 hours. 

2. Unlike the case in asthma, aerosolized ipah·opium bro
nude can be used alone as a bronchodilator in acute exac-
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erbations of COPD (17,18). The usual dose is 0.5 mg by 
nebulizer or 2 to 4 puffs by MDI every 4 to 6 hours. The 
common practice is to combine ipatropium with �i-ago
rust therapy, but some studies do not support this prac
tice (18). 

B. Corticosteroids 

A short course (2 weeks) of corticosteroid therapy is recom
mended for all patients with acute exacerbation of COPD 
(16-18). One example of an effective 2-week steroid regimen 
is shown below (19). 

Methylprednisolone: 125 mg IV every 6 hrs on days 1 - 3, 

Prednisone: 60 mg once daily on days 4 - 7, 
40 mg once daily on days 8 - 11,  
20 mg once daily on days 12-15. 

C. Antibiotic Therapy 

1 .  Infection in the airways is believed to be the inciting 
event in 80% of cases of acute exacerbation of COPD, a11d 
bacteria are isolated in at least half of the cases (20). The 
infections are usually polymicrobial, and the most frequent 
treatable isolates are Chlamydia pneum.oniae, Henwphilus in
fluenza, and Streptococcus pneumoniae. 

2. Despite the prevalence of airway infection, the benefit of 
antimicrobial therapy in acute exacerbation of COPD has 
been difficult to prove. The most recent evidence using 
pooled data from 11 clinical trials indicates that antimi
crobial therapy is beneficial in patients who are at risk for 
a poor outcome (18). 

3. Antibiotic therapy in acute exacerbation of COPD is not 
based on sputum cultures, but rather on the risk for a 
poor outcome. Recommendations for antibiotic therapy 
based on risk assessment are shown in Table 17.2. 
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4. The optimal duration of antimicrobial therapy is not 
known: the common practice is to continue therapy for at  
least 7 days. 

TABLE 1 7.2 Antibiotic Therapy for Acute Exacerbation 
of COPD Based on Risk Assessment 

I. Risk Assessment 

Answer the following questions: 

1 .  Is the FEV, less than 50% of predicted? 

2. Does the patient have cardiac disease or other 
significant comorbid conditions? 

3. Has the patient had 3 or more exacerbations in 
the previous 1 2  months? 

Yes No 

0 0 
0 0 

0 0 

If the answer is YES to at least one of these questions, the patient 
is considered to be high-risk for an unfavorable outcome. 

I I .  Antibiotic Selection 

High Risk Patients: Amoxici l l in-clavulanate or a newer 
fluoroquinolone (gatifloxacin, levofloxacin, 
or moxifloxacin) 

Low Risk Patients: Doxycycline, a second-generation cephalo
sporin (e.g . ,  cefuroxime) or a newer macro
lide (azithromycin or clarithromycin) 

From Reference 20. FEV1 = Forced expiratory volume in 1 second. 

D. Oxygen Therapy 

In patients with COPD and chronic hypercapnia, inhalation 
of high concentrations of oxygen can aggravate the hyper
capnia (21) .  To minimize this risk, the concentration of in
haled 02 should be just enough to keep the arterial oxyhemo
globin sa tura ti on (Sa02) at 88 -90%. There is no evidence 
that raising the Sa02 above this level will further enhance tis
sue oxygenation. 
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BASICS OF 
MECHANICAL 
VENTILATION 

1 8  

Patient care in any ICU requires a working knowledge of 
mechanical ventilation. Much of this is learned by repeated 
exposure to ventilators at the bedside, but the information in 
the next few chapters can serve as a starting point. 

I. POS ITIVE-PRESSURE VENTILATION 

A. Pressure-Volume Relationships 

1. During mechanical ventilation, the ventilator creates a 
positive pressure that pushes air into the lungs. This in
flation pressure is h·ansmitted into the thorax to create a 
positive intra thoracic pressure. 

2. The inflation pressure is influenced by the volwne that is 
delivered (the inflation volume) and the mechanical prop
erties of the ltmgs. This is demonstrated in Figure 18 .1 .  
Note the following: 

a .  The inflation pressure increases as the inflation vol
ume increases. 

b. In conditions of increased airways resistance and re
duced lw1g compliance, the inflation pressure is high
er at any given inflation volume (i.e., the curve is shift
ed to the left). 

3 .  The inflation pressure is roughly equivalent to the intra-

283 



284 Mechanical Ventilation 

thoracic pressure. Therefore, Figure 18.1 shows that the 
influence of mechanical ventilation on intrathorncic pressure is 
determined by the volume delivered and the mechanical prop
erties of the lungs. 

60 
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o._ 
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or Reduced Lung Compliance ....._ 

0 500 1 ,000 
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FIGURE 18 . I  Pressure-volume relationships during positive-pressure 
mechanical ventilation. TI1e vertical arrow (v = k) represents vo!Lune
cycled ventilation, and the horizontal arrow (p = k) represents pressure
cycled ventilation. 

B. Pressure vs. Volume Control 

1. A mechanical breath can be terminated at a preset pres
sure (pressure-cycled ventilation) or a preset volume (vol
ume-cycled ventilation). 

2. During pressure-cycled ventilation, the inflation volume 
varies with changes in the mechanical properties of the 
lungs. This is shown by the horizontal arrow in Figure 
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18.1 ;  i.e., when lw1g mechanics are abnormal, the infla
tion volume decreases. 

3. During volume-cycled ventilation, the inflation volume 
is constant regardless of the mechanical properties of the 
lungs. This is shown by the vertical arrow in Figure 18.1 ;  
i .e . ,  when lung mechanics are abnormal, the ventilator 
develops higher inflation pressures to deliver the preset 
volume. 

4. Volume-cycled ventilation is favored because of the ability 
to maintain a constant inflation vollm1e despite changes in 
the mechanical properties of the lungs (which can occur 
frequently in ventilator-dependent patients). However, 
inh·athoracic pressures can reach very high levels during 
volume-cycled ventilation (particularly when the llmgs 
are noncompliant), and this can adversely affect the car
diac output (see next). 

C. Cardiac Performance 

Positive-pressure ventilation can influence both ventricular 
filling and ventricular emptying (1) .  

1 .  Ven tricular Filling 

Positive-pressure lw1g inflation ca11 reduce ventricular 
filling by the following mechanisms: 

a .  Positive intra thoracic pressure impedes venous return 
by reducing the pressure gradient for venous inflow 
into the thorax. 

b. Positive pressure exerted on the outer surface of the 
heart reduces cardiac distensibility, and this can re
duce venfricular filling during diastole. 

2. Ventricular Emptying 

Positive intrathoracic pressure can facilitate ventricular 
emptying by reducing the transmural pressure that must 
be developed by the ventricle to eject the stroke volume. 
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(The positive intrathoracic pressme acts like a hand that 
squeezes the ventricles during systole). 

40 Airway Pressure 

cm H20 20 

0 --'-----' 

1 30 

1 1 0  

mm Hg 

90 

70 

FIGURE 18.2 Respiratory variation in blood pressure. The positive-pres
sure ILU1g inflation (depicted in the upper graph) is associated with a 
h·ansient rise in blood pressure, reflecting an increase in cardiac stroke 
output. 

3. Cardiac Output 

The effect of mechanical ventilation on cardiac stroke 
output will depend on which of the two effects on car
diac performance (a decrease in ventricular filling or an 
increase in ventricular emptying) is predominant. 

a .  In conditions where the inh·athoracic pressme exceeds 
the central venous pressme (e.g., hypovolemia), the 
predominant effect of mechanical ventilation is to re
duce ventricular filling and thereby decrease cardiac 
stroke output. 

b.  When ventricular filling is adequate, the predominant 
effect of mechanical ventilation is to enhance ventricu-
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Jar emptying and thereby increase cardiac stroke out
put. 

c. The effect of mechanical ventilation on cardiac output 
can be inferred from the respiratory variations in blood 
pressure. When cardiac sh·oke output is increased, there 
is an increase in blood pressure associated with each 
ltmg inflation, as demonstrated in Figure 18.2. When 
cardiac stroke output is decreased, each lung inflation 
produces a decrease in blood pressme. 

I I .  INITIATING MECHANICAL VENTILATION 

A. Tracheal Intubation 

Positive-pressure ventilation requires tracheal intubation 
with specialized endotracheal tubes that have an inflatable bal
loon (called a cuff) at the distal end to prevent air from es
caping arotmd the tube during lung inflation. 

1 .  Endotracheal tubes are sized according to their internal 
diameter, which varies from 5 to 10 mm (in adults). Tube 
sizes of 7 or 8 (i.e., internal diameters of 7 or 8 mm) are 
recommended for adults. Smaller sized (narrower) tubes 
create an obstruction to air flow, while larger-sized (wid
er) tubes increase the risk of laryngeal damage. 

2. Intubation of the trachea is accomplished by inserting the 
endotracheal tube through the nose or mouth and ad
vancing the tube through the larynx and into the trachea. 
The nasal route is reserved for elective intubations in 
awake patients. 

3. Once the endotracheal tube is in place, the balloon at the 
distal end of the tube is inflated (with an air-filled sy
ringe) w1til there is no evidence of an air leak (i.e., no 
audible sounds of air escaping out through the mouth 
when the lungs are manually inflated) .  
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4. To verify tube placement in the h·achea, exhaled C02 is 
measured with a disposable, colorimeh·ic C02 detector 
(Easy Cap II, Nellcor, Pleasantville, CA). If the exhaled 
C02 is above 0.5% (which produces a tan or yellow color 
on the C02 detector), the tube is in the trachea (2). A low
er concentration of exhaled C02 indicates that the tube is 
in the esophagus, and should be removed immediately. 

5. Listening for breath sounds when air is forced through 
the endotracheal tube is an wneliable method for distin
guishing between tracheal and esophageal inhibation (3). 

6 .  Once h·acheal intubation is verified, a portable chest x
ray should be obtained to determine the location of the 
tip of the tube. The tube is properly placed when the tip 
is located 3 to 5 cm above the tracheal carina (with the 
head in a neutral position) (4). 

B. Low-Volume Ventilation 

Following successful tracheal intubation, mechanical venti
lation can proceed according to the protocol shown in Table 
18.1 .  This protocol was developed for patients with acute 
respiratory distress syndrome (ARDS), and it is described in 
detail in Chapter 16 (see Table 16.3). 

1. Low-voltm1e ventilation is designed to reduce the risk of 
ventilator-induced lung injury (5), a condition characterized 
by overdistension and rupture of alveoli in nondiseased 
lung segments. This condition is caused by inflation vol
tm1es that are too large for the volume of nondiseased 
lung, where most of the inflation volume is distributed. 
This condition is described in Chapter 16 (section ill-A). 

2. The inflation volume (also called tidal volume) in low-vol
mne ventilation is 6 mL/kg, which is about half the tra
ditional inflation volume (10 to 12 mL/kg). Note that the 
predicted body weight is used to determine the tidal vol
ume. Predicted body weight is the preferred measure of 
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TABLE 1 8.1 Protocol for Initiating Low-Volume Ventilation 

Step 1 :  Initial Ventilator Settings 

1 .  Select assist-control mode of ventilation with NO ventilator sighs 

2. Set initial tidal volume (Vr) at 8 mUkg using the patient's 
predicted body weight (PBW). 

Males: PBW = 50 + [2.3 x (height in inches - 60)] 
Females: PBW = 45.5 + [2 .3 x (height in inches - 60)] 

3. Set respiratory rate (RR) at 1 2-1 4 breaths. 

4. Add positive end-expiratory pressure (PEEP) of 5-7 cm H20. 

5. Set inspired 01 concentration (F101) at 1 00%. 

Step 2: Volume Reduction 

1 .  Reduce Vr by 1 mUkg every 2 hrs until Vr is 6 mUkg. 

2 .  When Vr is 6 mUkg, measure end-inspiratory plateau 
pressure (Pp!). 

3. If Pp! > 30 cm H20, decrease Vr in 1 mUkg increments until 
Pp! <30 cm H10 or Vr = 4 mUkg. 

Step 3: Adjustments for Respiratory Acidosis 

1 .  Measure arterial blood gases for evidence of acute respiratory 
acidosis. If present, proceed as follows. 

2. If arterial pH is 7.1 5 -7.30, increase RR until pH > 7.30 or 
RR = 35 bpm. 

3.  If arterial pH < 7. 1 5, increase RR to 35 bpm. If pH sti l l  < 7. 1 5 ,  
increase Vr in  1 mUkg increments until pH > 7 . 1 5 .  

Step 4:  Achieving a Non-Toxic F102 

1 .  Decrease F102 in 1 0-20% increments until the F102 < 60% or 
the Sa02 = 80% (by pulse oximetry). 

2. If the F101 remains > 60%, add PEEP in increments of 2-3 cm 
H10 until the F102 <60% and the Sa01 288%. 

Adapted from the protocol for low volume ventilation in ARDS (see 
Table 1 6.3). 

body size because it is closely associated with normal 
lung volumes. 



290 Mechanical Ventilation 

3. The use of low-level positive end-expiratory pressure 
(PEEP) is a standard practice during low-volume ventila
tion, and is used to cow1teract the tendency for small air
ways to collapse at end-expiration when inflation vol
umes are reduced (6). 

4.  The end-inspiratory plateau pressure (described later in 
the chapter), which is the elastic recoil pressure of the 
lw1gs and thorax, is kept below 30 cm H20 because a 
large clinical study showed that this condition was asso
ciated with improved outcomes during low-volume ven
tilation (7) . 

5. The C02 is allowed to rise during low-volume ventilation 
(a condition known as permissive hypercapnia), but the ar
terial pH is not allowed to drop below 7.15. 

6. To reduce the risk of puJmonary oxygen toxicity, the frac
tional concenh'ation of inspired oxygen (F102) should be 
kept below 60% in all patients who breathe supplemental 
oxygen for more than 48 hours. Additional PEEP can be 
used to achieve this goal if necessary (The actions of PEEP 
to improve arterial oxygenation are described in Chapter 19). 

III .  MONITO RING LUNG MECHANICS 

A. Mechanical Properties of the Lungs 

1 .  The mechanical properties of the lungs include the resist
ance to flow in the airways and the elastic recoil force of 
the lw1g parenchyma. 

2. The elastic recoil of the lungs is measured as compliance, 
which is a measure of the distensibility of the lungs (i.e., 
a decrease in lung compliance indicates a decrease in 
lung distensibility). 
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Inflation Hold Exhalation 

FIGURE 1 8. 3  Airway pressure profile during an inflation-hold maneuver. 

A. Proximal Airway Pressures 

The proximal airway pressures depicted in Figure 18.3 can 
be used to evaluate the mechanical properties of the lungs 
during mechanical ventilation (8,9). 

1. Peak Pressure 

The peak pressure at the end of inspiration (Ppcok) varies 
in the same direction as changes in airways resistance, 
and varies in the opposite direction to changes in luDg 
compliance (see Table 18.2). 

a .  When the inflation volume is constant, aD increase in 
Ppcak indicates either an increase in airway resistance, a 
decrease in lw1g compliance, or both. 

2. Plateau Pressure 

If the inflation volume is held in the lungs by occluding 
the expiratory limb of the ventilator tubing, the proximal 
airway pressure decreases initially and then reaches a 
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steady level (see Figure 18.3). This inflation-hold pres
sure is called the plateau pressure. 

a. The plateau pressure (Ppiateau) varies in the opposite di
rection to changes in lw1g compliance; i.e., an increase 
in Pploteau indicates a decrease in lLmg compliance. 

b. Because Pplateau is obtained in the absence of airflow, i t  
is not influenced by changes in airway resistance (see 
Table 18.2) . 

c. Because airways resistance influences only peak pres
sure, the pressure difference (Ppeak - Ppiateau) is a measure 
of changes in airway resistance (see Table 18.2). 

TABLE 18.2 Influence of Abnormal Lung Mechanics on 
Proximal Airway Pressures 

Abnormal Changes in Proximal Airway Pressures 

Condition Ppeak Pplateau (Ppeak - Pp1ateau) 
Decreased lung I ncreased Increased No Change 
compliance 

Increased airway Increased No Change Increased 
resistance 

3. Summa1y 

a. Changes in lLmg compliance are detected by changes 
in Ppli1tcau •  

b.  Changes in airway resistance are detected by changes 
in (Ppcak - Pplateau) . 

CAVEAT. Since airways pressures are measured relative to 
atmospheric pressure, they are transthomcic pressures, and 
are influenced by conditions in the chest wall as well as 
the lw1gs. This can be an important consideration for the 
evaluation of compliance; i.e., conh·action of the chest 
wall muscles can reduce the compliance of the cl1est wall, 
and this can be misinterpreted as a decrease in lLmg com-
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pliance. Thus, the term thoracic compliance is a more accu
rate description of this parameter. 

B. Practical Applications 

The following are two situations where interpretation of 
proximal airway pressures can be useful. 

1. Bedside Evaluation of Respirntoiy Distress 

The flow diagram in Figure 18.4 demonstrates how the 
proximal airway pressures can be used to evaluate a ven
tilator-dependent patient who develops sudden onset of 
respiratory deterioration. 

a .  If the peak pressure is increased but the plateau pres
sure is unchanged, the problem is an increase in air
ways resistance. In this situation, the major concerns 
are obstruction of the tracheal tube, airway obstruction 
from secretions, and acute bronchospasm. Therefore, 
immediate interventions should include airways suc
tioning to clear secretions and an aerosolized broncho
di.la tor treatment. 

b. If the peak a11d plateau pressures are both increased, 
the problem is a decrease in thoracic compliance. In 
this situation, the major concerns in the ltmgs are pneu
mothorax, lobar atelectasis, acute pulmonary edema, 
worsening pneumonia, and progression of ARDS. The 
appropriate i11terventions in this situation include aus
cultation of the ltmgs (diminished breath smmds can 
be a sign of pneumothorax or lobar atelectasis) and a 
STAT chest x-ray (all of the conditions just mentioned 
should be apparent on a chest x-ray). 

c. If the peak pressure is decreased, the problem may be 
a cuff leak that allows part of the inflation volume to 
escape from the lungs. A sudden drop in peak pressure 
can also be the result of a hyperventilating patient who 
is generating enough negative intrathoracic pressure 
to decrease the peak airway pressure. 
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2. Bronchodilator Responsiveness 

The proximal airway pressures can be used to evaluate 
responsiveness to aerosolized bronchodila tors duri11g 
mecharucal ventilation. 

a .  A favorable bronchodilator response should be accom
parlied by a decrease in Ppcak with no change in Ppiateau; 
i .e . ,  a decrease in (Ppcak - Pprateau). 

ACUTE RESPIRATORY 
DETERIORATION 

PEAK INSPIRATORY 
PRESSURE 

(Decreased) 

i 
• Air Leak 
• Hyperventilation 

(No Change) 

+ 

( Increased) 

t 
PLATEAU 

PRESSURE 

(No Change) 

i 
• Pulmonary Embolus 
• Extrathoracic Process 

( Increase) 

+ 
AIRWAY OBSTRUCTION DECREASED COMPLIANCE 

• Aspiration 
• Bronchospasm 
• Secretions 
• Tracheal Tube 
• Obstruction 

• Abdominal Distension 
• Asynchronous Breathing 
• Atelectasis 
• Auto-PEEP 
• Pneumothorax 
• Pulmonary Edema 

FIGURE 1 8.4. Flow diagram showing how the peak and plateau pressures 
can be used to identify the likely cause(s) of acute respiratory problems. 
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C. Thoracic Compliance 

The compliance of the lw1gs and chest wall (thoracic compli
ance) can be determined as the ratio of the tidal volume (Vr) 
to the elastic recoil pressure measured at end-inspiration 
(i.e., Pplatcau) . 

Cstat = Vr /Pplateau (18 .1)  

Since the plateau pressure is measured in the absence of air
flow, the resulting compliance is referred to as "static" com
pliance (C51,,). 

1. Expected Range of Values 

In an intubated patient without lung disease (e.g., a drug 
overdose), a tidal volume (Vr) of 500 mL should be asso
ciated with a plateau pressure no higher than 10 cm H20. 
The thoracic compliance in this situation is: 500 mL 7 lQ 
cm H20 = 50 mL/cm H20. 

a. Thoracic compliance is normally 50-80 mL/ cm H20 (8). 

b. In patients with stiff lungs due to severe infiltrative 
lw1g disease, thoracic compliance is reduced to 10-20 
mL/ cm H20 (10). 

D. lnspiratory Resistance 

The pressure difference (P penk-Pp1ntcnu) is the pressure gradient 
needed to overcome resistance to airflow during lung infla
tion. Therefore, the resistance to flow during inspiration 
(R,0,p) can be determined using the (Ppcnk-Pplatcnu) and the in
spiratory flow rate (Q,0,p) generated by the ventilator. 

R;nsp = (Ppeak - Pplateau) / O;nsp (18.2) 

The R,nsp is a measure of the stmuned resistances of the con
nector tubing, the endotracheal tube, and the airways, and is 
often called the total inspiratory resistance. 
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1. Expected Ran9e of Values 

For ventilator-dependent patients who have no cardio
pulmonary disease, the following measurements are typ
ical: inspiratory flow rate =60 L/min (1 L/sec), peak 
pressure= 20 cm H20, plateau pressure = lO cm H20. The 
resulting R;nsp is (20 - 10) -;. 1 = 10 cm H20 /L/sec. 

a .  Total inspiratory resistance is normally 10-15 cm H20/ 
L/sec. 

b. The minima.I flow resistance in large-bore endotra
cheal tubes is 3-7 cm H20/L/sec (11), so nonpulmo
nary resistive elements can accoLmt for a considerable 
portion of the total inspiratory resistance. This is a ma
jor shortcoming of the inspiratory resistance measure
ment. 
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MODES OF 
POSITIVE-PRESSURE 
BREATHING 
Positive airway pressure can be used to inflate the lungs, 
prevent the lw1gs from deflating, provide full ventilatory 
support, or support spontaneous breathing. This chapter 
presents these different forms of positive-pressure breathing. 

I. THE VENTILATOR BREATH 

The cornerstone of positive-pressure breathing is the posi
tive-pressure lw1g inflation (i.e., the ventilator breath) like the 
one shown in Figme 19.1. These lw1g inflations can be vol
ume-cycled (where inflation continues to a preset volume), 
pressure-cycled (where inflation continues to a preset pres
sure), or time-cycled (where inflation continues for a preset 
period of time). The description that follows is for volw11e
cycled ventilation, which is the most common method of 
positive-pressure breathing. 

A. Basic Features 

The components of a ventilator breath are described below 
using the corresponding munbers in Figure 19.1 .  

1 .  Initiating the Breath 

The initial portion of the tracing has a negative pressure 
deflection, which represents a spontaneous inspiratory 
effort by the patient. If the negative pressure reaches a 
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FIGURE 19. l Changes in aitway pressure during a ventilator breath. 111e 
components of the ventilator breath are marked by the circled nwnbers 
(see text for explanation). 

threshold level (which is usually set 2 cm H20 below the 
baseline pressure), a pressure-activated valve in the ven
tilator is opened, and the ventilator delivers the breath. 
Patients who are able to initiate or "trigger" ventilator 
breaths will be ventilated at their own intrinsic rate. 

2. Lung lnjlation 

The lungs are usually inflated at a constant flow rate, 
which produces a steady rise in airway pressure and 
lung volume. Inspiratory flow rates are usually set at 60 
L/min (1 L /sec), which ensures rapid lw1g inflation (i.e., 
a typical inflation volume of 500 mL will be delivered in 
less than one second) and allows enough time for the 
lungs to empty. 

3. Peak Ail-way Pressure 

The peak pressure at the end of the lw1g inflation is de
termined by three factors: the inflation volume, the resist-
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ance to  flow in  the airways and ventilator tubing, and the 
compliance (distensibility) of the lw1gs and chest wall. 
This pressure can be used to evaluate the mechanical 
properties of the lungs, as described in Chapter 18.  

4. Exhalation 

Exhalation is a passive process (at least during quiet 
breathing), and is driven by the elastic recoil pressure of 
the lw1gs. Exhalation is faster in patients with noncom
pliant lungs (e.g., ARDS), and slower in patients with 
obstructive airway disease (e.g., asthma). The time al
lowed for exhalation should be at least twice the time of 
ltmg inflation: this is expressed as an I:E ratio of 1 :2, as 
shown. 

5.  End-Expiratory Pressure 

Under normal circumstances, the lw1gs empty the tidal 
volume before the next breath begins, and the pressure in 
the airways and distal airspaces returns to zero (atmos
pheric) pressure at the end of expiration. Positive pres
sure can be applied to the airways at the end of expira
tion as described later in the chapter. 

I I .  COMMON PATTERNS Of VENTILATION 

This section describes two common methods of delivering 
ventilator breaths: assist-control ventilation and intermittent 
mandatory ventilation. 

A. Assist-Control Ventilation 

Assist-control ventilation is the traditional method of deliv
ering positive-pressure lung inflations. As the nam.e implies, 
this method allows patients to initiate ventilator breaths 
(assisted ventilation), but can also provide ventilator breaths 
for patients unable to interact with the ventilator (controlled 
ventilation). 
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1. Ventilato1y Pattern 

The upper panel of Figure 19.2 shows two ventilator 
breaths delivered during assist-control ventilation (ACV). 
The first is a patient-initiated or "triggered" breath simi
lar to the one in Figure 19.l .  The second breath is not pre
ceded by an inspiratory effort, and is not initiated by the 
patient. The first breath is an example of assisted ventila
tion, and the second breath is an example of controlled 
ventilation. 

2. Rate of Ven tilation 

During assisted (triggered) ventilation, the patient's in
trinsic breathing rate determines the number of ventila
tor breaths delivered each minute. During controlled 
(nontriggered) ventilation, the number of ventilator 
breaths delivered each n:linute is selected on the ventilator 
control panel. This rate is usually set at 10 to 12 breaths/ 
minute. 

3.  Rapid Breathing 

A ventilator breath is delivered for each inspiratory effort 
during assisted ventilation, and this can create problems 
for patients who are breathing rapidly; i.e., the shorter 
time to exhale during rapid breathing can hamper the 
ability to fully exhale the tidal volume. Incomplete emp
tying of the lungs leads to air trapping and progressive 
hyperinflation, and can culminate in alveolar rupture 
with pneumothorax and pneumomediastinum. The fol
lowing measures will reduce the risk of air trapping: 

a .  Use low tidal volumes (6 mL/kg) instead of tradition
al tidal volumes (12 mL/kg). 

b. Increase the inspiratory flow rate: this prolongs expira
tion and allows more time to exhale the tidal volmne. 

c. Sedation is advised but may not be effective for slow
ing respirations. Neuromuscular paralysis may be need
ed for patients in respiratory distress, but this should 
only be used as a short-term measm·e. 
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d. Change to a mode of ventilation that allows sponta
neous breathing (e.g., IMV, CPAP). This helps because 
rapid breathing is usually accompanied by reduced 
tidal volumes (except in anxiety states), which com
pensates for the shorter exhalation times. 

B. Intermittent Mandatory Ventilation 

Intermittent mandatory ventilation (IMV) allows patients to 
breathe spontaneously in the interval between ventilator 
breaths. This design is more suitable than assisted (trig
gered) ventilation for rapidly breathing patients because 
only a fraction of the patient's inspiratory efforts will trigger 
a ventilator breath. 

1. Ventilato1y Pattern 

The pattern of breathing during IMV is shown in the 
lower panel of Figure 19.2. The first breath (dotted line) 
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FIGURE 1 9.2 Ventilatory patterns dming assist-control ventilation (AC\/) 
and "syndu·onized" intermittent mandatory ventilation (SIM\/). The 
dotted line in the SIMV panel represents a spontaneous breath. 
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is a spontaneous breath, and the second breath is a posi
tive-pressure lung inflation that is synchronized to the 
patient's own breathing pattern (hence the term "synclu·o
nized" IMV). IMV thus combines spontaneous breathing 
with periods of assist-control ventilation. 

2. IMV Rate 

The number of positive-pressure lung inflations during 
IMV is selected on the control panel of the ventilator. This 
rate is usually set at 10 to 12 bpm initially, and can be 
adjusted upward or downward as dictated by the pa
tient's spontaneous breathing (fewer breaths are required 
as the patient's spontaneous breathing approaches nor
mal or premorbid levels). 

3. Spontaneous Breathing 

The work of breathing is increased during the period of 
spontaneous breathing (because of the high resistance 
imposed by tracheal tubes and ventilator tubing), and 
this is often a source of patient distress during IMV. Add
ing pressure-support ventilation (described later in the 
chapter) at 10 cm H20 decreases the work of spontaneous 
breathing (1), and improves patient tolerance of IMV. 

4. Cardiac Pe1jormance 

IMV has an adverse effect on cardiac output in patients 
with left-ventricular dysfunction (2). This effect is the 
result of the negative intrathoracic pressures generated 
during the spontaneous breathing period. (Negative 
pressure in the thorax holds the ventricles open during 
systole, which impedes ventricular emptying). 

5. When to Use IM V 

The principal role of IMV is for patients who are breath
ing rapidly and are at risk for air trapping during ACV. 
IMV should NOT be used to wean patients from mechan
ical ventilation, as explained in Chapter 21.  
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I I I .  PRESSURE-MODULATED VENTILATION 

A. Pressure-Controlled Ventilation 

1 .  Pressure-controlled ventilation (PCV) uses a constru1t, 
preselected pressure to inflate the lungs. 

2. The ventilatory pattern during PCV is shown in the top 
panel in Figure 19.3 Note the absence of ru1 inspiratory 
effort (i.e., a negative pressure deflection) at the begin
ning of the ventilator breaths. This highlights the fact that 
ventilation dLu"ing PCV is completely controlled by the 
ventilator, with no patient interaction (similar to con
trolled ventilation in ACV). 

3. The proposed advantage of PCV over ACV is a decreased 
risk of ventilator-induced lw1g injury (described in Chapter 
16) because of the lower airway pressures. However, this is 
w1proven. 

4. There is one major disadvantage with PCV; i.e., the infla
tion volurne varies with changes in the mechanical properties 
of the lungs. This is demonstrated in Figure 18. l .  Note that 
when the inflation pressure is constant (p = k), the infla
tion volume decreases when there is an increase in air
way resistance or a decrease in lung compliance (disten
sibility). This behavior is a major concern in patients with 
acute respiratory failure because the mechanical proper
ties of the lungs are likely to change frequently in these 
patients. 

B. Inverse Ratio Ventilation 

1. When PCV is combined with a prolonged inflation time, 
the result is inverse rntio ventilation (IRV) (3). 
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2. The ventilatory pattern during IRV is shown in the mid
dle panel of Figure 19.3. A decrease in inspiratory flow 
rate is used to prolong the time for lung inflation, and the 
usual I:E ratio of 1:2 is reversed to a ratio of 2 :1 .  

3 .  The prolonged inflation time during IRV prevents alveo
lar collapse and improves gas exchange. However, pro
longed inflation times also hamper exhalation and favor 
progressive hyperinflation and alveolar rupture. 

4. The only indication for IRV at present is for patients with 
ARDS who have refractory hypoxemia or hypercapnia 
during ACV (4). 
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FIGlffiE 19.3 Ventilato1y patterns during pressure-controlled ventilation 
(PCV), inverse ratio ventilation (IRV), and pressure-support ventilation 
(PSV). 
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C. Pressure-Support Ventilation 

1. Pressure-support ventilation (PSV) is a method of augment
ing the tidal volwne during spontaneous breathing (5). 

2. The ventilatory pattern during PSV is shown in the lower 
panel of Figure 19.3. Note that the inhaled gas is deliv
ered at a constant pressure (usually 5 to 10 cm H20), 
which is accomplished by adjusting the inspiratory flow 
rate as needed. The inflation period is terminated when 
the inspiratory flow rate falls below 25% of the peak 
inspiratory flow. 

3. PSV is used most often during weaning from mechanical 
ventilation. The goal of PSV in this setting is not to aug
ment the tidal volwne, but to provide enough pressure 
(5-10 cm H20) to overcome the resistance to flow in the 
tracheal tubes and ventilator tubing. 

IV. POSITIVE END-EXPIRATORY PRESSURE 

A. Basic Features 

1. In conditions where the lungs are stiff or noncompliant 
(e.g., ARDS), there is a tendency for distal airspaces to 
collapse at the end of expiration, particularly during low
volume ventilation. To coLmteract this tendency, the pres
sure in the distal airspaces is not allowed to return to zero 
(atmospheric) pressure at the end of expiration. The re
sulting positive end-expiratory pressure (PEEP) acts like a 
stent to keep distal airspaces open at end-expiration. 

2. PEEP is created by placing a pressure-relief valve in the 
expiratory limb of the ventilator circuit. Exhalation pro
ceeds until the airways pressure reaches the pressure 
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level of the valve. Airflow ceases at this point, and the 
airways pressure remains constant (at the valve pressure) 
until the onset of the next lung inflation. 

PEEP 

O +------------

CPAP 

O +------------

FIGURE 1 9.4 Upper panel shows positive-pressure lung inflations with 
positive end-expiratory pressure (PEEP), and lower panel shows spon
taneous breathing with continuous positive airway pressure (CPAP). 

3. The airway pressure pattern produced by PEEP is shown 
in the upper panel of Figure 19.4. Note that the entire 
pressure waveform is displaced upward. The implica
tions of this displacement are as follows: 

a .  The increase in peak airway pressure increases the risk 
of barotrauma (e.g., pneumothorax). 

b .  The increase in mean airway (intrathoracic) pressure 
can retard venous return to the right side of the heart. 

c .  When airway pressures are used to evaluate lung mech
anics (see Figure 18.4), the amount of PEEP should be 
subtracted from the pressmes. 
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FIGURE 1 9.5 CT images from a patient with ARDS showing aeration of 
!wig regions with atelectasis (recruitment) in response to PEEP linages 
from Reference 6. 

B. Lung Recruitment 

1. The major benefit of PEEP is to keep the distal airspaces 
open. This is shown in Figure 19.5 (6). The increase in 
aerated lung is lung recruitment, and it improves pulmo
nary gas exchange. 

2. The beneficial effect of PEEP on lung recruitment occurs 
only in areas of atelectasis that contain pockets of air 
(called "recruitable lung"). When the lungs contain areas 
of atelectasis that are airless ("nomecruitable" lung), 
PEEP is d istributed primarily to normal lung regions, 
resulting in overdistension and rupture of alveoli (7). CT 
images of the 1LU1gs can identify recruitable and non
recruitable areas of lung (7). 

3 .  The PaOi/ F102 ratio (a measure of alveolar-capillary oxy
gen exchange) can be used to monitor the effects of PEEP 
on lung recruitment. ARDS is characterized by a Pa02/ 
F102 ratio that is below 200 (see Table 16.2). An increase 
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in the Pa02/F102 ratio after the application of PEEP (like 
the response shown in Figure 19.6) indicates a favorable 
effect on ltmg recruitment. 

B. Cardiac Performance 

1. PEEP can decrease cardiac output by several mecha
nisms, including reduced venous return, reduced ven
tricular distensibility, and increased right ventricular out
flow impedance (8,9). 

2. The tendency for PEEP to reduce cardiac output is an 
important consideration because the beneficial effects of 
PEEP on gas exchange can be erased by a concurrent 
decrease in cardiac output. This is demonstrated by the 
equation for systemic oxygen delivery (D02): 

002 = Q x 1 .3 x Hb x Sa02 (19.1) 

Thus, PEEP can improve arterial oxygenation (Sa02), but 
if there is a proportional decrease in cardiac output (Q), 
systemic oxygen delivery (D02) will remain unchanged. 

3. An example of how PEEP can improve gas exchange but 
simultaneously reduce cardiac output is illustrated in 
Figure 19.6 (10). In this study of patients with ARDS, in
cremental PEEP was accompanied by a steady increase in 
the Pa02/FI02 ratio and a steady decline in cardiac out
put. This demonstrates how the effects of PEEP on gas 
exchange can be misleading if the cardiac output is not 
monitored. 

C. Clinical Uses 

The use of PEEP should be reserved for the following situations: 

1. In patients with ARDS who require toxic levels of inhaled 
oxygen (i.e., F102 :e: 60%) to maintain adequate arterial ox-
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FIGURE 1 9.6 Opposing effects of  positive end-expiratory pressure 
(PEEP) on pulmonary gas exchange (Pa02/F102) and car·cliac output in 
patients with ARDS. From Reference 10. 

ygenation (i.e., Sa02 2". 88 -90%), PEEP-induced lung re
cruitment will increase the Pa02/F102 ratio and allow a 
decrease in the F102 to less toxic or non-toxic levels. 

2. During low-volume ventilation (see Tables 16.3 and 18 .1), 
low-level PEEP (5 -7 cm H20) is used routinely to prevent 
repeated closing and opening of distal airways, which is 
considered a source of lung injury (11). 

V. CONTINUOUS POSITIVE AIRWAY 

PRESSURE 

A. Basic Features 

1. Spontaneous breathing from a pre-selected positive base-
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line pressure is called continuous positive airway pressure 
(CPAP). 

2. The airway pressure pattern during CPAP is shown in 
Figure 19.4. Note that the negative pressure deflection 
from the inspiratory effort does not fall below zero (at
mospheric) pressure. This eliminates the extra work in
volved in generating a negative airway pressure to re
ceive the inhaled gas. 

B. Clinical Uses 

The major uses of CPAP are in nonintubated patients, where 
CPAP is delivered through specialized face masks or nasal 
masks equipped with pressurized valves. 

1. CPAP has been used as a method of noninvasive ventila
tion in patients with acute respiratory failure from a vari
ety of disorders, including ARDS, cardiogenic pulmo
nary edema, and acute exacerbations of COPD (12-14) . 

2. In patients with cardiogenic pulmonary edema, CPAP 
may be particularly advantageous because of the actions 
of positive intrathoracic pressure to enhance ventricular 
emptying. (The cardiac effects of positive intrathoracic 
pressure are described in Chapter 18). 

3. In patients with obstructive sleep apnea, CPAP is used 
to prevent collapse of the oropharynx during negative
pressure breathing efforts (15). 

REFERENCES 

1. Leung P, Jubran A, Tobin MJ. Comparison of assisted ventilator 
modes on triggering, patients' effort, and dyspnea. Am J Respir 
Crit Care Med 1997; 155:1940-1948. 

2. Mathru M, Rao TL, El-Etr AA, Pifane R. Hemodynamic respons
es to changes in ventilatory patterns in patients with nor-



Modes of Positive-Pressure Breathing 3 1 3  

tory patterns in patients with normal and poor left ventricular 
reserve. Crit Care Med 1982; 10:423-426. 

3. Malarkkan N, Snook NJ, Lumb AB. New aspects of ventilation in 
acute l Lmg injury. Anesthesia 2003; 58:647-667. 

4. Wang SH, Wei TS. The outcome of early pressure-controlled in
verse ratio ventilation on patients with severe acute respiratory 
distress syndrome in surgical intensive care Lm.it. Am J Surg 2002; 
183:151-155. 

5 .  Hess DR. Ventilator waveforms and the physiology of pressme 
support ventilation. Respir Care 2005; 50:166-186. 

6. Barbas CSV, Lw1g recruitment maneuvers in acute respiratory 
distress syndrome and facilitating resolution, Crit Care Med 
2003; 3l (Suppl):S265-S271 . 

7. Gattinoni L, Cairon M, Cressoni M, et al .  Lung recruitment in  
patients with the acute respiratory distress syndrome. N Engl  J 
Med 2006; 354:1775-1786. 

8. Schmitt J-M, VieUard-Baron A, Augarde R, et al .  Positive end
expiratory pressure titration in acute respiratory distress syn
drome patients: Impact on right ventricular outflow impedance 
evaluated by pulmonary artery Doppler flow velocity measure
ments. Crit Care Med 2001; 29:1154-1158. 

9. Takata M, Robotham JL. Ventricular external constraint by the 
lung and pericardium during positive end-expiratory pressure. 
Am Rev Respir Dis 1991; 43:872-875. 

10 .  Gainn.ier M, Michelet P, Th.irion X, et al. Prone position and pos
itive end-expiratory pressure in acute respiratory distress syn
drome. Crit Care Med 2003; 31 :2719-2726. 

1 1 .  Muscedere JG, Mullen JBM, Gan K, et al. Tidal ventilation at low 
airway pressures can augment ILmg injury. Am J Respir Crit Care 
Med 1994; 149:1327-1334. 

1 2. Majid A, Hil l  NS. Noninvasive ventilation for acute respiratory 
failure. Curr Opin Crit Care 2005; 11(1):77-81 .  

13. Masip J ,  Roque M, Sanchez 13,  et  al .  Noninvasive ventilation in  
acute cardiogenic edema. JAMA 2005; 294:3124-3130. 

14. de Lucas P, Tarancon C, Puente L, et al .  Nasal continuous posi
tive airway pressure in patients with COPD in acute respiratory 
failure. Chest 1993; 104:1 694-1697. 

15. Pack AI. Advances in sleep-disordered breathing. Arn J Respir 
Crit Care Med 2006; 173(1 ):7-15. 





r,.11 ' r·'• 
"1:1' 
,'} ':',Chapter 20 

THE VENTILAT OR
DEPENDENT PATIENT 
This chapter describes the common practices and concerns in 
patients who require more than a few days of mechanical 
ventilation. The focus is on issues directly related to mechan
ical ventilation. Less specific issues in ventilator-dependent 
patients, such as nutritional support, are described elsewhere. 

I .  INDWELLING ENDOTRACHEAL TUBES 

The following are some common concerns with indwelling 
endotracheal tubes. 

A. Migration 

1. Endoh"acheal tubes tend to migrate (in eitl1er direction) with 
time. Proximal migration can lead to vocal cord injury from 
t11e inflated balloon (cuff) at the distal end of the tube, and 
distal migration can lead to intubation of the right main
stem bronchus (which nms a sh"a.ight course down from the 
ma.in car in a). 

2. The position of endotracheal tubes should be monitored 
radiographically to prevent complications from migra
tion. When the head is in a neutral position, t11e tip of the 
endotracheal tube should be 3 to 5 cm above the carina, 
or midway between the cari.na and vocal cords. (The cari
na is the point where the trachea bifurcates to form the 
right and left mai.nstem bronchi). 

a. If not visible, the carina is usually located over the in-

3 1 5  
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terspace between the fourth and fifth thoracic verte
brae (T4-T5), and the vocal cords are situated over the 
interspace between the fourh and fifth cervical verte
brae (C4-C5) (1) .  

B. Paranasal Sinusitis 

1. Nasotracheal (and nasogastric) h1bes can obstruct the os
tia that drain the paranasal sinuses, and this predisposes 
to a purulent sinusitis (2). This complication has also been 
reported with orotracheal intubation (3) for unclear reasons. 

2. The maxillary sinus is almost always involved (2). 

3 .  Opacification or air-fluid levels in the maxillary or eth
moid sinuses suggests the diagnosis of nosocornial sinus
itis, but confirmation requires aspiration of infected ma
terial from the involved sinus (2). 

4. Paranasal sinusitis is not a common cause of fever in the 
ICU, but it should be considered in intubated patients who 
have no other apparent cause of fever (see Chapter 32). 

C. Laryngeal Damage 

1. Injury of the larynx and vocal cords is a major concern 
with indwelling endotracheal tubes, and is one of the 
major reasons for the transition from endotracheal (trans
laryngeal) intubation to tracheostomy. 

2. Some type of laryngeal damage (e.g., ulceration, edema) 
is usually evident after 72 hours of translaryngeal intuba
tion (4). 

3. Fortmiately, most cases of laryngeal injury resolve with
in weeks after extubation (5) . 
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II .  TRACHEOSTOMY 

A. Transition to Tracheostomy 

1. Trad1eostomy offers several advantages over endoh·acheal 
intubation, including greater patient comfort, more effec
tive clearing of secretions, reduced resistance for breath
ing, and the ability to vocalize and ingest food orally. 

2. There is no consensus about the optimal time to switch 
from endotracheal intubation to tracheostomy. However, 
the following recommendation is reasonable (6): 

a. After 5 to 7 days of endotracheal intubation, assess the like
lihood of extubntion in the following week: if the Likelihood 
is low, proceed to tmcheostomy. 

B. Techniques 

1 .  Tracheostomy is traditionally performed as an open surgi
cal procedme, but less invasive percuta11eous techniques 
are gaining in popularity. 

2. Percutaneous tracheostomy is very similar to the Seldin
ger teclulique for carn1ulating blood vessels (see Figme 
5.2). A needle is used to puncture the trachea (in a space 
between the tracheal rings), and a guidewire is passed 
through the needle and into the trachea. The tracheosto
my tube is then advanced over the guidewire (after a se
ries of dilator tubes are used to increase the size of the 
tracheal stoma). 

3. Emergency tracheostomy is usually performed through 
an ope1ling in the cricothyroid membrane, just below the 
larynx. This teclrnique, known as cricothyroidotomy, has a 
high incidence of laryngeal injury and subglottic steno
sis, and patients who survive following a cricothyroido-
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tomy should have a regular tt·acheostomy (surgical or 
percutaneous) as soon as they are stable (6) . 

C. Complications 

1. Combining surgical and percutaneous tracheostomy, the 
mortality rate is less than 1 %, and major adverse events 
occur in 5 to 10% of cases (6). The acute complications of 
most concern are bleeding and infection. 

2. The pooled results of several shidies comparing surgical 
and percutaneous tracheostomy show less bleeding and 
fewer infections with the percutaneous technique (7). 
However, the results of individual studies are conflicting. 

3. Tracheal stenosis is a late complication that appears in 
the first 6 months after the tracheostomy tube is re
moved. Most cases of tracheal stenosis occur at the tra
cheotomy site and are caused by tracheal narrowing af
ter the stoma closes. The incidence of tracheal stenosis 
ranges from zero to 15% (6), but most cases are asympto
matic. 

I I I .  CLEARING SECRETIONS 

A. Respiratory Secretions 

1 .  The mucosa of the respiratory tract is normally covered 
by a protective blanket of secretions. This blanl<et has a 
hydrophilic (water-soluble) layer, and a hydrophobic 
(water-insoluble) layer. The hydrophilic layer faces 
inward and keeps the mucosal surface moist. The hydro
phobic layer, which faces toward the lumen of the air
ways, is composed of a meshwork of mucoprotein 
strands (called mucus threads) held together by disulfide 
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bridges. This meshwork traps particles and debris in the 
airways, and is responsible for the viscoelastic properties 
of sputum. 

2. Under normal circumstances, the respiratory secretions 
are moved out of the lungs by the continuous action of 
cilia on the luminal surface of mucosa! cells in the air
ways. This process is called mucociliary clearance, and it 
helps to clear dust and debris from the airways. 

3. An abundance of particulate matter will increase the vis
cosity of respiratory secretions and hinder mucociliary 
clearance. When this occurs, coughing provides an addi
tional means of clearing secretions. 

4. These normal mechanisms of clearing respiratory secre
tions are defective in critically ill (e.g., ventilator-depend
ent) patients. Therefore, other measures such as tracheal 
suctioning are used to help clear secretions. 

B. Tracheal Injections of Saline 

Isotonic saline is routinely injected into the airways just prior 
to tracheal suctioning, presumably to facilitate the clearance 
of respiratory secretions. This practice is ill-advised for the 
following reasons. 

1. The hydrophobic outer layer of respiratory secretions is 
responsible for their viscoelastic properties. This layer is 
not water soluble, which means that saline cannot liquefy 
or reduce the viscosihJ of respiratory secretions. Adding sa
line to thick, respiratory secretions is like pouring water 
over grease. 

2. The injection of saline through tracheal tubes can predis
pose to pulmonary infections. Bacterial biofilms have 
been demonstrated on the inner surface of endotracheal 
tubes and tracheostomy tubes (8), and saline injections 
can dislodge these bacterial biofilms. Clinical studies 
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have shown that the injection of 5 mL of saline can dis
lodge up to 300,000 colonies of viable bacteria from the 
inner sw-face of endotracheal tubes (9). The dislodged 
bacteria can become a nidus of infection if they reach the 
lower airways. 

TABLE 20.1 Mucolytic Therapy with N-Acetylcysteine (NAC) 

Aerosol Therapy: • Use 1 0% NAG solution. 

• Mix 2.5 ml NAG with 2.5 ml saline and 
place mixture (5 ml) in a small-volume 
nebulizer for aerosol delivery. 

• Warning: Can provoke bronchospasm, and 
is not recommended in asthmatics. 

Tracheal Injection: • Use 20% NAG solution. 

• Mix 2 ml NAG with 2 ml saline and 
inject 2 ml aliquots into the trachea. 

• Warning: Can promote bronchorrhea with 
repeated use. 

C. MucolyticTherapy 

1. N-Acetylcysteine (Mucomyst) acts on the hydrophobic 
region of respiratory secretions to break the disulfide 
bridges between mucoprotein strands. By disrupting the 
elements responsible for the viscoelastic properties of 
respiratory secretions, N-acetylcysteine (NAC) acts as a 
mucolytic agent to liquefy secretions (10). 

2. NAC can be used to relieve airways obstruction caused 
by tenacious secretions. The drug is available in a liquid 
preparation (10 or 20% solution) that can be given as an 
aerosol spray, or injected directly into the airways (Table 
20.1 ) .  Direct injection into t11e airways is preferred be
cause aerosolized NAC is irritating and can provoke 
coughing and bronchospasm (particularly in asthmatics). 
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3 .  I f  intra tracheal injection o f  NAC does not relieve an ob
struction, bronchoscopy is performed, and the NAC is 
applied directly to the mucous plug. Following relief of 
the obstruction, NAC can be instilled two or three times 
a day for the next few days. Repeated use of NAC is not 
advised because the drug solution is hypertonic (even 
with the saline additive) and can provoke bronchorrhea. 

IV. ALVEOLAR DISRUPTION 

Overdistension and rupture of alveoli is a common occm
rence during mechanical ventilation and is clinically appar
ent in as many as 25% of ventilator-dependent patients (11) .  

A. Clinical Manifestations 

Air that escapes from disrupted alveoli can produce a vari
ety of clinical manifestations. 

1. The air can dissect along tissue planes in the lLmgs and 
produce pulmonary interstitial emphysema, and air can 
move into the mediastinum to produce pneumomedi
astinum. 

2. Air that reaches the mediastinum can move into the neck 
to produce subcutaneous emphysema, or can pass below 
the diaphragm to produce pneumoperitoneurn. 

3. If the alveolar disruption is close to the surface of the 
lw1g, air can enter the pleural space to produce a pneu
mothorax. 

4. Each of these entities can occur alone or in combination 
with the others (11,12). 

B .  Pneumothorax 

Radiographic evidence of pneumothorax is reported in 5 to 
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15% of ventilator-dependent patients (11,12). Predisposing 
factors include high i.nilation pressures and inflation vol
umes, intrinsic PEEP (described later in the chapter), and dif
fuse lung injury. Pneurnothorax is particularly prevalent in 
patients with severe Pneumocystis jirovecii pneumonia. 

1. Clinical Presentation 

Pnewnothoraces are often clinically silent, at least initially. 

a. The most reliable clinical sign is subcutaneous emphyse
ma, first apparent in the upper thorax and base of the 
neck. 

b. Pneumothorax may not be accompanied by dimin
ished breath sounds in ventilator-dependent patients 
because sow1ds transmitted from the ventilator tubing 
can be mistaken as breath sounds. 

c. Continued accmnulation of air in the pleural space 
will eventually produce a tension pneunwthorax, which 
is characterized by a shift in the mediastinum toward 
the uninvolved hemithorax with hemodynamic insta
bility. 

2. Radio9raphic Detection 

The radiographic appearance of pneumothorax is atypi
cal in ICU patients because the patients are usually su
pine and pleural air does not collect at the lung apex in the 
supine position (12,13). 

a. Pleural air can collect anterior to the ltmg in the supine 
position, and this may not be evident on portable chest 
films. This is demonstrated in Figure 20. l .  In this case 
(a traumatic pneumothorax), the chest x-ray is tmre
vealing, but the CT image shows an anterior pneumo
thorax in the left hemithorax. 

b.  Basil.ar and subpulmonic collections of air are aJso com
mon featmes of pnewnothorax in the supine position (13). 

3. Pleural Evacuation 

The detection of a pnewnothorax in a ventilator-depend-
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FIGURE 20. l A portable chest x-ray and CT image of the thorax in a 
yow1g male with blw1t traLm1a to the chest. An anterior pnewnothorax 
is evident on the CT image (indicated by the asterisk) but is not appar
ent on the chest x-ray. 

ent patient should always prompt inunediate insertion of 
a chest tube to evacuate the pleural air. Delays in pleural 
evacuation can lead to a tension pnemnothorax. 

a. Once the chest tube is inserted, the pleural drainage 
system described next is used for continued removal 
of air from the pleural space. 

C. Pleural Drainage System 

A triple-chamber system like the one shown in Figure 20.2 is 
used to drain both air and fluid from the pleural space (14). 
This is the same system used by the popular Pleur-Evac 
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Chest Drainage Systems (Teleflex Medical). The following is 
a brief description of how the system works. 

1. The first chamber in the system (the collection bottle) col
lects fluid from the pleural space and allows air to pass 
through to the next bottle in the series. Because the inlet 
of this chamber is not in direct contact with the fluid, 
pleural fluid can accumulate in the bottle without impos
ing a back pressure on the pleural space. 

2. The second chamber (the water-seal bottle) acts like a 
one-way valve that allows air to pass through to the next 
bottle (away from the pleural space) but prevents air 
from moving in the opposite direction (toward the pleu
ral space). This one-way valve is created by submerging 
the inlet tube under water. This creates a "water-seal" that 
prevents air from entering the pleural space. 

a. Air that is evacuated from the pleural space will pass 
through the water in the second chamber, creating 
bubbles. Therefore, the presence of bubbles in the wa
ter-seal chamber is evidence of continued air leakage 
from the pleural space. 

3. The third chamber in the system (the suction-control bot
tle) is attached to a negative-pressure source (suction), 
and the chamber is designed to set a maximum limit on 
the negative pressure imposed on the pleural space. This 
maximum pressure is determined by the height of the 
water column in the air-inlet tube. Negative pressure 
(from wall suction) draws the water down the air-inlet 
tube, and when the negative pressure exceeds the height 
of the water column, air is entrained from the atmos
phere. Therefore, the pressure in the bottle can never be
come more .negative than the height of the water colunu1 
in the air-inlet tube. 

a. Water is added to the suction-control chamber to a
chieve a water level of 20 cm. The wall suction is then 
activated and slowly increased until bubbles appear in 
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the water. This bubbling indicates that atmospheric air 
is being entrained, and thus the maximum allowable 
negative pressure has been achieved. 

4. WI� Use Suction? 

The practice of using negative pressure to evacuate pleu
ral air is unnecessary and potentially harmful. 

a. Negative pressure is used to help re-inflate the ltmgs, 
but this is not necessary because the lungs will re
inflate when pleural air is evacuated and the intra
pleural pressure drops to atmospheric (zero) pressure. 

b.  Creating a negative pressure in the pleural space is 
counterproductive in the presence of an air leak in the 
lw1gs because negative intrapleural pressure increases 
the transpulmonary pressure (the pressure difference 
between alveoli and the pleural space) that drives air 
out of the lungs and into the pleural space. Thus, 
applying negative pressure to the pleural space promotes air 
leakage through a bronchopleural fistula. Applying suc
tion to the pleural space is not advised if there is a per
sistent air leak. 

Wall 
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FIGURE 20.2 A triple-d1amber clrainage system for evacuating air and 
fluid from the pleural space. 
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V. INTRINSIC PEEP 

As mentioned in Chapter 19, positive end-expiratory pres
sure (PEEP) is applied to the airways in certain conditions to 
prevent the distal airspaces from collapsing at the end of 
expiration. In addition to this applied or extrinsic PEEP, there 
is an internally generated or intrinsic PEEP that is produced 
by incomplete emptying of the lungs during expiration. The 
following is a description of the intrinsic form of PEEP and 
how it can be measured. 

A. Pathogenesis 

1. When the tidal volume is exhaled completely and there is 
no airflow at the end of expiration, the end-expiratory 

PPAOX 

lf: V ;t O, 
Then: P ;t O  

And: PALv > PPAox 

FIGURE 20.3 The features of intrinsic PEEP. The lower portion of the fig
ure indicates that, when exhalation is incomplete and flow persists at 
end-expitation (V;tO), alveolar pressme will be positive relative to prox
itnal aitway pressure (P ALV > P prnxl· This is depicted in the graphs in the 
upper portion of the figme. The positive alveolar pressure at end-expi
ration is intrinsic PEEP. 
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pressure returns to zero (atmospheric pressure) in both 
the alveoli and proximal airways. 

2. When the tidal volume is not exhaled completely and 
there is persistent airflow at the end of expiration, the 
end-expiratory pressure in the alveoli will be positive 
while the end-expiratory pressure in the proximal air
ways returns to zero (see the graphs in the upper portion 
of Figure 20.3). This positive end-expiratory pressure 
(PEEP) in the alveoli is called intrinsic PEEP. 

3. Because intrinsic PEEP is not apparent when monitoring 
proximal airways pressures, it is also called occult PEEP 
(15) .  

4. Intrinsic PEEP is the physiologic expression of hyperinfla
tion from air trapping. 

B. Predisposing Factors 

Any condition that favors incomplete exhalation will predis
pose to the development of hyperinflation and intrinsic 
PEEP. These predisposing conditions can be separated into 
ventilator-related and disease-related conditions. 

1. The ventilator-related conditions have been described in 
Chapter 19 and include volume-cycled ventilation with 
relatively large tidal volumes (10 to 12 mL/kg), and the 
use of assist-control ventilation for patients who are 
breathing rapidly. 

2. The disease-related conditions include rapid breathing 
and obstructive airways disease; i .e., asthma and chronic 
obstructive pulmonary disease (COPD). 

3 .  Most or all predisposing conditions can be present at the 
same time. In patients with asthma and COPD, intrinsic 
PEEP may be universal during conventional (large tidal 
volume) mechanical ventilation (16-18) .  
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C. Consequences 

The consequences of extrinsic PEEP described in Chapter 19 
also apply to intrinsic PEEP. The following consequences 
deserve mention because of their possible impact on clinical 
outcomes. 

1 .  Reduced Cardiac Output 

Inh·insic PEEP has been implicated as a cause of failed 
attempts at cardiopulmonary resuscitation (18) .  As de
scribed in Chapter 13, manual ventilation during CPR is 
often excessive (both in rate and inflation volume), which 
means that intrinsic PEEP may be commonplace during 
CPR, and the ability of PEEP to reduce venous return will 
impair the ability of chest compressions to promote car
diac output. The incidence and magnitude of intrinsic 
PEEP during CPR deserves further study. 

2. Increased Work of Breathin9 

Intrinsic PEEP can increase the work of breathing by 
increasing the pressure that must be generated to trigger 
a ventilator breath; e.g., if the ventilator breath is trig
gered at a negative pressure of 2 cm H20 and there is 5 
cm H20 of intrinsic PEEP, the total pressme that must be 
generated by the patient to trigger the ventilator breath is 
7 cm H20. This increased work of breathing can impede 
the ability to wean from mechanical ventilation. 

D. Monitoring Intrinsic PEEP 

The most accurate method of measuring intrinsic PEEP is to 
measure intraesophageal (pleural) pressure at end-expira
tion, but this measurement is difficult to perform and not 
readily available. The following methods can be used to 
detect intrinsic PEEP, but none of them provides an accurate 
quantitative measurement of the intrinsic PEEP level. 
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1. End-Expiratory Air Flow 

Expiratory flow tracings (available on many of the newer 
ventilator models) can be used to identify persistent flow 
at end-expiration. This confirms the presence of intrinsic 
PEEP, but provides no quantitative information. 

2. End-Expiratory Occlusion 

During controlled ventilation (i.e., when the patient is 
completely passive), intrinsic PEEP can be detected by 
occluding the expiratory tubing at the end of  expiration 
(16). This maneuver blocks airflow and allows the pres
sure in the proximal airways to equilibrate with alveolar 
pressure. 

a. A sudden rise in proximal airways pressure in re
sponse to end-expiratory occlusion is evidence of in
trinsic PEEP (see the upper left panel in Fig. 20.3) . 

b. This method does not provide accurate measurements 
of intrinsic PEEP because the occlusion cam1ot be timed 
to coincide with the very end of expiration. 

3. Response to Extrinsic PEEP 

The application of exh·insic PEEP normally causes an equiv
alent increase in the peak inspiratory pressure. However, 
in the presence of intrinsic PEEP, the peak inspiratory 
pressure may be unaffected by extrinsic PEEP (this is 
explained below). 

a. Failure of exh·insic PEEP to produce an equivalent rise in 
peak airway pressure is evidence of intrinsic PEEP (19). 

b. The level of extrinsic PEEP that first produces a rise in 
peak airway pressures can be used as the measure of 
intrinsic PEEP (19). 

E. Management 

Maneuvers designed to promote exhalation (e.g., low-vol
ume ventilation) can reduce the severity of intrinsic PEEP. 
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Adding extrinsic PEEP can also reduce inh·insic PEEP, as 
described below. 

1 .  Extrinsic PEEP 

When intrinsic PEEP is due to collapse of small airways 
at end-expiration (e.g., in asthma and COPD), extrinsic 
PEEP can help to keep the small airways open, and this 
will facilitate exhalation and reduce intrinsic PEEP. The 
amotmt of extrinsic PEEP should be enough to cow1ter
balance the pressure causing small airways collapse (the 
critical closing pressure) but should not exceed the level of 
intrinsic PEEP (so expiratory flow is not impaired) (20). 
To accomplish this, the am.aunt of extrinsic PEEP should 
match the level of intrinsic PEEP. Unfortw1ately, this is dif
ficult to accomplish because of the difficulty in obtaining 
an accurate measure of intrinsic PEEP. 
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DISCONTINUING 
MECHANICAL 
VENTILATION 
This chapter describes the transition from ventilatory sup
port to unaided breathing. This process is uneventful in most 
patients, but it can consume over half the time on a ventila
tor in problem patients. 

I. IDENTIFYING CANDIDATES 

A. Readiness Criteria 

1. When ventilator-dependent patients show evidence of sig
nificant and continued clinical improvement, the checklist 
in Table 21.1  can be used to identify candidates for a trial 
of spontaneous (tmaided) breathing off the ventilator. 

2. Patients who satisfy the criteria in Table 21.1 should be 
removed from the ventilator briefly to obtain the meas
urements in Table 21.2 These measurements have been 
used to predict the likelihood that a patient will tolerate 
a trial of spontaneous breathing. 

a. No single measurement in Table 21.1 can predict with 
certainty which patients are ready to resume sponta
neous breathing (1 ,2). Howeve1� when taken together, 
these measurements provide an impression of how 
difficult it will be for the patient to resume sponta
neous breathing. Two of the more predictive measure
ments are described next. 

3 3 3  
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TABLE 21 .1 Checklist to Identify Candidates for a Trial of 
Spontaneous Breathing 
��������� 

Respiratory Criteria: 

� Pa02 <! 60 mm Hg on F102 < 40-50% and PEEP �5-8 cm H20 

� Pa02 normal or basel ine 

� Patient is able to in itiate an inspiratory effort 

Cardiovascular Criteria: 

� No evidence of myocardial ischemia 

� Heart rate �1 40 beats/min 

� Blood pressure normal without vasopressors or with min imum 
vasopressor support (e.g . ,  dopamine < 5 µg/kg/min) 

Adequate Mental Status: 

� Patient is arousable, or Glasgow Coma Score <! 1 3  

Absence of Correctable Comorbid Conditions: 

� Patient is afebrile 
� There are no significant electrolyte abnormalities. 

From Reference 1 .  

A. Rapid-Shallow Breathing Index 

1. Rapid, shallow breathing is common in patients who do 
not tolerate spontaneous breathing (6) . The tendency for 
rapid shallow breathing is evaluated by the ratio of res
piratory rate to tidal volume (RR/VT), which is called the 
rapid-shallow breathing index (RSBI). For a healthy adult 
with a tidal volume of 500 mL (0.5 L) and a respiratory 
rate of 10 bpm, the RSBI is: 10/0.5 = 20/L 

2 .  The predictive value of  the RSBI from a landmark study 
(2) showed the following: 

a. When the RSBI was above 105/L, 95% of the attempts 
to wean (discontinue) mechanical ventilation failed. 
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b .  When the RSBI was below 105/L, 80% of  the wean at
tempts were successful.  

c. The results of this study have been used to establish a 
threshold RS Bl of 100/L for predicting success or failure to 
resume spontaneous breathing ( i .e., an RSBI below 100/ L 
predicts success, and an RSBI above 100/L predicts 
failure). 

TABLE 21 .2 Identifying Patients Who Will Tolerate a 
Spontaneous Breathing Trial (SBT) 

Reference Range Threshold for 
Measurement in Adults Successful SBT 

Tidal Volume (Vr) 5-7 mUkg 4-6 mUkg 

Respiratory Rate (RR) 1 0- 1 8  bpm 30-38 bpm 

Total Ventilation (Ve) 5-6 Umin 1 0- 1 5  Umin 

RRNr Ratio 20-40/L 1 00/L 

Maximum lnspiratory -90 to -1 20 cm H20 - 1 5 to -30 cm H20 
Pressure (P1max) 

All measurements should be obtained during spontaneous breathing. 

From Reference 1 .  

B .  Maximum Inspiratory Pressure 

1. The strength of the respiratory muscles can be evaluated 
by having a patient exhale to residual ILmg volume and 
then inhale as forcefully as possible against a closed 
valve (8). The a irway pressure generated by this maneu
ver is called the rnaximum inspiratory pressure (Ptmax). 

2. Healthy adults can generate a negative Ptmax of 90 to 
120 cm H20 (see Table 21 .2), with men generating higher 
pressures than women. 
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a. When the Pimax is less than -20 cm H20, there is little 
or no chance of weaning from mechanical ventilation 
(2). However, a Ptmax greater than -20 cm H20 does 
not ensure a successful attempt at weaning. 

High Flow Rate 

-

Patient 

Humidified Oxygen Source 

FIGURE 2 1 . 1  Diagram of the T-shaped circuit used for spontaneous 
breathing trials. 

I I .  SPONTANEOUS BREATHING TRIALS 

The spontaneous breathing trial (SBT) can be conducted while 
the patient is still connected to the ventilator circuit, or the 
patient can be removed completely from the ventilator and 
allowed to breathe from an independent source of oxygen. 
The advantages and disadvantages of each method are 
described next. There is no evidence that either method is 
superior to the other (1) .  

A. BreathingThrough the Ventilator 

1. Spontaneous breathing trials are usually conducted 
while the patient is attached to the ventilator. The advan-
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tage of this method is the ability to  monitor the tidal vol
ume and respiratory rate during the trial. The drawback 
is the extra work of breathing imposed by the flow resist
ance of the ventilator tubing. 

2. PressLu-e-support ventilation (described in Chapter 20) is 
used counteract the increased work of breathing through 
the ventilator circuit. A positive pressure of 5-7  cm H20 
will accomplish this goal without augmenting the pa
tient's spontaneous tidal volume. 

B. Breathing Through a T-Piece 

1. Spontaneous breathing trials can be conducted with the pa
tient disconnected from the ventilator using a T-shaped 
breathing circuit like the one in Figure 21.1. Oxygen-en
riched gas is delivered at high flow rates through the hor
izontal arm of the T-shaped circuit. The rapid flow cre
ates a suction that draws exhaled gas out of the lungs. 
This reduces the work of breathing and prevents re
breathing of exhaled gas. 

2. Because of the T-shaped breathing circuit, spontaneous 
breathing trials with the patient disconnected from the 
ventilator are often called T-piece trials. 

3. The advantage of T-piece trials is the reduced work of 
breathing. The disadvantage of T-piece trials is the inabil
ity to monitor the patient's tidal volume and respiratory 
rate. 

C. Protocol 

1. The initial trial of spontaneous breathing should last be
tween 30 and 120 minutes (1). About 80% of patients who 
tolerate this amount of time without ventilatory support 
can be permanently removed from the ventilator (1 ) .  
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2. For cases of short-term ventilatory support (e.g., cardiac 
surgery), a successful one-hour period of spontaneous 
breathing is enough to discontinue ventilatory support. 

3. For prolonged mechanical ventilation ( > 72 hrs), longer 
periods of spontaneous breathing are needed before dis
continuing mechanical ventilation. Patients should toler
ate at least 8 hours (and sometimes up to 24 hours) of 
spontaneous breathing before removing the ventilator 
from the room. 

D. Troubleshooting 

Rapid breathing is common during spontaneous breathing 
trials, and can be a sign of failure to sustain unaided breath
ing. However, rapid breathing can also be a mrulifestation of 
anxiety, which is conu11on when patients are removed from 
ventilatory support (3). 

1 .  The Tidal Volume 

The flow diagram in Figure 21.2 shows a simple ap
proach to the patient with rapid breathing based on the 
patient's tidal volume. Anxiety causes hyperventilation, 
wllich is associated with an increase in tidal volume, 
whereas failure to sustain spontaneous breathing when 
rapid breatlling develops is associated with a decrease in 
tidal volume (rapid, shallow breathing). 

2. The Arterial PC02 

In cases where anxiety is expected, the arterial PC02 
(PaC02) can be a useful measurement. 

a. A decrease in PaC02 is evidence of adequate ventila
tion, and suggests an underlying anxiety, whereas a 
normal or increasing PaC02 is evidence of respiratory 
failure. (Remember iliat a normal PaC02 in ilie face of a 
11.igh minute ventilation is a sign of ventilatory failure). 



Discontinuing i'vlcchanical Ventilation 3 39  

III .  FAILURE TO WEAN 

A. Persistence 

1. Failure to wean from mechanical ventilation is almost 
never an irreversible or permanent condition, and pa
tients who fail initial wean attempts should continue to 
have daily trials of spontaneous breathing. The purpose 
of this is not to acclimate the patient to life off the venti
lator, but simply to provide multiple opportwlities to 
detect when the patient no longer needs ventilatory as
sistance ( 4). 

RAPID BREATHING 

(Decreased) 

i 
Resume Ventilatory 

Support 

TIDAL 
VOLUME 

(Not Decreased) 

i 
ARTERIAL PC02 

(Decreased) (Not Decreased) 

t 
Sedate 

t 
Resume Ventilatory 

Support 

FIGURE 2 1 .2 Flow cLiagrarn for the evaluation of rapid breathing during 
a spontaneous breathing trial .  
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2. Failure to wean should also prompt a search for condi
tions that might be responsible for the continued ventila
tor dependence. This search should include the condi
tions that follow. 

B. Low Cardiac Output 

1. The transition from positive-pressure ventilation to neg
ative-pressure spontaneous breathing can prompt a de
crease in cardiac stroke output (5). (The negative intra
thoracic pressure holds the ventricles open and opposes 
ventricular emptying). 

2. One of the consequences of a low cardiac output is respi
ratory muscle weakness (6). The diaplu·agm maximally 
extracts oxygen from the blood (just like the heart), 
which means that oxygen uptake (V02) in the diaphragm 
is flow-dependent. A decrease in cardiac output will 
jeopardize tissue oxygenation in the diaphragm and re
duce the strength of diaphragmatic contractions (6). 

3. Because of the relationship between cardiac output and 
respiratory muscle sh·ength, attention should be directed 
to the cardiac output whenever a patient with known car
diac dysfwKtion is unable to wean from the ventilator. 

C. Overfeeding 

1. An increase in the daily intake of calories will increase 
metabolic C02 production, as demonstrated in Figure 21 .3 
(7). If the daily intake of calories exceeds the daily caloric 
requirements, the excess C02 that is produced will stimu
late ventilation and increase the work of breathing, and 
this can jeopardize a spontaneous breathing trial (7,8). 

2. In patients with lw1g disease and abnormal gas exchange, 
excess metabolic C02 production can lead to an increase in 
the arterial PC02 and acute respiratory acidosis. 
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3. To avoid this problem, the daily intake of calories should 
not exceed the daily requirement. (See Chapter 36 to learn 
how the daily caloric requirement is determined). 

D. Neuromuscular Weakness 

1. Ventilator-dependent patients can develop a specific type 
of neuromuscular weakness that is found only in ICU pa
tients. There are 2 disorders that are responsible for most 
cases of ICU-acquired neuromuscular weakness, and 
they are known collectively as critical illness polyneuropa
thy and myopathy (9). These disorders are described in 
Chapter 41 .  

2. Respiratory muscle sh·ength can be impaired by deple
tion of magnesium and phosphorus (8,10). The clinical 
significance of this is Lmclear, but correcting the problem 
will optimize the conditions for weaning. 

250 

VC02 
200 

(ml/min/m2) 

1 50 

Excess C02 
Production from 

Overfeeding 

Fasting 

{- - - - - - - -- - - - - - - - - - - - ·  

REE 1 .5 x REE 2 x REE 

Daily Intake of Calories 

FIGURE 2 1 . 3  The influence of daily caloric intake on metabolic C02 pro
duction (VC02) in med1anically ventilated patients. REE is the resting 
energy expenditure (in kcal/24 hours), whid1 is a measure of daily 
caloric requirements. Eadl data point represents a mean value. (From 
Reference 7). 
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IV. TRACHEAL DECANNULATION 

When unaided breathing is  no longer a concern, the next step 
is to consider removing the endoh·acheal tube or h·acheosto
my tube. At this point, there are 2 questions that must be an
swered: 

1) Is the patient able to protect the airway and clear secre
tions? 

2) Is there any evidence of laryngeal injury that would com
promise breathing after the tube is removed? 

A. Protecting the Airway 

All of the conditions mentioned below are needed for opti
mal airway protection. 

1. The patient should be awake or easily aroused and able 
to follow commands. 

2. The volume of respiratory secretions should be minimal.  

3. The gag and cough reflexes should be present, and cough 
strength should be adequate. The strength of coughing 
can be evaluated by placing a file card or piece of paper 
1-2 cm from the end of the tracheal tube and asking the 
patient to cough. If weh1ess appears on the card, the 
cough strength is considered adequate (11) .  

4 .  The absence of a cough or gag reflex should delay tra
cheal decarmulation if these reflexes are likely to return. 
If these protective mechanisms are permanently lost, the 
decision to decannulate the trachea is a complex one that 
is beyond the scope of this little book. 

B. Laryngeal Edema 

1. Trnnslaryn9eal Intubation 

Injury to the larynx is a common consequence of endotra-
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cheal (translaryngeal) intubation, and is often the result 
of a traumatic or prolonged intubation. The laryngeal 
edema that develops can obstruct the larynx after the 
endotracheal tube is removed. 

a. Severe laryngeal edema is reported in as many as 40% 
of cases of prolonged translaryngeal intubation (12), 
and 5% of patients experience severe upper airway ob
struction following extubation (13) .  

2. The Cu.ff-Leak Test 

The cuff-leak test is used to identify patients with severe 
laryngeal edema prior to extubation. The test is per
formed while the patient is receiving volume-cycled ven
tilation. 

a .  The volume of exhaled gas is measured with the cuff 
inflated and again after the cuff is deflated. If there is 
no obstruction at the level of the larynx, cuff deflation 
will result in the escape of exhaled gas arow1d the 
endotracheal tube, and the volume of gas exhaled 
through the endotracheal tube will decrease. 

b. Unfortunately, there is a lack of agreement about the 
magnitude of the volume change that is significant. 
Volume changes of 110 mL, 140 mL, and 25% have 
been proposed as the tlu·eshold volume for identifying 
a patent larynx (12-14). 

c. Despite this lack of agreement, the absence of a vol
ume change after cuff deflation can be used as evi
dence of laryngeal obstruction. 

3. Tracheostomy 

Laryngeal edema also occurs with tracheostomy, and 
laryngeal obstruction can be a problem after removal of 
tracheostomy tubes (15). The laryngeal damage associat
ed with tracheostomy tubes can be the result of an endo
tracheal intubation that preceded the tracheostomy, or 
can be the result of ischemic injury to the larynx during 
ilie tracheos tom y p raced ure. 
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4. Fenestrated Tube 

Breathing tlu·ough a fenestrated (windowed) tr·acheosto
my hibe like the one in Figure 21.4 can be useful in de
tecting laryngeal obstruction. When the inner cannula is 
removed, the fenestration allows the patient's breathing 
efforts to move air tlu·ough the larynx. If tl-te opening of 
the rube is capped and the cuff is deflated, the patient must 
breatl1e entirely tlu·ough the larynx. Difficulty breathing in 
this situation raises suspicion for a laryngeal obstruction, 
which can be confirmed using direct laryngoscopy. 

5. Steroids (for Anything That Swells) 

a. The antiinflammatory actions of steroids justifies their 
use to treat laryngeal edema associated with anaphy
laxis, because t!Us edema is produced by inflamma
tion. 

b.  Steroids are also used to tr·eat tl1e laryngeal edema asso
ciated with tr·acheal intubation, but this does not seem 
justified because iliis edema is produced by h·auma. 
There are 2 studies evaluating the use of steroids for 

Fenestrated Tracheostomy Tube 

FIGURE 2 1 .4 A fenestrated tracheostomy tube. When the inner cannula is 
removed, the fenestration (window) aUows breathing efforts to move air 
through the larynx. 
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this type of (traumatic) laryngeal edema, and the re
sults are conflicting (16,17). 

c. The use of steroids for traumatic laryngeal edema is an 
example of steroids for anything that swells (18) .  

V. TH E  POST-EXTUBATION PERIOD 

A. A Paradox 

1 .  The cross-sectional area of the glottis (the narrowest por
tion of the upper airway) is 66 mm3 in the average-sized 
adult, whereas the cross-sectional area of an average
sized adult tracheal tube (8 nun internal diameter) is 50 
mm3 (19). The larger cross-sectional area of the glottis cre
ates less resistance for airflow, so the work of breathing 
should be reduced after extubation. 

2. However, there is a paradoxical increase in the work of 
breathing following extubation (20). This is a consistent 
observation, and is Lmexplained. 

B. Post-Extubation Stridor 

1. Laryngeal obstruction following extubation can produce 
a sonorous soLmd known as stridor. Because the obstruc
tion is extrathoracic, the stridor occurs during inspiration 
(i.e., the negative intra thoracic pressure is transmitted to 
the larynx and causes inspiratory narrowing). 

2. Post-extubation stridor is not always an indication for 
immediate reintubation. If the patient is not exhibiting 
signs of respiratory distress, inhalation of aerosolized 
epinephrine (2.5 mL of 1 % epinephrine) is a popular (but 
unproven) treatment option. A racemic mixture of epi
nephrine (which has equal amoLU1ts of the I-isomer and 
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d-isomer) has been popular in this situation, but has no 
proven superiority over the standard (I-isomer) prepara
tion (21 ) .  
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ACID-BASE 
INT ERPRET ATIONS 

This chapter reviews some basic features of acid-base physi
ology, and then uses these features to present an organized 
approach to the identification of acid-base disorders. 

I. BASIC CONCEPTS 

A. Hydrogen Ion Concentration 

1. The hydrogen ion concentration [H•] in extracellular flu
id is determined by the balance between the PC02 and 
the bicarbonate concenh·ation [HC03] (1,2). The relation
ship between these variables is defined in Equation 22. 1 .  

(22.1) 

The normal [H•] in arterial blood is shown below using a 
PC02 of 40 mm Hg and a [HC03] of 24 mEg/ L. 

[H+] = 24 x (40/24) = 40 n Eq/L (22.2) 

2. Note that [H•] is expressed in nanoequivalents per liter 
(nEq/L), while [HC03] is expressed in milliequivalents 
per liter (mEg/L). This means that the H• concentration 
in extracellular fluid is one-rnillionth the HC03 concentra
tion (i.e., one nanoeguivalent is 10.,; millieguivalents). 

3. Because the [H•] is so much lower (by 6 orders of magni
tude) than the concentration of HC03 and other electro
lytes, it is expressed in logarithmic terms as the pH: 

pH = -log [H+] (22.3) 

349 
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The pH varies inversely with the (H+], so an increase in 
the (H+] reduces the pH, and a decrease in (H+] raises the 
pH. The (H+] and corresponding pH values in arterial 
blood are shown in Table 22.1 .  The normal (H+] of 40 
nEq/L corresponds to a pH of 7.40. Note that over the 
physiologic pH range, the (H+] varies by only 18 nEq/L. 
This is a testament to the acid-base control system. 

TABLE 22.1 Relationship Between pH and [H+] in Arterial Blood 

pH [H+] (nEq/L) 

7.7 

7.6 

7.5 

7.4 ...-- Normal _____,._ 

7.3 

7.2 

7 . 1  
7.0 

20 

26 

32 J Physiologic 
40 Range 

50 (ll 1 8  nEq/L) 

63 

80 

1 00 

B. Types of Acid-Base Disorders 

Acid-base d isorders are characterized by a change in the 
PC02 or HC03 concentration in extracellular fluid (plasma). 

1. A change in the PC02 represents a respiratory acid-base 
disorder: an increase in PC02 is a respiratory acidosis, and 
a decrease in PC02 is a respiratory alkalosis. 

2. A change in HC03 is a metabolic acid-base disorder: a 
decrease in HC03 is a metabolic acidosis, and an increase in 
HC03 is a metabolic alkalosis. 

3. Every acid-base disorder elicits a cornpensatory response 
that limits the impact of the disorder on the pH. 
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a .  Compensatory responses operate b y  controlling the 
PC02/HC03 ratio. For example, if there is an increase 
in arterial PC02 (respiratory acidosis), the compensa
tory response will involve an increase in the plasma 
HC03 concentration, and this will keep the PC02/ 
HC03 ratio (and the pH) relatively constant. Table 22.2 
shows the compensatory adjustments for each of the 
primary acid-base disorders. 

b. Compensatory responses do not correct the primary 
acid-base disorder; i.e., they limit, but do not prevent, 
the change in pH. 

TABLE 22.2 Primary Acid-Base Disorders and Associated 
Compensatory Changes 

Compensatory 
Primary Disorder Primary Change Change* 

Respiratory acidosis Increased PC02 Increased HC03 

Respiratory alkalosis Decreased PC02 Decreased HC03 

Metabolic acidosis Decreased HC03 Decreased PC02 

Metabolic alkalosis Increased HC03 Increased PC02 

'Compensatory changes are designed to keep the PC02/ HC03 ratio constant. 

I I .  PREDICTIVE EQUATIONS 

The diagnosis of acid-base disorders requires that you not 
only identify the primary disorder, but also evaluate com
pensatory responses (to identify additional or secondary 
acid-base disorders). This latter task requires the equations 
included in this section, which define the expected compen
sation for primary acid-base disorders. These equations 
(which are also shown in Figure 22.1 ) will be incorporated 
into a diagnostic scheme that is presented in the next section. 
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A. Metabolic Acid-Base Disorders 

The compensatory response to metabolic acid-base derange
ments is an immediate change in minute ventilation that 
changes the arterial PC02 (PaC02) in the same direction as 
the primary change in HC03 (see Table 22.2). 

PRIMARY DISORDER 

Metabolic Acidosis 

Metabolic Alkalosis 

Acute Respi ratory 
Acidosis 

Acute Respiratory 
Alkalosis 

Chronic Respiratory 

Acidosis 

Chronic Respi ratory 
Alkalosis 

EXPECTED RESULTS 

Expected Paco, = ( 1 .5 x HCO,) + (8 ± 2) 

Expected Paco, = (0.7 x HC03) + (21 ± 2) 

6pH = 0.008 x 6PaC02 

Expected pH = 7.40 - [0.008 x (Paco, - 40)] 

6pH = 0.000 x 6Paco, 

Expected pH = 7.40 + [0.008 x (40- PaC02)] 

6pH = 0.003 x 6PaC02 

Expected pH = 7.40 - [0.003 x (PaC02 - 40)] 

6pH = 0.003 x 6PaC02 

Expected pH =7.40 + [0.003 x (40- PaC02)] 

FIGURE 22. I Useful formulas for acid-base interpretations. 
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1 .  Metabolic Acidosis 

Metabolic acidosis is characterized by a primary decrease 
in the plasma HC03 concentration, and the compensa
tory response is an increase in minute ventilation, which 
decreases the arterial PC02 (PaC02) to a level that is pre
dicted by Equation 22.4 (3). (The HC03 in Equations 22.4 
and 22.5 is the measured concentration i.n plasma, in 
mEq/L). 

a. COMPENSATION FOR META BO LIC ACIDOSIS: 

Expected PaC02 = (1 .5 x HC03) + (8 ± 2) (22.4) 

2. Metabolic Alkalosis 

Metabolic alkalosis is characterized by a primary in
crease in the plasma HC03 concentration. The compensa
tory response is a decrease in minute ventilation, which 
increases the PaC02 to a level predicted by Equation 22.5 
(4). 

a. COMPENSATION FOR METABOLIC ALKALOSIS:  

Expected PaC02 = (0. 7 x HC03) + (21 ± 2) (22.5) 

B. Respiratory Acid-Base Disorders 

The compensatory response to respiratory acid-base disor
ders takes place in the kidneys and involves an adjustment 
in HC03 reabsorption in the proximal tubules. This response 
is not inunediate, but begins to appear in 6 to 12 hours, and 
is fully developed after a few days. Because of this delay, res
piratory acid-base disorders are classified as acute (1mcom
pensated) and chronic (fully compensated). 

1. Acute Respirnto1y Disorders 

Prior to the onset of renal compensation, a change in 
PaC02 of 1 mm Hg will produce a change in pH of 0.008 
pH ll11its (1,5). 

/':.i. pH = 0.008 x /':.i. PaC02 (22.6) 
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This relationship is incorporated into Equations 22.7  and 
22.8 using 7.40 for the normal pH and 40 1nn1 Hg for the 
normal PaC02. 

a .  ACUTE R ESPIRATORY ACIDOSIS: 

Expected pH = 7.40 - [0.008 x (PaC02 - 40)] (22.7) 

b. ACUTE RESPIRATORY ALKALOSIS: 

Expected pH = 7.40 + [0.008 x (40 - PaC02)] (22.8) 

2. Chronic Respiratory Disorders 

When renal compensation is fully developed, a change in 
PaC02 of 1 mm Hg will produce a change in pH of 0.003 
pH units (5). 

1". pH = 0.003 x 1".PaC02 (22.9) 

This relationship is incorporated into Equations 22.10 and 
22.11 using 7.40 as a normal arterial pH and 40 mm Hg as 
a normal PaC02• 

a. CHRONIC RESPIRATORY ACIDOSIS: 

Expected pH = 7.40 - [0.003 x (PaC02 - 40)] (22.10) 

b. CHRONIC RESPIRATORY ALKALOSIS: 

Expected pH = 7.40 + [0.003 x (40 - PaC02)] (22.11)  

I I .  SCHEME FOR ACID-BASE INTERPREfATIONS 

The following is a structured approach to the diagnosis of 
acid-base disorders that proceeds in three stages. The first 
two stages are designed to identify primary and secondary 
acid-base disorders using only three variables: arterial pH, 
PaC02, and plasma HC03 concenh·ation. The last stage in
volves the evaluation of metabolic acidosis. The detection of 
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acid-base disorders requires the normal ranges for acid-base 
parameters, which are listed below. 

Arterial pH = 7.36 - 7.44 

Arterial PC02 = 36 -44 mm Hg 

Plasma HC03 = 22-26 mEq/ L  

A. Identify the Primary Acid-Base Disorder 

Th.is stage requires only the pH and PaC02. If either of these 
measurements is outside the normal range, there is an acid
base disorde1� and you should proceed as follows: 

1. If the pH and PaC02 are both abnormal, compare the di
rectional change. 

a. If both change in the same direction, the primary acid
base disorder is metabolic. 

b .  If both change in opposite directions, the primary acid
base disorder is respiratory. 

c. EXAMPLE: Consider a patient with a pH of 7.23 and a 
PaC02 of 23 mm Hg. The pH and PaC02 are both re
duced (indicating a primary metabolic disorder), and 
the pH is low (indicating an acidosis), so this condition 
represents a primary metabolic acidosis. 

2. If either the pH or PaC02 is normal, there is a mixed met
abolic and respiratory acid-base disorder (one is an aci
dosis and the other is an alkalosis). There is no primary 
acid-base disorder in this instance because compensatory 
responses to primary acid-base disorders never fully cor
rect the problem (i.e., never normalize the pH and 
PaC02). 

a. If the pH is normal, the direction of change in PaC02 
identifies the respiratory disorder. 

b. If the PaC02 is normal, the direction of change in the 
pH identifies the metabolic disorder. 

c. EXAMPLE: Consider a patient with an arterial pH of 
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7.37 and a PaC02 of 55 mm Hg. The pH is normal, so 
there is a mixed metabolic and respiratory acid-base 
disorder. The PaC02 is elevated. so the respiratory dis
order is an acidosis, and thus the metabolic disorder 
must be an alkalosis. Therefore, the acid-base disorder 
in this case is a m.ixed respiratory acidosis and metabolic 
alkalosis. 

B. Evaluate Compensatory Responses 

If there is a primary acid-base disorder, proceed as directed 
below. If there is a mixed acid-base disorder, skip this stage 
a11d go to the third stage (if applicable). 

1. If there is a primary metabolic acidosis or alkalosis, use 
Equations 22.4 or 22.5 to calculate the expected PaC02• 

a .  If the measured PaC02 is higher than predicted, there 
is an additional (secondary) respiratory acidosis. 

b. If the measured PaC02 is lower than predicted, there is 
an additional (secondary) respiratory alkalosis. 

2. If there is a respiratory acidosis or alkalosis, use the 
PaC02 to calculate the expected pH using Equations 
22.7-22.11 .  Compare the measured pH to the expected 
pH to determine if the condition is acute, partially com
pensated, or fully compensated. 

a. If the measured pH is between the expected pH for the 
acute (tmcompensated) a_nd chronic (compensated) 
condition, the disorder is called a partially compensated 
respiratory acidosis or alkalosis. 

b. For respiratory acidosis, if the pH is lower than expect
ed for the acute condition, there is a secondary meta
bolic acidosis, and if the pH is higher tha11 expected for 
the clu·onic (compensated) condition, there is a sec
ondary metabolic alkalosis. 

c. For respiratory alkalosis, if the pH is higher tha11 ex
pected for the acute condition, there is a secondary 
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metabolic alkalosis, and if the pH is lower than expect
ed for the chronic (compensated) condition, there is a 
superimposed metabolic acidosis. 

d.  EXAMPLE: Consider a patient with a PaC02 of 23 mm 
Hg and a pH of 7.57, which represents a primary res
piratory alkalosis. The expected pH for an acute respi
ratory alkalosis is described in Equation 22.8, and is 
7.40 + [0.008 x (40-23)] = 7.54. The measured pH is high
er than expected, so this condition represents an acute 
respiratory alkalosis with a secondary metabolic alkalosis. 

C. Evaluate Metabolic Acidosis 

The final stage of this approach is for patients with a meta
bolic acidosis, and it involves two determinations known as 
gaps. 

1 .  The first is the anion gap, which is an estimate of umnea
sured anions in the extracellular fluid that helps to iden
tify the cause of a metabolic acidosis. 

2. The second gap is a comparison of the change in the 
anion gap and the change in the serwn HC03 concentra
tion. The difference or "gap" between these two meas
urements (also known as the gap-gap) can uncover mixed 
metabolic disorders (e.g., a metabolic acidosis and alka
losis) that would otherwise go w1detected. 

3. These two measurements are described in the next section. 

I I I .  "THE GAPS" 

A. Anion Gap 

The anion gap is used to determine i£ a metabolic acidosis is 
due to an accumulation of nonvolatile acids (e.g., lactic acid) 
or a net loss of bicarbonate (e.g., diarrhea) (6-8). 
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1 .  What is the Anion Gap? 

To achieve electrochemical balance, the concentration of 
negatively charged anions must equal the concentration 
of positively charged cations. All ions participate in this 
balance, including routinely measured ions like sodium 
(Na), chloride (CL), and bicarbonate (HC03), as well as 
mu11easured cations (UC) and muneasured anions (UA). 
The electrochemical balance equation can thus be written as: 

Na + UC = CL + HC03 + UA (22.12) 

Rearranging the terms yields the following relationships: 

Na - (CL + HC03) = UA - UC (22.13) 

The difference (UA - UC) is a measure of the relative 
abundance of unmeasured anions and is called the anion 
gap (AG). The anion gap is measured as the difference 
between the plasma sodium concentration and the sum 
of the plasma chloride and bicarbonate concentrations. 

2. Reference Ran9e 

The normal value of the AG was originally recorded at 
12 ± 4 mEq/L (range = 8 to 16 mEq/L) (7). With the adop
tion of newer automated systems that more accurately 
measure serum electrolytes, the normal value of the AG has 
decreased to 7 ± 4 mEq/L (range = 3 to 11 mEq/L) (9). This 
newer reference range has not been mliversally adopted, 
and tllis is a source of error in the interpretation of the AG. 

3.  Interpretin9 the Anion Gap 

Metabolic acidoses are characterized as having an elevat
ed AG or a normal AG .. 

a. Elevated AG metabolic acidoses are caused by the ad
dition of a fixed (nonvolatile) acid to the extracellular 
fluid (e.g., lactic acid, ketoacids). 

b. Normal AG metabolic acidoses are characterized by a 
net loss of HC03 and a compensatory increase in chlo-
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ride concentration. (In the high AG metabolic acidos
es, the loss of HC03 is not accompanied by increased 
chloride because the anions from the dissociated acids 
balance the loss of HC03). This condition is also called 
hyperchloremic metabolic acidosis. 

c. The clinical conditions responsible for elevated AG and 
normal AG metabolic acidoses are listed in Table 22.3. 

TABLE 22.3 Interpretations of the Anion Gap 

High AG Acidoses 

Lactic acidosis 

Ketoacidosis 

End-stage renal failure 

Methanol ingestion 

Ethylene glycol i ngestion 

Salicylate toxicity 

4. Reliability 

Normal AG Acidoses 

Diarrhea 

Isotonic saline infusion 

Early renal insufficiency 

Renal tubular acidosis 

Acetazolamide 

Ureterenterostomy 

The AG cm1 be IBLreliable, as demonstrated by the nu
merous reports of lactic acidosis with a normal AG (10, 
11) .  This discrepancy may be due to a disregard for the 
influence of plasma albumin on the AG (explained next). 

5. Influence of Albumin 

As indicated in Table 22.4, albumin is the major unmeasured 
anion in plasma. This mem1s that a decrease in serum albu
min will decrease the AG, m1d this can lead to errors in 
the interpretation of the AG (e.g., a high AG metabolic 
acidosis can present with a normal AG in the presence of 
hypoalbuminemia) .  

a .  The spurious influence of hypoalbuminemia on the 
mlion gap can be eliminated by calculating the AG as 
shown below using the albumin (g/ dL) and phos-
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phate (mg/ dL) concentrations (12,13) (this is possible 
because albumin and phosphate are responsible for 
the majority of the normal anion gap). 

AG = [2 x albumin] + [0.5 x P04] (22.14) 

The albumin-derived AG is then compared to the tra
ditional AG [Na - (CL = HC03)] .  If the traditional AG 
is greater than the albumin-derived AG, the difference 
is a true measure of nonvolatile acids. 

TABLE 22.4 Determinants of the Anion Gap 

Unmeasured Anions 

Albumin (1 5 mEq/L) * 
Organic Acids (5 mEq/L) 

Phosphate (2 mEq/L) 

Su lfate (1 mEq/L) 

Total UA: (23 mEq/L) 

Unmeasured Cations 

Calcium (5 mEq/L) 

Potassium (4.5  mEq/L) 

Magnesium (1 .5 mEq/L) 

Total UC: (1 1 mEq/L) 

Anion Gap = UA - UC = 1 2  mEq/L 

*If albumin is reduced by 50%, anion gap = 4 mEq/L. 

B. The "Gap-Gap" 

1. What is the Gap-Gap? 

In the presence of a high AG metabolic acidosis, it is pos
sible to detect another metabolic acid-base disorder (a 
normal AG metabolic acidosis or a metabolic alkalosis) 
by comparing the AG excess (the difference between the 
measured and normal AG) to the HC03 deficit (the differ
ence between the measured and normal HC03 concentra
tion in plasma). The AG excess/HC03 deficit ratio is 
shown below (12 mEq/L is the normal AG and 24 mEq/L 
is the normal plasma HC03 concentration). 
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AG Excess /HC03 Deficit = (AG - 1 2)/(24 - HC03) 

(22.15) 

Th.is ratio is sometimes called the gap-gap because i t  is a 
measure of the difference (gap) between another gap (the 
anion gap) and the changes ill HC03 concentration. 

2. Mixed Metabolic Acidoses 

When a fixed acid accmnulates in extracellular fluid (i.e., 
high AG metabolic acidosis), the decrease in sermn HC03 
is equivalent to the increase in AG, and the AG excess/ 
HC03 deficit ratio is mlity (=l) .  However, when a hyper
chloremic acidosis appears, the decrease in HC03 is 
greater th.an the increase in the AG, and the ratio (AG 
excess/HC03 deficit) falls below unity ( <l) .  

a .  Thus, in  the presence of  a high AG metabolic acidosis, 
a gap-gap (AG excess/HC03 deficit) <1 indicates the 
coexistence of a normal AG metabolic acidosis (5,14). 

3. Metabolic Acidosis and Alkalosis 

When alkali is added in the presence of a high AG acido
sis, the decrease in serum bicarbonate is less th.an the 
increase in AG, and the gap-gap (AG excess/HC03 def
icit) is greater than tmity (> 1) .  

a .  Thus, in the presence of a high AG metabolic acidosis, 
a gap-gap (AG excess/HC03 deficit) > 1 indicates the 
coexistence of a metabolic alkalosis (5,14). 
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23 
ORGANIC ACIDOSES 
This chapter describes the clinical disorders associated with 
the production of organic (carbon-based) acids, including 
lactic acid, ketoacids, oxalic acid (from ethylene glycol inges
tion), and formic acid (from methanol ingestion) (1,2). 

I. LACTIC ACIDOSIS 

A. Clinical Presentation 

L Lactic acidosis typically presents as a high anion gap meta
bolic acidosis in association with one of the conditions pre
sented in the next section. However, a normal anion gap 
has also been reported in cases of lactic acidosis (3), and 
thus the anion gap should not be used ns a screening test for 
lactic acidosis. (See Chapter 22 for information on the an
ion gap.) 

2. The diagnosis of lactic acidosis requires a blood lactate 
concentration. The blood sample should be placed on ice 
to retard lactate production by red blood cells. A lactate 
level above 2 mEq/L is considered abnormal . 

B. Etiologies 

L Circulato1y Shock 

In patients with a low cardiac output due to hypovol
ernia or heart failure, an increase in blood lactate levels is 
taken as evidence of impaired tissue oxygenation. This 
condition is generally known as circulatory shock. The de
gree of elevation in blood lactate levels is directly corre-

363 
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lated with the mortality rate in circulatory shock, as 
shown in Figure 23.1 (4). 
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FIGURE 23. 1 The relationship between blood lactate levels and survival 
in patients with circulatory shock. From Reference 4. 

2. Sepsis 

a. Some patients with sepsis have mild elevations of blood 
lactate (2 to 5 mEq/L) with a normal lactate : pyruvate 
ratio and a normal blood pH. These patients have stress 
hyperlactatemia, which is considered a result of hyper
metabolism without impaired cellular oxygen utiliza
tion (5) . 

b. Patients with severe sepsis can have marked eleva
tions in blood lactate with increased lactate : pyruvate 
ratios and a reduced blood pH. These patients have a 
defect in cellular oxygen utilization that has been called 
cytopathic hypoxia (6) . 

c. In severe sepsis, a blood lactate level above 4 mEq/L is 
associated with a poor prognosis (7). 

3. Thiamine Deficiency 

Lactic acidosis is one of the manifestations of thiamine 
deficiency (8). Thiamine is a cofactor for pyruvate dehy
drogenase (the enzyme that catalyses the conversion of 
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pyruvate to acetyl coenzyme A), and thiamine deficiency 
diverts glucose metabolism to the production of lactate. 
See Chapter 36 for more on thiamine deficiency. 

4. Dru9s 

A variety of drugs can produce lactic acidosis, including 
(in alphabetical order) acetaminophen, epinephrine, line
zolid, metformin, propofol, nitroprusside, and nucleo
side reverse transcriptase inhibitors (9-12). 

5. Pi-opylene Glycol 

Propylene glycol is a solvent that enhances the solubility 
of intravenous medications, including lorazepam, diaze
pam, esmolol, nitroglycerin, and phenytoin. The metabo
lism of propylene glycol takes place primarily in the liver� 
and the principal metabolites are lactate and pyruvate (13). 

a .  Propylene glycol toxicity has been reported in 19% to 
66% of ICU patients receiving high-dose lorazepam or 
diazepam for more than 2 days (13,14). Signs of toxici
ty include agitation, coma, seizures, tachycardia, hy
potension, and hyperlactatemia. 

6. Other Causes 

Other possible causes of hyperlactaternia in ICU patients 
include seizures (from increased lactate production), hep
atic insufficiency (from reduced lactate clearance), and 
acute asthma (possibly from enha1iced lactate production 
by the respiratory muscles) (15-17). 

C. D-Lactic Acidosis 

1. The lactate produced by mammalian tissues is a levo-iso
mer (bends light to the left). A dextro-isomer of lactate 
(bends light to the right) is produced by certain strains of 
bacteria that can populate the bowel. 

2. D-lactate generated by bacterial fermentation in the bow
el can enter the systemic circulation and produce a meta-
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bolic acidosis, often combined with a metabolic enceph
alopathy (18). Most cases of d-lactic acidosis have been 
reported after extensive small bowel resection or after 
jejunoileal bypass for morbid obesity (18,19). 

3 .  D-lactic acidosis can produce an elevated anion gap, but 
the standard laboratory assay for lactate measures only 
1-lactate. If d-lactic acidosis is suspected, you must re
quest a specific cl-lactate assay. 

D. Alkali Therapy 

1 .The primary goal of therapy in lactic acidosis is to correct 
the tmderlying cause of the acidosis. Alkali therapy to cor
rect the acidosis has no proven value (20) and is not recom
mended for the routine treahnent of lactic acidosis. 

2. For patients with severe acidosis (pH < 7.1 )  who are he
modynamically unstable, a trial infusion of sodium bi
carbonate (7.5% NaHC03, 0.9 mEq HC03 per liter) can be 
attempted by administering one-half of the estimated 
bicarbonate deficit (21). 

HC03 deficit (mEq) = 0.6 x wt (kg) x ( 15- plasma HC03) (23.1) 

(where 15 mEq/L is the target plasma HC03). If cardio
vascular improvement occurs, bicarbonate therapy can 
be continued to maintain the plasma HC03 at 15 mEq/L. 
If there is no improvement, further bicarbonate adminis
tration is not warranted. 

II .  D IABETIC KETOACIDOSIS 

A. Pathogenesis 

1. In conditions of reduced nutrient intake (or reduced glu
cose entry into cells), adipose tissue releases free fatty 
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acids, which are taken up in the l iver and metabolized 
to acetoaceta te and �-hydroxybu tyra te. These ketones 
are released from the Liver a11d can be used as oxidative 
fuels by vital organs such as the heart and central nerv
ous system. 

2. Acetoacetate and �-hydroxybutyrate are strong acids, 
and their accumulation in blood can produce a metabol
ic acidosis (i.e., ketoacidosis). In diabetic ketoacidosis, the 
principal ketone in blood is �-hydroxybutyrate (see Fig
ure 23.2). 

B. Clinical Features 

1. Diabetic ketoacidosis (DKA) is usually seen in insulin
dependent diabetics, but in 20% of cases, there is no pre
vious history of diabetes mellitus. 
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FIGURE 23.2 The concentrations of acetoacetate and �-hydroxybutyrate 
in the blood in diabetic ketoacidosis (DK.A) and akohoLic ketoacidosis 
(AKA). The horizontal dashed line represents the minimum concenh·a
tion of acetoacetate that will produce a positive nih·oprusside reaction. 



368 Acid-Base Disorders 

2. DKA is most often the result of inappropriate insulin 
dosing, but some patients have a concurrent illness, most 
commonly an infection. 

3. The hallmark of DKA is the combination of hypergly
cemia, a serum bicarbonate below 20 mEq/L, and an ele
vated anion gap. The blood glucose is usual ly above 250 
mg/ dL, but it may be lower or even normal in about 20% 
of cases (22). 

4. The increase in ketoacids should produce an elevated 
anion gap; however, this is variable, and the anion gap 
can be normal in DKA (23). The renal excretion of ketones 
is accompanied by an increase in chloride reabsorption in 
the renal tubules, and the resulting hyperchloremia lim
its the increase in the anion gap. 

C. Diagnosis 

1. The diagnosis of DKA requires confirmation of elevated 
ketoacids in blood and urine. The assay used most of
ten is the nitroprusside reaction, which is a colorimetric 
method for the detection of acetoacetate. A positive reac
tion requires a minimum acetoacetate concentration of 
3 mEq/L. 

2. The nitroprusside reaction does not detect P-hydroxybutyr
ate (22), which is the predominant ketoacid in DKA (30). 
As such, th.is reaction is insensitive for monitoring the se
verity of ketoacidosis. This is demonstrated in Figure 23.2. 
Note that the reaction is barely positive in DKA despite a 
total ketoacid concentration of 13-14 mEq/ L  in blood. 

D. Management 

The management of DKA is summarized in Table 23.1 .  
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TABLE 23.1 Management of Diabetic Ketoacidosis 

Insul in: 0.1 U/kg IV push, then 0.1 U/kg/hr by continuous infusion. 

Decrease dose rate 50% when serum HC03 rises above 
1 6  mEq. 

Fluids: Start 0.9% saline, 1 Uhr for the fi rst 2 hrs. 

Follow with 0.45% saline at 250-500 mUhr. 
Total fluid deficit is usually 50-1 00 mUkg. 

Potassium: If serum K = _ mEq/L, give _ mEq over next hour. 

<3 40 

3-4 30 

4-5 

5-6 

<6 

20 

1 0  

0 

Phosphate: If serum P04 is <1 .0 mg/dl, give 7. 7 mg/kg over 4 hrs. 

1. Insulin Therapy 

a. Insulin is given intravenously, starting with a bolus 
dose of 0.1 units per kilogram body weight (some feel 
this is wmecessary) and followed with a continuous 
infusion of 0.1 units per kilogram per hour. Because 
insulin adsorbs to intravenous tubing, the initial 50 mL of 
in£usate should be run tlu·ough the IV setup before the 
insulin drip is started. 

b.  The blood glucose levels should be measured every 1 
to 2 hours during inh·avenous insulin therapy. The goal 
is to decrease the blood glucose by 50 to 75 mg/ dL per 
hour (24). If this goal is not achieved, the insulin infu
sion rate should be doubled (24). Fingerstick glucose 
determinations can be performed if the blood glucose 
is below 500 mg/ dL. 
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2. Fluids 

a. Volw11e deficits average 50 to 100 mL/kg (or 4 to 8 L 
for a 175 lb adult) in DKA. 

b.  Fluid therapy usually begins with 0.9% (isotonic) sa
line infused at  a rate of one liter per hour for the first 2 
hours. This is followed by in£usion of 0.45% saline at  
250 to 500 mL/hour. 

c. When the blood glucose falls to 250 mg/ dL, dextrose 
can be added to the i.nh·avenous fluids, and the infu
sion rate should then be slowed to 100 to 250 mL/hour. 

d. If there is evidence of hypovolemic shock (i.e., hypo
tension), colloid fluids may be preferred until the blood 
pressure normalizes. The preferred colloid in this situ
ation is 5% albumin because 6% hetastarch produces an 
increase in serum amylase levels, and this can lead to 
confusion because low-grade pancreatitis may be com
mon in DKA (22). 

3. Potassium 

Potassium depletion is almost universal in DKA, and the 
average deficit is 3 to 5 mEq/kg. However, the serum 
potassium is usually normal (74% of patients) or even 
elevated (22% of patients) at presentation. The serwn po
tassiwn falls during insulin therapy (transcellular shift), 
and this fall can be dramatic. Therefore, potassium re
placement should be started as soon as possible (see 
Table 23.1), and the serum potassium should be moni
tored hourly for the first 4 to 6 hours of therapy. 

4. Phosphate 

a .  Phosphate depletion is common in DKA, and averages 
1 to 1 .5 mmol/kg. Howevei� phosphate replacement 
has little impact on the outcome in DKA, and is not 
recommended as a routine measure (22). 

b.  The serwn phosphate level should be measured 4 hours 
after the start of therapy. If the level is severely de
pressed (less than 1 mg/ dL), phosphate replacement is 
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advised (see Table 23. 1  for the recommended replace
ment dose). 

5. Alkali Thernpy 

Alkali therapy with sodiwn bicarbonate does not improve 
the outcome in DKA and is not recommended, regardless 
of the severity of the acidemia (22). 

E. Monitoring Acid-Base Status 

1. The serum bicarbonate may not be a reliable parameter 
for following the acid-base changes in DKA. Aggressive 
fluid replacement often produces a hyperchloremic acido
sis by promoting ketoacid excretion in the urine, which 
increases chloride reabsorption in the renal hibules. This 
prevents the bicarbonate from rising despite a resolving 
ketoacidosis. In this sihtation, the pattern of the acidosis 
is changing (i.e., changing from a high anion gap to a low 
anion gap acidosis). 

2. The most appropriate parameter to monitor during the 
therapy of DKA is the gap-gap: i.e., the anion gap ex
cess : bicarbonate deficit ratio (this parameter is described 
in Chapter 22). This ratio is 1 .0 in pure ketoacidosis, and 
decreases toward zero as the ketoacidosis resolves and is 
replaced by the hyperchloremic acidosis. When the ke
tones have been cleared from the bloodstream, the ratio 
approaches zero. 

I I I .  ALCOHOLIC KETOACIDOSIS 

A. Pathogenesis 

Alcoholic ketoacidosis (AKA) is a complex disorder with sever
al somces of ketosis, including reduced nutrient intake, hepatic 
oxidation of ethanol (which generates NADH and enhances 
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j)-hydroxybutyrate formation), and dehydration (which impairs 
ketone excretion in the urine). 

B. Clinical Features 

1. AKA is usually seen in du·onic alcoholics, and typically 
appears 1 to 3 days after a period of heavy binge drinking (25). 

2. The presentation usually includes nausea, vomiting, and 
abdominal pain. Electrolyte abnormalities are common, 
particularly the hypos (e.g., hyponatremia, hypokalemia, 
hypophospha temia, hypomagnesemia, hypoglycemia). 

3. Mixed acid-base disorders are common in AKA. More 
than half the patients can have lactic acidosis (caused by 
other conditions) (25), and metabolic alkalosis occurs in 
patients with protracted vomiting. 

C. Diagnosis 

1. The diagnosis of AKA is suggested by the appearance of 
a high anion gap metabolic acidosis in the appropriate 
clinical setting (i.e., after a period of binge drinking), and 
the diagnosis is confirmed by the presence of ketones in 
the blood and urine. 

2. The ratio of �-hydroxybutyrate to acetoacetate in blood 
can be as high as 8:1 in AKA, and the plasma levels of 
acetoacetate may not be high enough to be detected by 
the nitroprusside reaction (see Figure 23.2). Therefore, the 
nitroprusside reaction for detecting ketones can be negative in 
AKA. When this occurs, the diagnosis of AKA requires 
elimination of the other conditions (e.g., lactic acidosis) 
that can produce a high anion gap metabolic acidosis. 

D. Management 

1. AKA is corrected simply by infusing dextrose-containing 
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saline solutions. The glucose helps retard hepatic ketone 
production, while the infused volume promotes the renal 
clearance of ketones. The ketoacidosis usually resolves 
within 24 hours. 

2. Alkali therapy is not necessary in AKA (25). 

IV. TOXIC ALCOHOLS 

Two alcohols are noted for their ability to generate organic 
acids: ethylene glycol and methanol. 

A. Ethylene Glycol Intoxication 

1. PathophysioloBY 

Ethylene glycol is a solvent used primarily in antifreeze 
and deicing solutions. When ingested, ethylene glycol is 
rapidly absorbed from the GI h·act, and 80% of the ingest
ed dose is metabolized in the liver. 

a. Metabolism by alcohol dehydrogenase in the liver pro
duces glycolic acid, as shown in Figure 23.3. This is the 
major metabolite of ethylene glycol, and it produces a 
metabolic acidosis with an elevated anion gap (26). 

b. The formation of glycolic acid involves the conversion 
of NAD to NADH, and this promotes the conversion 
of pyruvate to lactate. As a result, serum lactate levels 
are also elevated in ethylene glycol poisoning (26,27). 

c. The final metabolite of ethylene glycol is oxalic acid, 
which can combine with calcium to form calcium ox
alate crystals in the renal tubules. These crystals (which 
are recognizable on microscopic examination of the 
urine) can damage the renal tubules and produce 
acute renal failure. 

2. Clinical Presentation 

a. Early signs of ethylene glycol intoxication include nau-
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sea, vomiting, and apparent inebriation. Because ethyl
ene glycol is odorless, there is no odor of alcohol on 
the breath. 

b.  Severe cases are accompanied by coma, generalized 
seizures, renal failure, pulmonary edema, and cardio
vascular collapse (26). 

c. Laboratory studies show a metabolic acidosis with an 
elevated anion gap. 

d. Senun lactate levels can be elevated (usually 5-6  mEq 
/L). Hypocalcemia can be present, and calcium oxalate 
aystals are visualized il1 the urine il1 about50% of cases (28). 

e. A plasma assay for ethylene glycol is available, and a 
level > 25 mg/ dL is considered toxic (26,29). However, 
plasma levels can be negligible (due to metabolism of 
the parent comp01md) in patients who present late af
ter ingestion. 

3. Treatment 

The results of the ethylene glycol assay are often not avail
able immediately, and therapy is started based on a high 
clinical suspicion of ethylene glycol intoxication. Treat
ment involves inhibition of alcohol dehydrogenase, and 
hemodialysis if necessary. 

a .  The traditional use of ethanol to inhibit alcohol dehy
drogenase has been replaced by the drug fomepizole, 
which inhibits alcohol dehydrogenase (see Figure 23.3) 
without the side effects that accompany ethanol. The 
best results are obtained when therapy begins within 4 
hours after ingestion. The recommended dosage is 15 
mg/kg IV as an initial dose, then 10 mg/kg every 12 
hours for 48 hours, then 15 mg/kg every 12 hours w1til 
the plasma ethylene glycol level is 25 mEq/L or lower 
(26,30) .  

b. Hemodialysis increases the clearance of  ethylene gly
col and its metabolites. The indications for immediate 
hemodialysis include severe acidemia (pH < 7. 1 ), and 
evidence of end-organ damage (e.g., coma, seizures, 
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and renal failure) (26,30). Multiple courses of hemo
dialysis may be necessary. Fomepizole should be given 
every 4 hams if hemodialysis is continued. 

c. ADJUNCTS. Thiamine (100 mg N daily) and pyridox
ine (100 mg N daily) can divert glyoxylic acid to non
toxic metabolites (see Figure 23.3). 

B. Methanol Intoxication 

Methanol is a common ingredient in shellac, varnish, wind
shield washer fluid and solid cooking fuel (Sterno) (26,31) .  

1 .  Pathophysiology 

a. Like ethylene glycol, methanol is rapidly absorbed from 
the GI tract and is metabolized by alcohol dehydroge
nase in the liver (see Figure 23.3). 

b. The metabolite, formic acid, is a mitochondrial toxin 
that acts by inhibiting cytochrome oxidase. Tissues 
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FIGURE 23.3 The metabolism of ethylene glycol and methanol. AD = 

alcohol dehydrogenase. FMP = fomepizole. 
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that are particularly susceptible to damage are the reti
na, optic nerve, and basal ganglia (31 ) .  

c.  Serum lactate levels can be elevated for the same rea
son as explained for ethylene glycol, but the added 
mitochondrial toxicity of formic acid can result in 
higher serwn lactate levels. 

2. Clinical Presentation 

a. Early signs (within 6 hours of ingestion) include 
apparent inebriation without the odor of ethanol (as in 
ethylene glycol intoxication). 

b.  Later signs (6 to 24 hours after ingestion) include visu
al disturbances (e.g., scotoma, blurred vision, com
plete blindness), depressed consciousness, coma, and 
generalized seizures. Pancreatitis has also been de
scribed (26) . 

c. Examination of the retina can reveal papilledema and 
generalized retinal edema. 

d.  Laboratory studies show the same acid-base abnor
malities as described for ethylene glycol intoxication 
(although lactate levels may be higher). 

e. Pancreatic enzymes can be also be elevated, and elevat
ed CPK levels in blood (from rhabdomyolysis) has 
been reported (26). 

f. A plasma assay for methanol is available, and a level 
above 25 mg/ dL is considered toxic. As explained with 
ethylene glycol intoxication, plasma levels can be mis
leading late after ingestion because the parent com
pound may be completely degraded. 

3. Treatment 

Treatment is the same as described for ethylene glycol 
intoxication, except: 

a .  Visual impairment is an indication for d ialysis. 

b .  Adjtmctive therapy with thiamine and pyridoxine is 
not indicated. 
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MET ABOLIC 
ALKALOSIS 
Although metabolic acidosis seems to get the most attention, 
one of every tlu·ee acid-base disorders in hospitalized patients 
is a metabolic alkolosis (1) .  This chapter describes tl1e causes, 
consequences, and correction of metabolic alkalosis (1-3). 

I. ORIGINS OF METABOLIC ALKALOSIS 

Metabolic alkalosis is  characterized by an increase in extra
cellular bicarbonate (HC03) concentration, and is usually the 
result of one (or more) of the following conditions. 

A. Loss of Gastric Secretions 

1. Gastric secretions are rich in hydrogen and chloride ions 
(concentration of each is 50 to 100 mEq/L), and loss of 
these secretions from vomiting or nasogastric (NG) suc
tion can produce a profoLmd metabolic alkalosis. 

2. Despite the loss of gastric acid, chloride depletion is the 
major factor responsible for the metabolic a lkalosis from 
vomiting and NG suctioning. Chloride depletion stimu
lates HC03 reabsorption in the kidneys, and the resulting 
increase in extracellular HC03 creates a metabolic alkalo
sis. (The HC03 that is added to the extracel lular fluid bal
ances the chloride loss to maintain electrical neutrality). 

3. Otl1er factors that contribute to the a lkalosis from loss of 
gastric secretions are hypovolemia and hypokalemia. 

379 
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B. Diuretics 

Thiazide diuretics and "loop" diuretics like furosemide pro
mote metabolic alkalosis by increasing the urinary loss of 
sodium, chloride, potassium, and magnesium. 

1. The principal action of these diuretics is to increase sodi
um and chloride loss in the urine. The chloride loss is 
accompanied by increased HC03 reabsorption in the kid
neys (to maintain electrical neutrality), and the resulting 
increase in extracellular fluid HC03 concentration pro
duces a metabolic alkalosis. Sodium loss promotes extra
cellular fluid loss, and this promotes metabolic alkalosis 
by mechanisms explained in the next section. 

2 .  Diuretics increase urinary potassium excretion by the fol
lowing mechanisms: 

a .  Sodium delivery to the distal tubules is increased, and 
this promotes potassium secretion via the sodium
potassium exchange pump in the distal tubule. 

b.  Magnesium reabsorption in the kidneys usually mir
rors sodium reabsorption, so these diuretics also pro
mote magnesium loss in the urine. Magnesium deple
tion plays an important role in diuretic-induced potas
simn depletion, as described in Chapter 28. 

Potassitrm depletion promotes metabolic alkalosis by mech
anisms explained later in this section. 

C. Volume Depletion 

1 .  Volume depletion promotes metabolic alkalosis in two 
ways. 

a .  There is a direct link between the reabsorption of sodi
um and HC03 in the renal tubules, so the increased 
sodimn reabsorption in response to volume depletion 
is accompanied by an increase in HC03 reabsorption. 
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b .  Volume depletion also stimulates rerun release, and the 
subsequent increase in aldosterone production serves 
to promote H+ secretion in the distal tubules. 

2. The importance of volume depletion as a cause of meta
bolic alkalosis is being questioned because volume 
replacement does not correct metabolic alkalosis without 
chloride repletion (2). Since volume replacement is usu
ally accompanied by chloride replacement (i.e., in saline 
solutions), this distinction may not be clinically relevant. 

D. Hypokalemia 

1. Hypokalemia promotes metabolic alkalosis via two mech
anisms: 

a. Transcellular shift of H+ into cells. 

b. Increased H+ secretion in the distal renal tubules. 

2. The enhanced secretion of H+ in the distal renal tubules 
involves a Na+ - H+ transporter that requires adequate 
delivery of sodium to the distal tubules. In the setting of 
hypovolemia, most of the filtered sodium is reabsorbed 
in the proximal tubules, and the effects of hypokalemia 
on H+ secretion are mirlimal. 

E. Chronic C02 Retention 

The compensatory response to C02 retention is an increase in 
HC03 reabsorption in the proximal tubules of the kidneys. If 
chronic hypercapnia is corrected suddenly (e.g., by overven
tilation when mechanical ventilation is initiated), the com
pensatory metabolic alkalosis will become a primary acid
base disorder. 

F. Administration of Organic Anions 

The administration of organic anions such as lactate (in lac-
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ta ted Ringer 's solution), acetate (in parenteral nutrition solu
tions), and citrate (in banked blood) could produce a meta
bolic alkalosis. However, only citrate administration in 
blood transfusions is capable of causing a metabolic alkalo
sis (4), and a minimum of 8 units of blood must be trans
fused before the plasma HC03 begins to rise (5). 

II .  CLINICAL CONSEQUENCES 

Despite the potential for harm, metabolic alkalosis has no 
apparent deleterious effects in most patients. The following 
adverse effects are the ones most often mentioned. 

A. Neurologic Manifestations 

The neurologic manifestations attributed to alkalosis include 
depressed consciousness, generalized seizures, and carpope
dal spasms. However, these manifestations are almost al
ways associated with respiratory alkalosis, not metabolic 
alkalosis. This is explained by the greater tendency for respi
ratory alkalosis to influence the acid-base status of the cen
tral nervous system. 

B. Hypoventilation 

1. The respiratory compensation for metabolic alkalosis is 
described by the equation shown below (where PaC02 is 
the arterial PC02 and HC03 is the plasma HC03 in 
mEq/L) (6) . 

Expected PaC02 = (0. 7 x HC03) + (21 ± 2) (24.1) 

This equation is used to plot the relationship between 
HC03 and arterial PC02 shown in Figure 24.l .  Note that 
the threshold for hypercapnia (PaC02 of 46 mm Hg ) is 
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not reached until the HC03 rises above the range of  34 -
39 mEq/L. 

2. Figure 24.1  demonstrates that respiratory depression occurs 
only in severe cases of metabolic alkalosis. 

PaC02 
(mm Hg) 

50 

45 

40 

Paco,� o.7 x HC03+ (21 ± 2) 

25 30 35 40 45 

Serum HC03 (mEq/L) 

FIGURE 24.1 The relationship between plasma bicarbonate (HC03) and 
arterial PC02 (PaC02) based on the equation shown at the top of the 
graph. Note that the serum HC03 must rise above the range of 34-39 
mEq/L to produce hypercapnia. 

C. Systemic Oxygenation 

Alkalosis has a number of effects that can threaten tissue 
oxygen availability (see Figure 24.2). 

1. Alkalosis reduces myocardial contractility and promotes 
peripheral vasoconstriction (by decreasing ionized or 
free plasma calcium): both effects can lead to a decrease 
in cardiac output. 

2. Alkalosis shifts the oxyhemoglobin dissociation curve to 
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the left (Bohr effect), which impairs the ability of hemo
globin to release oxygen to the tissues. 

3. Intracellular alkalosis can increase cellular 02 consump
tion by stimulating the activity of enzymes in the gly
colytic pathway. However, this effect is predominantly 
seen with respiratory alkalosis (7). 

The clinical significance of these effects is tmclear, but they 
may be important in patients with circulatory failure or cir
culatory shock. 

Glucose 
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- Capillary 

EFFECTS OF METABOLIC ALKALOSIS 

CD Decreases Cardiac Output 

® Shifts Hb02 Curve to the Left 

® Increases Tissue 02 Consumption 

FIGURE 24.2 Effects of alkalosis on the determinants of systemic oxy
genation. 

I I I .  THE EVALUATION 

Metabolic alkaloses are traditionally classified as chloride
responsive or chloride-resistant, based on the urinary chlo
ride concentration (see Table 24.1) .  
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TABLE 24.1 Classification of Metabolic Alkalosis 

Chloride-Responsive Chloride-Resistant 

Urinary chloride < 15 mEq/L: Urinary chloride >25 mEq/L: 

1 .  Loss of gastric acid 1 .  Mineralocorticoid excess 

2. Diuretics 2. Potassium depletion 

3. Volume depletion 
4. Posthypercapnia 

A. Chloride-Responsive Alkalosis 

1. A chloride-responsive metabolic alkalosis is characterized 
by a low urinary chloride concentration; i .e., less than 15 
mEq/L. 

2. This type of metabolic alkalosis is the result of gastric 
acid loss, diuretic therapy, volume depletion, or renal 
compensation for hypercapnia. 

3 .  The majority of metabolic alkaloses in hospitalized 
patients are chloride-responsive. 

B. Chloride-Resistant Alkalosis 

1. A chloride-resistant metabolic alkalosis is characterized by 
an elevated urinary chloride concenh·ation; i .e . ,  above 25 
mEq/L. 

2. Most cases of chloride-resistant alkalosis are caused by 
primary mineralocorticoid excess (e.g., hyperadrenal con
ditions) or severe potassium depletion (these two condi
tions often co-exist). 

3. This type of metabolic alkalosis is usually associated with 
volume expansion rather than volume depletion. 
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IV. MANAGEMENT 

Most metabolic alkaloses in hospitalized patients are dtlo
ride-responsive, so chloride replacement is the mainstay of 
therapy for metabolic alkalosis. The chloride can be replaced 
as sodium chloride, potassium chloride, or hydrochloric acid 
(HCL). 

A. Saline Infusion 

1. Because volume depletion is common in chloride-respon
sive metabolic alkalosis, infusion of isotonic saline (0.9% 
sodimn chloride) is the most common method of chloride 
replacement. 

2. The volume of isotonic saline needed can be determined 
by estimating the chloride (CL) deficit in mEq/L, as 
shown below: 

CL deficit= 0.2 x wt(kg) x (normal- current Pell (24.2) 

where Pei_ is plasma chloride in mEq/L.  The factor 0.2 
represents the volume of distribution for chloride as a 
fraction of body weight. 

3. The volume of isotonic saline needed to correct the dllo
ride deficit is then determined as follows: 

Volume of 0.9% NaCl (L) = CL deficit /154 (24.3) 

where 154 is the chloride concentration (in mEq/L) in 
isotonic saline. 

EXAMPLE. A patient who weighs 70 kg has a metabolic 
alkalosis from repeated vomiting. The plasma chloride 
is 80 mEq/ L. Using a normal serum chloride of 100 
mEq/L, the chloride deficit is 0.2 x 70 x (100 - 80) = 280 
mEq. The volmne of isotonic saline needed to correct 
th.is deficit is 280 /154 = 1 .8 liters. 



B. Potassium Chloride 

Metabolic Alkalosis 387 

1. Potassimn chloride administration is indicated only when 
metabolic alkalosis is accompanied by hypokalemia. 

2. It  is important to emphasize that the administration of 
potassium chloride will not replenish potassium stores if there 
is concurrent rnagnesium depletion (8). (See Chapter 28 for 
more information on this topic.) 

C. Hydrochloric Acid Infusion 

Infusions of dilute solutions of hydrochloric acid (HCL ) pro
duce the most rapid correction of metabolic alkalosis (1) .  
However, because of the risks involved (see later), HCL :infu
sions are reserved only for the most severe and refractory 
cases of metabolic alkalosis. 

1. The "dose" of HCL is determined by estimating the hydro
gen ion (H+) deficit in mEq/L using the equation below. 

W deficit = 0.5 x wt(kg) x (current - desired PHco3) 
(24.4} 

where P,.,co3 is plasma HC03 in mEq/L. The factor 0.5 rep
resents the volume of distribution for H+ as a fraction of 
body weight. The desired HC03 should be above the nor
mal range (the goal is not to correct the alkalosis, but to 
reduce the severity), and can be set halfway between the 
actual and normal HC03. 

2. The H+ deficit is corrected with O.lN HCL, which con
tains 100 mEq H+ per l iter. The volmne of O.lN HCL 
needed to correct the H+ deficit is determined as shown 
below. 

Volume of 0.1 N  HCL (L) = W deficit /1 00 (24.5) 
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3. Because HCL solutions are sclerosing, they must be in
fused through a large, central vein (9), and the infusion 
rate should not exceed 0.2 mEq/kg/hr (3). 

4. The corrosive effects of HCL solutions are a major con
cern. In addition to sclerosis, extravasation of HCL solu
tions can produce severe tissue necrosis (10). Because of 
their toxic potential, HCL infusions should be used very 
judiciously. 

D. Chloride-Resistant Alkalosis 

1. The management of chloride-resistant metabolic alkalo
sis is aimed at treating the w1derlying cause of the min
eralocorticoid excess (e.g., hyperadrenalism, heart fail
ure) and correcting potassium deficits. 

2. The carbonic anhydrase inhibitor, acetazolamide, blocks 
HC03 reabsorption in the proximal hibule, and has been 
used successfully in treating cases of chloride-resistant 
metabolic alkalosis. 

a. The recommended dose is 5 to 10 mg/kg IV (or PO), 
and the maximum effect occurs after an average of 15 
hours (11) .  

b.  Acetazolamide promotes both volwne depletion and 
potassium depletion, and it should not be used in cases 
of chloride-resistant metabolic alkalosis that are accom
panied by either of these conditions. 
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OLIGURIA AND 
ACUT E RENAL 
FAILURE 
A decrease in urine output can be a normal adaptation to hy
povolernia or a sign of acute renal failure. This chapter de
scribes how to distinguish between these two conditions, 
and also describes the causes and management of acute re
nal failure. 

I. OLIGURIA 

A. Definition 

1. Oliguria is traditionally defined as a urine output of less 
than 400 mL/day (1), but no one waits 24 hours to make 
the diagnosis, so this translates to an average urine out
put of less than 17 mL/hr. 

B. Categories 

The causes of oliguria are traditionally separated into three 
categories based on the anatomic location of the problem. 
The conditions in each category are listed in Table 25.1 (2). 

1. Prerenal Conditions 

The prerenal conditions are located proximal to the kid
neys and are characterized by a decrease in renovascular 
flow. Prerenal disorders are responsible for about 30 to 

39 1 
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40% of cases of oliguria in the ICU (1 ) .  This type of olig
mia usually resolves when the Lmderlying disorder (e.g., 
hypovolemia) is treated. 

TABLE 25.1 Usual Causes of Acute Oliguria in the ICU 

Prerenal Renal Postrenal 
Conditions Failure Obstruction 

Hypovolemia Circulatory shock Papillary necrosis 

Decompensated Myoglobinuria Retroperitoneal mass 
heart failure 

Drugs that impair Nephrotoxic drugs Urethral stricture 
renal autoregulation* 

Radiocontrast dye Prostatic hypertrophy 

Severe sepsis with 
multiorgan failure 

Surgeryt 

•includes nonsteroidal antiinflammatory agents (ketorolac), angiotensin
converting enzyme inhibitors, and angiotensin receptor blockers. 

tcardiac surgery and abdominal aortic aneurysm repair. 

2. Renal Disorders 

a. Acute renal failure is responsible for about 50% of 
cases of acute oligmia. The renal disorder most often 
involved is a condition known as acute tubular necrosis 
(ATN) (1) .  

b.  The hallmark of ATN is injury to the renal tubular 
epithelial cells. The injured cells are sloughed into the 
tubular lumen to create an obstruction that increases 
proximal pressure in the tubules. This decreases the 
net filtration pressure across the glomerular capillaries 
and reduces the glomerular filtration rate (GFR). 

c .  The causes of ATN include severe sepsis, circulatory 
shock, and toxic injmy from drugs (e.g., aminoglyco
sides), radiocontrast dye, and myoglobinuria. 
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3. Postrenal Obstruction 

Obstruction distal to the renal parenchyma is responsible 
for only about 10% of cases of oliguria in the ICU (3). The 
obstruction can involve the most distal portion of the 
renal collecting ducts (papillary necrosis), the ureters (ex
traluminal obstruction from a retroperitoneal mass), or 
the ureters (strictures or extraluminal obstruction from 
prostatic enlargement). Ureteral obstruction from stones 
does not cause oliguria unless the patient has a solitary 
kidney. 

TABLE 25.2 Prerenal Azotemia vs. Acute Renal Failure 

Acute 
Parameter Azotemia Renal Failure 

Urine Sodium < 1 0  mEq/L > 20 mEq/L 

Fractional Excretion < 1 %  > 2% 
of Sodium 

Urine Osmolality > 450 mosm/kg 290 ± 1  O mosm/kg 

BUN/Creatinine � 20/1 1 0/1 
Ratio in Plasma 

C. Evaluation 

The following studies can help to distinguish prerenal con
ditions from intrinsic renal failure in cases of acute oliguria. 
(see Table 25.2). 

1 .  Urine Sodium 

a. A decrease in renal perfusion is accompanied by sodi
um conservation and a decrease in urinary sodium 
excretion. A urine sodium below 20 mEq/L usually indi
cates a prerenal cause of oliguria (1) .  

b .  Intrinsic renal disease is usually accompanied by ob-
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ligatory sodiwn loss in the mine and an increase in 
urinary sodium excretion. Therefore, a urine sodium 
above 40 mEq/L suggests an intrinsic renal disorder as a 
cause of oliguria. 

CAVEAT. Prerenal conditions can be associated with a 
high urinary sodium (>40 mEq/L) when they are su
perimposed on chronic renal insufficiency (where 
there is obligatory sodiw11 loss in the urine), or when 
there is ongoing d iuretic therapy. 

2. Fractional Excretion of Sodium 

The fractional excretion of sodium (FEN.) eliminates the in
fluence of sodium intake on urinary sodiwn. The FENa is 
the fraction of filtered sodiwn that is excreted in the urine, 
and is equivalent to the sodium clearance divided by the 
creatinine clearance (see Table 25.3) (4). 

a .  The FENa is normally less than 1 %; i.e., less than 1 % of 
the filtered sodiwn is excreted in the mine. 

b. In the setting of oliguria, an FEN• <1 % suggests a prerenal 
condition, and an FEN. > 2% suggests intrinsic renal disease. 

c. One exception to the above criteria is ATN due to myo
globinmia, where the FENa can be less than 1 % (1) .  

3. Urine Osmolality 

a. The normal response to hypovolernia involves an i.J1-
crease in free water reabsorption in the kidneys (medi
ated, i.J1 part, by anti.diuretic hormone.) This results in 
a relatively concenh·ated urine and an increase in urine 
osmolality. 

b .  Urinary concentrating ability is impaired in renal fail
ure, and the urine osmolality tends to mirror the osmo
lality of plasma. This condition is known as isosthenuria. 

c. In the setting of oligmia, a urine osmolality >450 mosm 
/kg is evidence of a prerenal condition, and a urine osmolal
ity of 280-300 mosm/kg is evidence of an intrinsic renal 
disorder (5). 
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CAVEAT Prerenal conditions may not cause the expect
ed rise in urine osmolality i£ there is w1derlying renal 
disease, ongoing use of diuretics, or diabetes insipid us. 

4 .  Urine Microscopy 

Microscopic examination of the urine sediment can pro
vide the following information: 

a. The presence of abundant tubular epithelial cells with 
epithelial cell casts establishes the diagnosis of ATN. 

b .  The presence of white cell casts identifies an interstitial 
neplu·itis (see later). 

c. The presence of pigmented casts identilies myoglobinuria. 

TABLE 25.3 Quantitative Assessment of Renal Function 

Creatinine Clearance (Men): 

CL (mUmin) = (1 40 - age) x weight (kg) 
cR 

72 x Serum creatinine (mg/dl) 

Creatinine Clearance (Women): 

ClcR (mUmin) = 0.85 x ClcR for men 

Fractional Excretion of Sodium: 

FENA = 
Urine [Na] I Plasma [Na] x 1 00 
Urine [Cr] /Plasma [Cr] 

5. B UN /Creatinine Ratio 

a .  In normal subjects and patients with intrinsic renal 
failure, the ratio of blood urea nitrogen (BUN) to crea
tinine in plasma is about 10/1 .  

b .  The reabsorption of  urea in the proximal renal tubules is 
linked to the reabsorption of sodium, so in conditions 
where sodium reabsorption is increased (e.g., hypo
volemia), increased urea reabsorption leads to an increase 
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in plasma BUN and an increase in the BUN/creatinine 
ratio (5). 

c .  A plasma BUN/creatinine ratio of 20 or higher suggests a 
prerenal cause for oliguria. This condition is called prere
nal azotemia. 

CAVEAT The BUN I creatinine ratio is also influenced 
by the rate of urea production. Therefore, conditions 
associated with an increase in urea production (e.g., GI 
bleeding) can also increase the BUN I crea ti.nine ratio, 
and conditions associated with a decrease in urea pro
duction (e.g., hepatic insufficiency) can prevent the 
normal rise in the BUN I creatinine ratio in prerenal 
disorders. 

6. Creatinine Clearance 

Although not often used in the evaluation of oliguria, the 
creatinine clearance can be estimated using the equations 
in Table 25.3. The creatinine clearance is used as a rough 
estimate of the glomerular filtration rate (GFR), which is 
a measure of the ftmctional renal mass. (The creatinine 
clearance overestimates GFR because creatinine is secret
ed by the renal tubules. 

a .  In acute oliguric renal failure, the creatinine clearance is 
less than 25% of normal. (The crea ti.nine clearance varies 
with age, body size, and gender, but the normal range 
should be about 70 -100 mL/min for most patients.) 

b.  In prerenal conditions, the creatinine clearance can 
decrease (if the condition is severe enough to cause a 
decrease in GFR), but the magnitude of change will be 
much less than in renal failure. 

7. Renal Ultrasound 

a. There are no laboratory tests that will identify postre
nal obstruction as a cause of oliguria (acute obstruc
tion has urinary indices similar to prerenal conditions, 
and chronic obstruction has urinary indices similar to 
intrinsic renal failure). 
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b. If postrenal obsh"uction is a possibility, ulh·asoLmd im
ages of the kidneys can provide valuable information. 
Signs of obstruction include an increase in the size of 
the kidneys and enlargement of the renal calyces. 

II .  IMMEDIATE CONCERNS 

The most immediate concerns in the oliguric patient are to 
identify and correct volume deficits and discontinue nephro
toxic drugs (if possible). 

A. Correct Volume Deficits 

1. Prompt correction of volume deficits is important be
cause severe and prolonged hypovolemia can promote 
renal injury. 

2. As mentioned in Chapter 10 (see Section I-B), oliguria 
due to hypovolemia usually involves a volume deficit of 
20-30 mL/kg (ideal body weight). 

3. Either colloid or crystalloid fluids can be used for volume 
replacement, but the volume of crystalloid fluids shou ld 
be three to four times the estimated volume deficit (see 
Chapter 10, Section IV-B). 

4 .  If the volume status of the patient is not clear, a fluid 
challenge is a reasonab le measure (the risks of prolonged 
oliguria ou tweigh the risks of any retained volume). Flu
id chal lenges should employ 500 ml to 1,000 mL for crys
talloid fluids, or 300 mL to 500 mL for colloid fluids, in
fused over 30 minutes (6) . 

B. Dopamine & Furosemide 

1. Low-dose dopamine (2 µg/kg/min), can promote renal 
vasodilation, but there is no associated improvement in 



398 Renal and Electrolyte Disorders 

GFR in the setting of acute renal failure (7,8). As a result, 
low-dose dopamine is NOT recommended for the man
agement of acute oliguric renal failure (8). 

2. Furosemide has been used in oliguric renal failure in an 
attempt to promote urine output and limit volume reten
tion. Howeve1� this effect is unlikely because less than 
10% of the furosernide dose reaches the site of action in 
the renal tubules in patients with renal failure (9) . 

I I I .  SPECIFIC RENAL DISORDERS 

A. Inflammatory Renal Injury 

1. Acute, oliguric renal failure occms in 25% of patients with 
severe sepsis and 50% of patients with septic shock (10). 
The renal impairment in these disorders is just one part of 
a more widespread condition of multiorgan failme (11) .  

2. The culprit in  this type of  renal failure i s  the inflammato
ry response. The term malignant intravascular inflamma
tion has been used to describe inflammation that results 
in multiorgan damage (12). 

3 .  The management of inflammatory organ injury is sup
portive, and is described in Chapter 33. 

B. Contrast-Induced Renal Failure 

1. General Features 

a. Injection of iodinated radiocontrast dyes is the third 
leading cause of acute renal failure in hospitalized 
patients (13). The mechanism of injury is believed to 
involve hyperosrnolar damage in the endothelium of 
small blood vessels and oxidative injury in renal tubu
lar epithelial cells. 
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b. Predisposing conditions include diabetes, hyperten
sion, pre-existing renal disease, congestive heart failure, 
and the osmolality and volwne of the contrast agent. 

c. The renal injury is usually apparent within 72 hours 
after dye administration. Oliguria is uncommon, but 
can occur in patients with pre-existing renal disease. 
Most cases resolve with.in 2 weeks, and few require 
hemodialysis (13). 

2. Preventive Measures 

The following regimen of intravenous hydration and N
acetylcysteine (an antioxidant) has proven successful in 
limiting the incidence and severity of contrast-induced 
nephropathy in high-risk patients (13,14): 

Volume infusion: Isotonic saline at 100 to 150 mL/hr start
ed at 3 to 12 hours before the procedure. For emer
gent procedures, at least 300 to 500 mL isotonic 
saline should be infused just prior to the procedure. 
Urine output should be maintained at 150 mL/hr 
for at least 6 hours after the procedure (13). 

N-acetylcysteine: 600 mg by mouth twice daily from 24 
hours before to 24 hours after the procedure (13).  
For emergent procedures (such as coronary angio
plasty), give 600 mg IV just before the procedure, 
and follow with an oral dose of 600 mg twice daily 
for 48 hours after the procedure (15). 

C. Acute Interstitial Nephritis (AIN) 

1. AIN is an inflammatory condition that involves the renal 
interstitium and can progress to acute renal failure, usu
ally without oliguria (16). Most cases are the result of a 
hypersensitivity drug reaction, but infections (usually 
viral or atypical pathogens) can also be involved. 

2. The drugs most often implicated in AIN are listed in Ta-



400 Renal and Electrolyte Disorders 

ble 25.4. Antibiotics are the most frequent offenders (par
ticularly the penicillins). 

TABLE 25.4 Drugs That Can Cause Interstitial Nephritis 

Antibiotics CNS Drugs Diuretics 
Aminoglycosides Carbamazepine Acetazolamide 

Amphotericin Phenobarbital Furosemide 

Cephalosporins Phenytoin Thiazides 

Fluoroquinolones NSAIDs Others 
Penici l l ins Aspirin Acetaminophen 

Sulfonamides Ibuprofen ACE Inhibitors 

Vancomycin Ketorolac Iodinated dyes 

Naproxen Ranitidine 

NSA/Ds = non-steroidal antiiinflammatory drugs; ACE = angiotensin-con
verting enzyme. From Reference 1 6. 

3. The diagnosis of AIN can be difficult. In cases of drug
induced AIN, the characteristic signs of a hypersensitivi
ty reaction (e.g., fever, rash, eosinophilia) can be absent, 
and the onset of renal failure can be delayed for months 
after treatment with the offending drug is started (17). 
The presence of eosinophils and leukocyte casts on urine 
microscopy are the most characteristic findings. A renal 
biopsy can secure the diagnosis. 

4. In cases of drug-induced AIN, inunediate discontinua
tion of all possible offending drugs is mandatory. Oral 
prednisone at a dose of 0.5 to 1 mg/kg daily for one to 
four weeks may help to speed recovery (16,17). Complete 
resolution can take months. 

D. Myoglobinuric Renal Failure 

1. General Features 

Acute renal failure develops in about one-third of patients 
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with diffuse muscle injury (rhabdomyolysis) (18,19). The 
culprit is myoglobin released by injured muscle cells, which 
is capable of damaging the renal tubular epitheth.ial cells 
after it is filtered through the glomerulus. Predisposing fac
tors for myoglobi.nuric renal faiJLu·e include the extent of 
skeletal muscle injury and the added presence of hypov
olernia, acidosis, or hypophosphatem.ia. 

2. Dia9nosis 

Myoglobin can be detected in urine using the orthotolui
dine dipstick reaction (Hemastix) that is used to detect 
blood in urine. If the test is positive, the urine should be 
cenh·ifuged (to separate erythrocytes) and the superna
tant should be passed through a m.icropore filter (to re
move hemoglobin). A persistently positive test after these 
measures is evidence of myoglobin in urine. 

3.  Mana9ement 

a. Avoiding and correcting hypovolernia is the most ef
fective method for limiting the incidence and severity 
of myoglobinuric renal failure. 

b.  Alkalinizing the urine (witl1 sodium bicarbonate infu
sions) has been effective in limiting tl1e renal injury from 
myoglobin in animal sh1dies, but this is difficult to ac
complish and usually not necessary. 

c. About 30% of patients who develop myoglobinuric re
nal failure will require dialysis (19), but the renal fail
ure is rarely permanent. 

IV. RENAL REPLACEMENT THERAPY 

A. General Considerations 

1. Renal replacement therapy (RRT) involves the use of semi
permeable membranes to remove fluid and toxic sub
stances from the bloodstream. The basic metl1ods of RRT 
are hemodialysis and henwfiltration. 
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2. About 70% of patients with acute renal failure will re
quire RRT. The indications for RRT in acute renal failure 
are uremic encephalopathy, volume overload, and life
threatening hyperkalemia or metabolic acidosis. 

B. Hemodialysis 

1. Method 

The basis of fluid and solute removal by hemodialysis is 
illustrated in Figure 25. l .  

a. Hemodialysis removes solutes by  diffusion across a semi
permeable dialysis membrane. Water (fluid) removal is 
passive, and follows solute removal. 

b. The removal of solutes by diffusion is driven by the con
centration gradient of solutes across a semipermeable 
membrane. Normally, as solutes move from one com
partment to another, the concentration gradient for the 
solute decreases, and this slows the rate of solute clear
ance. In hemodialysis, the concentration gradient for 
solute clearance is maintained by moving the blood and 
dialysis fluid in opposite directions (a teclulique known 
as countercurrent exchange) (20). The blood is moved (by 
a pump) at a rate of 200 to 300 mL/min (roughly 2-3 
times faster than the normal GFR), and the dialysate 
moves even faster, at 500 to 800 mL/min (20). 

2. Vascular Access 

a. Short-term hemodialysis is performed tlu·ough special
ized large-bore, double-lumen catheters like the one 
shown in Figure 4.2 (Chapter 4). 

b.  These catheters are placed in the internal jugular or 
femoral veins. The subclavian vein cannulation is not 
advised because of a !ugh incidence of vascular steno
sis, which makes the ipsilateral arm veins tmsuitable 
for chronic dialysis access (21 ) .  
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c. During dialysis, blood is withdrawn from one lumen 
of the catheter, pumped tlu·ough the dialysis chamber, 
and then returned to tl1e patient tlu·ough the other lu
men. The large diameter of each lwnen allows the rap
id flow rates (200-300 ml/min) needed for effective 
dialysis. 

J ) ) ).J .J 

Solute clearance driven by a concentration gradient 

Solute clearance driven by a pressure gradient 

FIGURE 25. 1 .  Schematic representation of solute and fluid removal by 
hemodialysis and hemofiltration. The smaller circles represent smal.I 
solutes (e.g., mea) that are readily cleared from the bloodslTeam, and the 
larger circles represent larger molecules such as inflammatory cytokines 
that are partly cleared by hemofiJtration but not by dialysis. 
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3. Advantages &. Disadvantages 

The rapid flow rates used during dialysis can be an ad
vantage or a disadvantage. 

a. The advantage is the ability to achieve a day's worth of 
solute clearance in just a few hours. 

b. The disadvantage is the potential for hemodynamic 
compromise. Hypotension develops during or shortly 
after one-tlurd of hemodialysis treatments (20), and di
alysis is often not possible (or not effective) in patients 
with circulatory shock. 

B. Hemofiltration 

1. Method 

The mechanism of solute and fluid removal by hemofil
tration is illustrated in Figure 25.l .  

a .  Hemofiltration uses a hydrostatic pressure gradient to 
drive fluid tlu-ough a senupermeable membrane. Small 
solutes pass tlu-ough the membrane by moving along 
with the bulk flow of fluid. Tlus method of solute clear
ance is known as solvent drag (20). 

b. Hemofiltration can remove large volumes of fluid (up 
to 3 liters per hour), but the rate of solute clearance is 
much slower than dming hemodialysis. As a result, he
mofiltration must be performed continuously to pro
vide effective solute clearance. 

c. Because small solutes are cleared with water, the con
centration of small solutes (e.g., urea) in blood does 
not decrease during hemofiltration tmless a solute-free 
fluid is infused to replace some of the ulh·afiltrate that 
is lost (tlus is often necessary because of the large vol-
1rmes lost during hemofil tration). 

2. Vascular Access 

a .  Hemofiltration was originally performed by cannulat-
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ing an artery (radial, brachia!, or femoral) and a large 
vein (internal jugular or femoral). This method of arte
riovenous hemofiltration uses the mean arterial pressure 
as the filtration pressure (i.e., the pressure driving flu
id across the hemofiltration membrane). 

b. The more popular method at present is venovenous he
mofiltration, where venous blood is withdrawn and re
placed through a double-lLm1m catheter similar to the 
one used for hemodialysis. This method requires a pump 
to create an effective filtration pressure. 

3. Advanta9es &.. Disadvanta9es 

There are 2 major advantages with hemofiltration: 

a. Hemofiltration allows more gradual fluid removal than 
hemodialysis, and thus is less likely to produce hemo
dynamic compromise. 

b. Hemofiltration removes larger molecules than hemo
dialysis dialysis, and clinical trials have shown that he
mofiltration can remove harmful cytokines from the 
bloodstream in patients with severe sepsis and multi
organ failure (22). 

The major disadvantages of hemofilh·ation are as follows: 

c. Hemofiltration must be used continuously to provide 
effective dialysis, and this is time-consuming and of
ten not possible (because of mechanical problems). A 
method known as hernodiafiltration (which combines 
the features of dialysis and hemofiltration) is more 
suitable for patients with renal failure. 

d. Hemofiltration requires anticoagulation to maintain 
patency in the circuit. Despite attempts to restrict anti
coagulation to the hemofiltration circuit, systemic anti
coagulation can occur, which increases the risk of hem
orrhage. 

e. Because hemofiltration requires a hydrostatic pressure 
gradient for solute clearance, it is not well-suited for 
hypotensive patients. 
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This chapter describes conditions that alter the osmotic 
properties of extracellular fluid. In most of these conditions, 
the primary problem is an imbalance between sodium and 
water in the extracellular fluid, and the presenting feature is 
an abnormal sodium concentration in plasma (i .e., hyperna
trernia or hyponatrernia). The chapter begins with a quick 
review of the factors that determine the osmotic activity of 
extracellular fluid. 

I. OSMOTIC ACTIVITY 

The distribution of water in the intracellular and extracellu
lar fluids is governed by the osmotic activity of the extracel
lular fluid, which is determined primarily by the sodium 
concenh·ation in extracellular fluid (plasma). 

A. Definitions 

1. The concentration of solutes in a solution can be expressed 
in terms of osmotic activity, which is a reflection of the 
number of solute particles in a solution. The unit of meas
urement is the osmole (osm), which is 6 x 1023 particles 
(Avogadro's munber) for a nondissociable substance (1) . 

2. Osmotic activity can be expressed in relation to the volume 
of water in a solution, or the total volrnne of the solution. 

409 
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a. Osmotic activity per volume of solution is called osmolar
ity, and is expressed as milliosmoles per liter (mosm/L). 

b .  Osmotic activity per volume of water is called osmolal
ity, and is expressed as milliosmoles per kilogram of 
H20 (mosm/kg H20). 

3. The importance of osmotic activity in biological systems 
is the ability to influence water movement between fluid 
compartments. Therefore, osmolality (i.e., osmotic activi
ty per volume of water) is the appropriate measure of os
motic activity in the biological world. 

4. Extracellular fluid is m.ostly water (e.g., plasma is 93% 
water), so there is little difference between osmolality 
and osmolarity in extracellular fluid (plasma) ,and the 
two terms are often used interchangeably (2). 

B. Osmotic Activity of Plasma 

1. The osmotic activity of plasma is determined by the fac
tors in the equation shown below 

[Glucose] [BUN] 
Posm = 2 x Plasma [Na+] + + --

1 8  2.8 
(26 .1)  

where P0,m is the osmolarity of plasma in mosm/L, [Na+] 
is the plasma sodium concentration in mEq/L, [glucose] 
and [BUN] are the plasma concentrations of glucose and 
urea in mg/ dL, and the factors 18 and 2.8 are conversion 
factors that express glucose and urea concentrations in 
milliosmoles per liter (mosm/L). Note the following: 

a. The plasma sodium concenh·ation is doubled to include 
tl1e osmotic activity of chloride. 

b. The plasma concentrations in this equation are meas
ured in relation to the total plasma volume, so the cal
culated P"'m is expressed as osmolarity instead of os
molality. (The osmotic activity measured in the clinical 
laboratory is the osmolality.) 
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2. If the normal plasma concentrations of sodium (140 
mEq/L), glucose (90 mg/dL), and BUN (14 mg/dL) are 
used in Equation 26.1, the plasma osmolarity is (2x 140) 
+90/18+ 14/2.8 = 290 mosm/L. 

C. Effective Osmotic Activity 

1. The driving force for water movement between two fluid 
compartments is the difference in osmotic activity in the 
two compartments. This difference is called effective os
motic activity. 

2. The osmotic relationship between two fluids is described 
by the term tonicity- the fluid with the higher osmotic 
activity is described as hypertonic, the fluid with the 
lower osmotic activity is described as hypotonic, a11d flu
ids with the same osmotic activity are described as isoton
ic. 

3. The effective osmotic activity of plasma does not include 
the osmotic activity of urea because urea passes readily 
across cell membranes. This is reflected in Equation 26.2. 

Eff t. P 2 x Plasma [Na+] + 
[Glucose] 

ec rve osm = 
1 8  

(26.2) 

The osmolar concentration of urea is only 14/1 .8= 7.7 
mosm/L, which is less than 3% of the total plasma osmo
larity (290 mosm/L), so there is little difference between 
total and effective plasma osmolarity. 

4. Equation 26.2 demonstrates that sodium is the principal 
factor that determines the effective osrnolarity of plasma 
(extracellular fluid).  The effective osmolality of extracel
lular fluid governs the movement of water between in
tracellular and extracellular fluids, which means that the 
sodium concentration in plasrna is the principal factor that 
governs the distribution of water in the intracellular and extra
cellular fluids. 
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I I .  HYPERNATREMIA 

Hypernatremia (i.e., plasma sodium concentration > 145 mEq/L) 
is a condition of sodium excess relative to water in the exh·acellu
lar fluid (3). 

TABLE 26.1 Changes in Total Body Sodium and Water 
in Hypernatremia and Hyponatremia 

Extracellular 
Volume 

Total Body 

Condition Sodium 

Hypernatremia 

Hyponatremia 

Decreased 

Normal 

Increased 

Decreased 

Normal 

Increased 

A. Causes of H ypernatremia 

J, 

it 

H 

i 

Free Water 

H 
J, 
i 

J, 
i 

ii 

Hypernatremia can be the result of any of the following con
ditions: 

1. Loss of hypotonic fluids; i.e., fluids that have a lower so
dium concentration than extracellular fluid. 

2. Net loss of free water; i.e., when sodium lost in hypoton
ic fluids is replaced, leaving a free water deficit. 

3. Gain of hypertonic fluids; i.e., fluids with a higher sodi-
um concentration than extracellular fluid. 

Each of these conditions is associated with a specific extra
cellular volume (i.e., low, normal, or high), as shown in Table 
26. 1 .  Therefore, evaluating the extracellular volume can be 
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used to identify the source of hypernatremia in individual 
patients. 

HYPERNATREMIA 

ASSESS 
EXTRACELLULAR VOLUME 

Sodium Depleted 

(Low) 

i 
Restore Vascular 
Volume Quickly 

L_ 

(Normal) 

I 
Replace 

Water Deficit 
over 48 Hours 

Sodium Overloaded 

(High) 

i 
Diurese and Replace 
with Hypotonic Fluid 

HGURE 26. 1 Management of hypernah·emia based on the exh·acellular 
volume. 

B. Extracellular Volume 

The condition of the extracellular volume (ECV) provides 
the following diagnostic and therapeutic information. (see 
Figure 26.1 ) .  

1 .  Low ECV indicates loss of  hypoton.ic flu.ids. Common caus
es are excessive diuresis, vomiting, and diarrhea. The man
agement sh·ategy is to replace the sodium deficit quickly (to 
maintain plasma volume) and to replace the free water 
deficit slowly (to prevent intracellular overhyclration). 
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2. Normal ECV indicates a net loss of free water. This can 
be seen in diabetes insipidus, or when loss of hypotonic 
fluids (e.g., diuresis) is treated by replacement with iso
tonic saline in a 1 : 1  volume-to-volume ratio. The man
agement strategy is to replace the free water deficit slow
ly (to prevent intracellular overhydration). 

3. High ECV indicates a gain of hypertonic fluids. This is 
seen with aggressive use of hypertonic saline or sodium 
bicarbonate solutions. The management strategy is to in
duce sodium loss in the urine with diuresis and to re
place the urine volume loss with fluids that are hypoton
ic to the urine. 

TABLE 26.2 Sodium Concentration in Lost Body Fluids 

Body Fluid 

Sweat (normal) 

Urine (normal)t 

Urine (furosemide diuresis) 

Gastrointestinal Fluids: 

Gastric secretions 

Pancreatic secretions 

Small bowel secretions 

Stool (diarrhea) 

Sodium Concentration 
(mEq/L) 

20-80 

< 1 0  

70 - 80 

70 - 80 

1 40 - 1 45 

60 - 70 

30 - 40 

tUrinary sodium secretion varies with sodium intake. 

III .  HYPOVOLEMIC HYPERNATREMIA 

The most common cause of hypernatremia is exaggerated 
loss of one or more of the fluids listed in Table 26.2. 
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A. Consequences of Hypotonic Fluid Loss 

1. Hypovolemia 

All body fluids that are lost contain sodiLun, as shown in 
Table 26.1, so hypotonic fluid loss will eventually lead to 
sodium depletion if the lost sodium is not replaced. The 
major consequence of sodium depletion is hypovolemia. 

2. Hypertonicity 

Hypernatrernia from hypotonic flu.id loss increases the ef
fective osmolality of the extracellular fluid, and this draws 
water out of cells and promotes cellular dehydration. 

a. The principal marLifestation of cellular dehydration is 
hypernatremic enceplzalopathy, which can be accompanied 
by coma, seizures, and focal neurologic deficits ( 4). 

b. Dehydrated cells regain volume after several hours by 
somehow generating an additional osmotic force, and 
this osmotic adaptation can create problems during free 
water replacement (see later). 

B. Volume Replacement 

1.  Volmne (sodium) replacement is an immediate priority be
cause hypovolernia can impair organ perfusion. 

2. Crystalloid fluids are preferred for sodium replacement 
in hemodynamically stable patients because these fluids 
will replenish sodium uniformly throughout the extra
cellular fluid. Isotonic saline is preferred because more 
dilute solutions can promote cell swelling and cerebral 
edema (see later). 

C. Free Water Replacement 

When plasma volume is restored, the next step is to deter
mine the free water deficit and correct the deficit over a peri
od of 3 to 4 days. 
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1. The Free Water Deficit 

The calculation of free water deficit is based on the recip
rocal relationship between the total body water (TBW) and 
the plasma sodium concenh·ation (P[Na+J); i.e., when one 
parameter d1anges, the other d1anges in the opposite di
rection. The product of these two va1·iables (TBW x P[Na+J) 
remains constant, regardless of conditions in the extracel
lu1ar fluid. This allows the following relationships. 

Current (TBW x P[Na+]) = Normal (TBW x P[Na+]) 

(26.3) 

Using 140 mEq/L for a normal P[Na+] and rearranging 
terms yields the following relationship: 

Current TBW = Normal TBW x ( 140 /Current P[Na+]) 
(26.4) 

The normal TBW (in liters) is 60% of lean body weight (in 
kg) in men and 50% of lean body weight in women. Once 
the current TBW is determined, the free water deficit is 
simply the difference between the normal and current 
TBW . 

Water deficit (L) = Normal TBW - Current TBW (26.5) 

EXAMPLE. For an adult male with a lean body weight of 
70 kg and a plasma [Na+] of 160 mEq/L, the normal TBW 
is 0.6 x 70 = 42 liters, the current TBW is 42 x 140/160 = 

36.8 liters, ru1d the free water deficit is 42 - 36.8 = 5.2 
liters. 

2. Replacin9 the free Water Deficit 

Hypotonic saline solutions (usually half-normal saline) 
are used to replace water deficits, and the volume need
ed to accomplish th.is is identified using the equation 
shown below. (5). 

Replacement volume (L) = Water deficit x (1/1 - X) (26.6) 
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where X is the ratio of the sodium concentration i n  the 
resuscitation fluid to the sodium concentration in isoton
ic saline (154 mEq/L). 

EXAMPLE. If  the replacement fluid is half-normal saline 
(Na = 75 mEq/L), and the water deficit is 5.2 l iters, as cal
culated previously, the replacement volume will be 
5.2 x (l /0.5) = 10.4 liters. 

3. Risk of Cerebral Edema 

a. Acute hypernatremia draws fluid out of brain cells 
and promotes cellular dehydration. This effect is only 
transient, and after several hours, there is an increase 
il1 brain cell osmolality that draws fluid back into the 
cells (3). 

b. The osmotic adaptation in brain cells can be problem
atic during free water replacement because hypotonic 
fluids can accumulate in brain cells and produce cellu
lar overhydrati.on and cerebral edema. To limit this 
risk, free water deficits should be replaced slowly; i .e., 
the decrease in plasma sodiurn should not exceed 0.5 111Eq/L 
per hour (3,4). 

IV. OTHER HYPERTONIC CONDITIONS 

A. Diabetes Insipidus 

1. General Features 

Diabetes insipidus (DI) is a condition of ilnpaired water 
conservation that results in hypernatremia without ap
parent volume deficits. (6,7) The tmderlying abnormali
ty in DI is loss of the actions of antidiuretic hormone 
(ADH) il1 the kidneys, which results in a marked increase 
in free water excretion in the urine. There are two types 
of DI based on the cause of the lost ADH activity. 
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a. CE TRAL DI is characterized by the absence of ADH re
lease from the posterior pituitary. This condition is 
most often the result of traumatic brain injury, anoxic 
encephalopathy, and brain death. The onset is herald
ed by polyuria that usually is evident within 24 hours 
of the inciting event. 

b. NEPHROGENIC DI is characterized by defective end-or
gan responsiveness to ADH. This condition can be 
caused by drugs (i.e., amphotericin, aminoglycosides, 
dopamine, and lithium), radiocontrast dyes, hypokal
em.ia, and the polyuric phase of ATN (7,8). 

2. Dia911osis 

The hallmark of DI is a dilute urine in the face of hyper
tonic plasma. 

a.  In central DI, the mine osmolarity is often below 200 
mosm/L, whereas in nephrogenic DI, the urine osmo
larity is usually between 200 and 500 mosm/L (9) . 

b. The diagnosis of DI is confirmed by noting the urinary 
response to fluid resh·iction. Failure of the urine osmo
larity to increase more than 30 mosm/L in the first few 
hours of complete fluid restriction is diagnostic of DI. 

c. Once the diagnosis of DI is confirmed, the response to 
vasopressin (5 Lmits intravenously) will differentiate 
central from nephrogen.ic DI. In central DI, the urine 
osmolality promptly increases by at least 50% after 
vasopressin administration, whereas in nephrogenic 
DI, the urine osmolality remains unchanged. 

3. Ma11a9eme11t 

a. The fluid loss in DI is almost pme water, so the the goal 
of management is to replace free water deficits only. The 
free water deficit is calculated as described earlier. 

b .  In central DI, vasopressin administration is required 
to prevent ongoing free water losses. The usual dose is 
2 to 5 units of aqueous vasopressin by subcutaneous 
injection every 4 to 6 hours (7). 
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B. Nonketotic Hyperglycemia 

L General Features 

Nonketotic hyperglycemia (NKH) is a condition of pro
gressive hyperglycemia without ketoacidosis. Because 
glucose contributes to the effective osmolality of extracel
lular fluid (see Equation 26.2), the progressive hyper
glycemia in NKH promotes hypertonic cell dehydration 
in the brain and produces a hypertonic encephalopathy 
similar to the one described for hypernatremia (4). This 
condition is usually seen in patients who have enough 
endogenous insulin to prevent ketosis. There may be no 
prior history of diabetes (10). 

2. Clinical Presentation 

a. Depressed consciousness is very common at presenta
tion, and a rise in plasma osmolality above 330 mosm/kg 
H20 can precipitate coma and generalized seizures (10). 

b. Hypovolemia may be evident, and can be profound (from 
the glycosuria-induced osmotic diuresis). 

c. The hyperglycemia in NKH is typically very severe, 
with plasma glucose levels of 1000 mg/ dL or higher. 

3. Fluid Management 

The fluid management of NKH is similar to that de
scribed for hypovolernic hypernatremia. Volume deficits 
are more profou11d li1 NKH (because of the osmotic di
uresis). 

4. The free Water Deficit 

The plasma sodium concentration is not an accurate re
flection of free water deficits li1 NKH because the hyper
glycemia draws water from the intracellular space, and 
this creates a dilutional effect on the plasma sodium con
centration. The magnitude of this effect depends on the 
severity of the hyperglycemia. 

a .  For every 100 mg/dL increment in the plns11111 glucose, the 
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plasma sodium will decrease 1 .6 to 2.4 mEq/L (the lower 
number is more accurate when the blood glucose is be
low 400 mg/ dL, and the higher mm1ber is more accurate 
when the blood glucose is above 400 mg/dL) (10,11) . 

b .  To calculate the free water deficit in NKH (or any pa
tient with hyperglycemia), the plasma sodium concen
tration must be adjusted using the dilutional factors 
just mentioned. For example, if the blood glucose is 
800 mg/ dL, the soditm1 concentration should be ad
justed upward by 7 x 2.4 = 16.8 mEq/L. 

5. Insulin Therapy 

a. The insulin requirements in NKH and diabetic keto
acidosis (DK.A) are roughly the same (10), so the insu
lin regimen for DK.A described in Chapter 23 (see Sec
tion II-D) is also appropriate for NKH. 

b .  lnsulin therapy drives water into cells along with glu
cose, and this effect can aggravate hypovolemia. There
fore in patients with severe voltU11e deficits (which is 
common in NKH), volume replacement should be start
ed before insulin is given. 

V. HYPONATREMIA 

Hyponatremia (serum sodium concentration < 135 mEq/L) 
is the result of excess water relative to sodium in the exh·a
cellular fluid (12). 

A. Pseudohyponatremia 

1. Plasma is 93% water, and the remaining 7% is made up 
of circulating lipids and proteins. Sodium is confined to 
the aqueous portion of plasma, but the standard method 
of measuring sodium concentration uses total plasma 
volume (aqueous and nonaqueous portions). The meas-
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ured sodium concentration will therefore tmderestimate 
the actual (aqueous phase) sodium concentration, but the 
difference is normally small because water makes up 
over 90% of plasma . .  

2. In conditions where there is  an abtmdance of circulating 
lipids and plasma proteins (e.g., severe hyperlipidemias 
or hyperproteinemias), the nonaqueous portion of plas
ma will increase in volume, and can grow to 30% of the 
plasma volume. In this situation, the measured plasma 
sodium can be considerably lower than the actual sodi
um concentration. This condition is called pseudohypona
tremia (13), but it is really a laboratory artifact. 

3. The hallmark of pseudohyponatremia is the combination 
of hyponatremia and a normal plasma osmolality. The 
diagnosis is confirmed if the plasma sodium concentra
tion is measured with an ion-specific electrode (which 
measures the aqueous phase sodium), and the hypona
tremia disappears. 

B. Diagnostic Approach 

As is the case with hypernatremia, the extracellular volume 
(ECV) can be high, normal, or low in hyponatremia (see 
Table 26.1), and the status of the ECV can be used to organ
ize the diagnostic approach to hyponatrernia, as shown in 
Figure 26.2. 

1. Hypovolemic Hyponatremia 

Volume depletion predisposes to hyponatrem.ia by stimu
lating the release of antidiuretic hormone (ADH), which 
promotes water retention. The conditions associated with 
hypovolemic hyponah·emia can be grouped according to 
the urinary sodimn concentration, as shown below (see al
so Figure 26.2). 
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Urine [Na+] Site of Na+ Loss Conditions 
> 20 mEq/L Renal Diuresis 

Adrenal Insufficiency 
Cerebral Salt Wasting 

< 20 mEq/L Extrarenal Vomiting 
Diarrhea 

2. Isovolemic Hyponatremia 

When hyponatremia is associated with an apparently 
normal ECV, the principal disorders to consider include 
inappropriate secretion of antidiuretic hormone (ADI-I), 
water intoxication (also known as psychogenic polydip
sia), and hypothyroidism (rare). The urine sodium and 
urine osmolality can help to distinguish water intoxica
tion from inappropriate ADI-I release, as shown below. 

Clinical Disorder Urine Sodium 
Inappropriate ADH > 20 mEq/L 

Water Intoxication < 1 0  mEq/L 

Urine Osmolality 
> 1 00 mOsm/kg H20 
< 1 00 mOsm/kg H20 

Ii APPROPRIATE ADH RELEASE. The inappropriate (nonosmot
ic) release of ADI-I is characterized by an inappropriately con
cenh·ated urine (mine osmolality above 100 mOsm/kg H20) 
in the face of a hypoton.ic plasma ( < 290 mosm/kg H20). This 
condition is a common cause of hyponatremia in hospital
ized patients, and is considered the result of "stress-induced" 
release of ADI-I. This condition di.Hers from the syndrome of 
inappropriate ADH (SIADH), which is associated with a vari
ety of neoplasms, infections, and drugs (see Reference 14 for 
a recent review of SIADH). 

3. Hypervolemic Hyponatremia 

Hypervolemic hyponatremia is usually the result of salt 
and water retention in patients with heart failure, renal 
failure, or hepatic failure. 

C. Symptoms 

1. Hyponatremia promotes cerebral edema, and the result-
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ing encephalopathy produces the symptoms of hypona
tremia. Symptoms range from lethargy and sonmolence 
to seizures, coma, and brain death. 

2. Acute hyponatremia (<48 lu·s) is more likely to produce 
symptoms, probably because the severity of the cerebral 
edema and cell swelling diminish with time (osmotic ad
aptation). 

3 .  Hyponatremic encephalopathy carries a poor prognosis, 
particularly for women. One-third of patients who devel
op hyponatremic encephalopathy do not survive, and 
80% of deaths involve women (15). 

(Low) 

i 
URINE 

SODIUM 

> 20 <20 
mEq/L mEq/L 

+ + 
Diuresis Diarrhea 
Adrenal 

lnsufficency 

HYPONATREMIA 

ASSESS 
EXTRACELLULAR VOLUME 

(Normal) 

i 
URINE 

OSMOLALITY 

> 1 00 < 1 00 
mOsm/L mOsm/L 

+ + 
SIADH Psychogenic 

Polydipsia 

(High) 

i 
URINE 

SODIUM 

>20 <20 
mEq/L mEq/L 

+ + 
Renal Heart Failure 
Failure Cirrhosis 

FIGURE 26.2 Diagnostic approad1 to hyponatremja. SIA DH = syndrome 
of inappropriate antidiuretic hormone. 
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D. Management 

1. Extracellular Volume 

The management of hyponatremia is guided by the sta
tus of the ECV (i.e., low, normal, or high), and the pres
ence or absence of symptoms related to hyponatremia. 

LOW ECV: Infuse hypertonic saline (3% NaCl) in sympto
matic patients, and isotonic saline in asymptomatic pa
tients. 

N O RMAL ECV: Combine furosemide diuresis with infu
sion of hypertonic saline in symptomatic patients, or iso
tonic saline in asymptomatic patients. 

HIGH ECV: Use furosemide-induced diuresis in asympto
matic patients. In symptomatic patients, combine furo
semide diuresis with judicious use of hypertonic saline. 

2. Rate of Correction 

Rapid correction of hyponatremia has been reported to 
cause a demyelinating disorder known as central pontine 
myelinolysis (16). The following recommendations are de
signed to prevent osmotic demyelination by limiting the 
rate of rise of the plasma 

a .  For asymptomatic hyponatremia, the increase in plas
ma sodium should not exceed 0.5 mEq/L per hour (12 
mEq/L in 24 hours) (17). 

b .  For symptomatic hyponatremia, particularly when the 
symptoms suggest severe cerebral impairment (e.g., 
obtundation, coma, seizures), hypertonic saline should 
be used to raise the plasma sodium concentration by 
1 .5  to 2 mEq/L per hour for 3 to 4 hours (17) .  Subse
quent replacement should be adjusted so that the total 
rise in sodium does not exceed 12 mEq/L in the first 24 
hours. (Rapid correction of plasma sodium can be 
guided by the calculated sodium deficit, which is de
scribed next). 
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When hypertonic saline is used for rapid correction of 
symptomatic hyponatremia, the volume of fluid that is 
required can be determined by estimating the sodium 
deficit in mEq (17). 

Na+ deficit = Normal TBW x (Desired P[Na+] - Current P[Na+]) 

(26.7) 

The desired P[Na+] is obtained by adding the expected 
increment in plasma sodium (e.g., 2 mEq/L per hour x 4 
hours = 8 mEq/L) to the current P[Na+] . 

a. The sodium deficit is divided by 513 (the concentra
tion of sodium in 3% NaCl) to determine the volume 
of hypertonic saline (in liters) needed to produce the 
desired increment in plasma sodium. 
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POT ASSIUM 
Monitoring the potassium (K•) level in plasma as an index of 
total body potassium is similar to evaluating an iceberg by 
its tip, because less than 1 % of the total amow1t of K• in the 
body is located in plasma. With this shortcoming in mil1d, 
this chapter describes the causes and consequences of hypo
kalemia ru1d hyperkalernia. 

I. POTASSIUM DISTRIBUTION 

A. Total Body vs. Serum K. 

1. The total body K• in healthy adults is about 50 mEq/kg 
(1,2), so a 70 kg adult will have 3,500 mEq of total body 
K•. However, only 70 mEq (2% of the total amount) is 
located il1 extracellular fluid. 

2 .  The plasma accounts for approxil11ately 20% of the extra
cellular fluid, so the K• content of plasma (serum) will be 
0.2 x 70 = 14 mEq, which is about 0.4% of the total amount 
of K• il1 the body. 

B. Changes in Serum K• 

1 .  The relationship between changes il1 total body and se
rum K• is curvilll1eat� as shown i.n Figure 27.1 (3,4). The 
slope of the curve decreases on the "deficit" side of the 
graph, indicating that the change i l1 serum K• is much 
smaller when K• is depleted than when it accumulates. 

2. In an average-sized adult with a normal serwn K• (i .e., 

427 
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3.5 to 5.5 mEq/L), a total body K+ deficit of 200 to 400 
mEq is required to produce a 1 mEq/L decrease in serum 
K•, whereas a total body excess of 100 to 200 mEq is 
required to produce a 1 mEq/L rise in serum K+ (4). 

3. Thus, K• depletion must be twice as great as K• accumu
lation to produce a significant (1 mEq/L) change in se
rum K•. This difference is due to the large pool of intracel
lular K•, which can replenish exh·acellular stores when K• 
is lost. 

10 
(70 kg Adult) 

8 

'C'°O'" / 6 
Serum K+ 
(mEq/L ) 

4 �--1 _ _  

2 ________ ><\ 
ALKALOSIS 

-900 -600 -300 + 300 
0 

K• Def ic i t  (mEq ) K+ Excess ( mEq ) 

FIGURE 27.1 The relationship between changes in serum and total body 
potassium. (Redrawn from Reference 3.) 

I I .  H YPOKALEMIA 

Hypokalemia (defined as a serum K• below 3.5 mEq/L) can 
be the result of an intracellular shift of K+ (transcellular shift) 
or total body K+ depletion. 

A. Transcellular Shift 

The following conditions can result in hypokalernia from K• 
movement into cells: 
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1 .  Inhaled �-agonist bronchodilators can cause a mild de
crease in senun K• (0.5 mEq/L or less) in the usual ther
apeutic doses (5). The mechanism of action is stimulation 
of �-receptors on the cell membranes of skeletal muscle 
cells. The hypokalernic effect of inhaled �-agonists is 
magnified when they are given with glucose and insulin 
(5) or dimetics (6). 

2. Alkalosis (respiratory or metabolic) can promote the ex
change of K• for intracellular H• via a membrane H•-K• 
exchange ptunp. However, a lkalosis has a variable and 
unpredictable effect on serum K+ (7). 

3. Hypothermia (accidental or induced) causes a transient 
drop in serum K• that usually resolves during rewarming 
(8). Lethal cases of hypothermia can be accompanied by 
hyperkalemia because of widespread cel l death (9) . 

4. Insulin drives K• into cells via the glucose transportei� and 
the effect lasts 1 - 2  hours. 

B. K• Depletion 

Potassium depletion can be the result of ei ther renal or extra
renal K• losses. The site of K+ loss can often be identified by 
using a combination of urinary K• and chloride concentra
tions, as shown in Figure 27.2. 

1. Renal Loss 

a. The leading cause of renal K• loss is diuretic therapy. 
Other causes include nasogastric drainage, alka losis, 
and magnesium depletion. 

b. The urinary chloride is low (less than 15 mEq/L) when 
nasogastric drainage or alkalosis is involved, and it is 
high (greater than 25 mEq/L) when magnesium de
pletion or diuretics are responsible. 

c. Magnesium depletion impairs potassiLun reabsorption 
across the renal tubules and may play a very important 
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role in promoting and sustaining potassium depletion, 
particularly in patients receiving diuretics (10). 

2. Extrarenal Loss 

The major cause of exh·arenal K+ loss is diarrhea. The K• 
concentration in stool is 75 mEq/L, and in diarrheal states, 
the daily volmne of stool can rise from <200 mL/day to 
> 10 L/ day, so severe or prolonged dianhea can result in 
profoLmd K• losses. 

HYPO KA LE MIA 

R/O Transcellular Shift 

(<30 mEq/L} 

t 
Diarrhea 

(< 1 5  mEq/L) 

t 
NG Drainage 

Alkalosis 

(>30 mEq/L) 

t 
URINE 

CHLORIDE 

FIGURE 27.2 Diagnostic approad1 to hypokalemia. 

C. Clinical Manifestations 

(>25 mEq/L) 

t 
Diuretic 

Mg Depletion 

Severe hypokalemia (serwn K• below 2.5 mEq/L) can be ac
companied by diffuse muscle weakness (2). Milder degrees of 
hypokalemia (senun K+ 2.5 to 3.5 mEq/L) are often asympto
matic. 
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a. Abnormalities in the ECG, including prominent U waves 
(more than 1 mm in height), flattening and inversion of 
T waves, and prolongation of the QT interval, can be 
present in more than 50% of cases of hypokalemia (11). 

b. None of the ECG changes is specific for hypokalemia. 
The T wave changes and U waves can be seen with 
digitalis or left ventricular hypertrophy, and QT pro
longation can be seen with hypocalcemia and hypo
magnesemia. 

2. Anhythmias 

There is a misconception about the ability of hypokal
emia to promote cardiac arrhytlunias. Hypokalemia alone 
does not produce serious ventricular arrhythmias (2,11) .  Hy
pokalemia is often combined with other conditions that 
can promote arrhythmias (e.g., magnesium depletion, di
gitalis, myocardial ischemia), and the hypokalemia may 
enhance the proarrhytlunic effects of these other condi
tions; e.g., hypokalemia is well known for the abil ity to 
promote digitalis-induced arrhythmias. 

D. Management 

The first concern in hypokalemia is to eliminate or treat any 
condition that promotes transcellular shift of K+ (2). If the hy
pokalemia is due to K+ depletion, proceed as described next. 

1. Estimating Deficits 

A deficit of 10% of the total body K+ is expected for every 
1 mEq/ L decrease in the serum K+ (12) .  The correlation 
between K+ deficits and the severity of hypokalernia is 
shown in Table 27. 1 .  

2 .  Replacement Fluids 

a. The usual replacement fluid is potassium chloride 
(KCL), which is available with K+ concenh·ations of 
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1 and 2 mEq/mL, and comes in ampules containing 
10, 20, 30, and 40 mEq of KCL. These solutions are 
extremely hyperosmotic (the 2 mEq/L solution has an 
osmolality of 4000 mosm/L) and must be diluted (13). 

b.  A potassium phosphate solution is also available (con
tains 4.5 mEq K+ and 3 mmol phosphate per mL) and 
is preferred by some for K+ replacement in diabetic 
ketoacidosis (because of the phosphate depletion that 
accompanies ketoacidosis). 

TABLE 27.1 Potassium Deficits in Hypokalemia* 

Potassium Deficit 

Serum K+ (mEq/L) mEq % Total Body K+ 

3.0 1 75 5 

2.5 350 1 0  

2.0 470 1 5  

1 . 5 700 20 

1 .0 875 25 

*Estimated deficits for a 70 kg adult with a total body K+ of 50 mEq/kg. 

3. Infusion Rate 
a. The standard method of intravenous K+ replacement 

is to add 20 mEq of K+ to 100 mL of isotonic saline and 
infuse this mixture over 1 hour (14). 

b. The maximum rate of intravenous K+ replacement is 
usually set at 20 mEq/hour (14), but dose rates up to 
40 mEq/hour occasionally may be necessary (e.g., 
with serum K+ below 1 .5 mEq/L or serious arrhyth
mias), and dose rates as high as 100 mEq/hour have 
been used safely (15). 

c. A large central vein should be used for infusion be
cause of the irritating properties of the hyperosmotic 



Potassium 433  

K• solutions. However, i f  the desired replacement rate 
is greater than 20 mEq/hour, the iniusion should not 
be given through a central vein because of the risk of 
local hyperkalemia in the right heart chambers, which 
can predispose to cardiac standstill. In this situation, 
the potassium dose can be split and administered via 
two peripheral veins. 

4. Response 

a. The serum potassium may be slow to rise at first, be
cause of the position on the flat part of the curve in 
Figure 27.1 .  Full replacement usually takes a few days, 
particularly if potassium losses are ongoing. 

b. If the hypokalemia is refractory to K• replacement, check 
for magnesium depletion because magnesium depletion 
promotes urinary K• losses and can cause refractory hypo
kalemia (16). The evaluation for magnesium depletion is 
described in Chapter 28. 

III .  HYPERKALEMIA 

While hypokalemia is often well tolerated, hyperkalemia (se
rum K• > 5.5 mEq/L) can be a life-tlu·eatening condition (17). 

A. Pseudohyperkalemia 

Local release of K• can lead to spurious elevations of the se
rum K• in the following situations: 

1. Traumatic hemolysis during the venipm1cture has been 
reported as a cause of the elevated serm11 K• in 20% of 
blood samples showing hyperkalemia (18). 

2. In cases of severe leukocytosis (> 50,000/mrn3) or throm
bocytosis (platelet count >106/mrn3), K• release from 
cells during clot formation in the specimen tube can pro-
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duce spurious hyperkalernia. When this condition is sus
pected, the serum K+ should be measured in an Lmclotted 
blood sample. 

3. Muscle contraction distal to a tourniquet (during fist clend1-
ing) can lead to K+ release from muscle cells (19). 

TABLE 27.2 Drugs That Can Cause Hyperkalemia 

ACE lnhibitorst 

Angiotensin Receptor Blockerst 

fl-Blockers 

Cyclosporine 

Digitalis 

Diuretics (K+-sparing) 

Heparin 

NSAIDs 

Pentamidine 

Penici l l in 

Tacrol imus 

TMP-SMX 

Succinylcholine 

ACE =Angiotensin-converting enzyme; NSAIDs = nonsteroidal anti
inflammatory drugs; TMP-SMX=trimethoprim-sulfamethoxazole. 

tEspecially when combined with K+-sparing diuretics. 

B. Enhanced Cellular Release 

The following conditions can result in hyperkalernia from 
enhanced K+ release from cells. 

1. Acidosis is often listed as a cause of hyperkalem.ia be
cause of the tendency for acidosis to enhance K+ release 
from cells and reduce renal K+ excretion. However, hy
perkalemia does not always accompany respiratory aci
dosis (7), and there is no clear evidence that organic aci
doses (i.e., lactic acidosis and ketoacidosis) produce hy
perkalernia (7). 

2. Rhabdomyolysis can release large amou11ts of K+ into the 
exh·acellular fluid, but if renal function is normal, the ex
tra K+ is promptly cleared by the kidneys. 
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3. Certain drugs can promote hyperka lem.ia v ia  transcel lu
lar K+ shifts, such as �-receptor antagonists and digi talis 
(Table 27.2). Digita l is  toxicity can cause severe hyperkal
emia (i .e. ,  serum K+ > 7  mEq/L) .  

4 .  Massive blood transfusions (i.e., when the transfusion vol
wne exceeds the normal blood volume) can promote hyper
kalemia, but only iJ1 patients with circulatory shock (20). 
PotassiLm1 leaks from erythrocytes ill stored blood, but the 
amounts are small (see Table 30.2) (21) .  

C. Impaired Renal Excretion 

Impaired renal excretion of K• is the most common cause of hy
perkalemia, and is characterized by a mina.ry K+ < 30 mEq/L 
ill the face of hyperkalemia. 

1 .  Rena.I insufficiency can produce hyperkalemia when the 
glomerular fil tration rate (GFR) falls below 10 mL/min
ute (22). Hyperkalemia is seen relatively early when renal 
insufficiency is due to interstitial nephritis, or is associa t
ed with hypore11illemic hypoaldosteronism (22). The lat
ter condition is seen in elderly diabetic patients who have 
defective reni.n release in response to reduced rena l blood 
flow. 

2. Adrenal insufficiency is a well-known cause of hyper
kalernia from i mpaired renal K+ excretion, but is not a 
common cause of hyperkalemia in the ICU.  

3 .  Drugs tha t impair renal K•  excretion are among the lead
ing causes of hyperkalemia (2,23). A list of possible of
fenders is shown in Table 27.2. 

a .  The drugs most often implicated are angiotensin-con
verti.ng enzyme iJ1hibitors, angiotensiJ1 receptor b lock
ers, K•-spariJ1g diuretics, and nonsteroidal antiiJ1flam
matory drugs (23,24). The potential for hyperkalemia 
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is magnified when these drugs are given along with 
potassium supplements. 

1 6 -

� V-fib 

1 2 -

+ Complete Heart Block 

mEq/L 8 - � First-degree Heart Block 

+ Peaked T Wave 

4- � Normal 

0 

FIGURE 27.3 The ECG manifestations of progressive hyperkalemia. 
(Adapted from Burd1 GE, Winsor T. A primer of elech·ocardiography. 
Philadelphia: Lea & Febiger, 1966:143.) 

D. ECG Abnormalities 

1. The most serious consequence of hyperkalemia is the 
slowing of electrical conduction in the heart. 

2. The ECG can begin to change when the serum K+ reach
es 6.0 mEq/L, and it is always abnormal when the serum 
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K• reaches 8.0 mEq/L (22). Figure 27.3 shows the ECG 
changes associa ted with progressive hyperkalemia. 

3. The earliest change in the ECG is a tall, tapering (tented) 
T wave that is most evident in precordial leads V2 and V3. 
As the hyperkalernia progresses, the P wave amplitude 
decreases and the PR interval lengthens. The P waves 
eventually disappear and the QRS duration becomes 
prolonged. The final event is ventricular asystole or ven
tricular fibrillation. 

E. Acute Management 

The acute management of hyperkalemia is guided by the 
serum K• level and the ECG (2,17). The therapeutic maneu
vers are outlined in Table 27.3. 

1. Membrane Anta9onism 

Calcium directly antagonizes the membrane actions of 
potassium. 

a .  When hyperkalemia is severe (i.e., above 7 mEq/L) or 
accompanied by advanced ECG changes (i.e., loss of P 
waves and prolonged QRS duration), calcium glu
conate is given in the dose shown in Table 27.3. A sec
ond dose can be given if there is no response within a 
few minutes. 

b. When hyperkalemia is accompanied by circulatory com
promise, calcium chloride is preferred to calcium gluco
nate because 10% calcium chloride contains three times 
more elemental calcium (per mL) t11ar1 10% calcium glu
conate, and t11e extra calcium could help to promote car
diac contraction and maintain peripheral vascular tone. 

c. Calcium must be given cautiously to patients on digi
talis because hypercalcemia can potentiate digitalis 
cardiotoxicity. For patients receiving digitalis, the cal
cium gluconate should be added to 100 mL of isotonic 
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saline and infused over 20 to 30 minutes. If the hyper
kalemia is a manifestation of digitalis toxicity, calcium 
is contraindicated. 

d. The response to calcium lasts only 20 or 30 minutes, so 
other therapies should be initiated to enhance potassi
um clearance. 

TABLE 27.3 Acute Management of Hyperkalemia 

Condition Treatment Comments 

ECG changes or Calcium gluconate Response lasts only 
serum K+ > 7 mEq/l (1 0%): 1 0  ml IV 20-30 min .  

over 3 min; can Do not give bi carbon-
repeat in 5 min. ate after calc ium. 

ECG changes Calcium chloride Calcium chloride 
and circu latory (1 0%): 1 0  ml IV contains 3 times 
compromise over 3 min. more calcium than 

calcium gluconate. 

AV block refractory 1 .  1 O U regular Insulin-dextrose treat-
to calcium treatment insulin in 500 ml ment should drop the 

of 20% dextrose: serum K by 1 mEq/l 
infuse over 1 hr. for 1 - 2 hrs. 

2 .  Transvenous 
pacemaker 

Digitalis cardiotoxicity 1 .  Magnesium Do not use calcium 
su lfate: 2 g as for the hyperkalemia 
IV bolus. of digitalis toxicity. 

2. Dig italis-specific 
antibodies if 
necessary. 

After acute phase Kayexalate: oral dose Oral dosing is 
or when no ECG of 30 g in 50 ml of preferred. 
changes 20% sorbitol ,  or Enemas poorly 

50 g in 200 ml tolerated by patients 
20% sorbitol as and nurses. 
a retention enema. 
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Combined therapy with insulin and dextrose will drive 
potassium into muscle cells and decrease the serum po
tassium by an average of 1 mEq/L, but this effect is tem
porary (lasts 1 -2 hours), and should be combined with 
measures designed to enhance potassiLm1 excretion. 

3. Enhanced Clearance 

Measures aimed at enhancing the removal of K• from the 
body can be used alone (in mild cases of hyperkalernia 
without advanced ECG changes) or as a follow-up to cal
ciLm1 and insulin-dextrose therapy. 

a. Sodium polystyrene sulfonate (Kayexalate) is a cation
exchange resin that promotes K• clearance across the 
gastrointestinal mucosa. It can be given orally or by 
retention enema, a11d it is mixed with 20% sorbitol to 
prevent concretion. For each mEq of K• removed, 2 to 
3 mEq of sodiLm1 is added. If there is concern about the 
added sodimn, one or two doses of forosernide can be 
used to enhance natriuresis (except in the presence of 
renal failure). 

b .  The loop diuretics (e.g., furosemide) enhance urinary 
potassium excretion, but are i 11effective if renal failure 
is the cause of hyperkalemia. 

c. Hemodialysis is the most effective method of remov
ing K• in patients with renal failure. 
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.:,.Chapter 28 
MAGNESIUM 
Magnesium is the second most abw1dant intracellular cation, 
and it serves as a cofactor for all reactions involving ATPase 
enzymes (including the membrane pump that generates the 
electrical gradient across cell membranes). Unfortunately, the 
"tip of the iceberg" analogy used for potassium also applies 
to magnesium; i .e., only a minor fraction (0.3%) of total body 
magnesium is located in plasma (1-3), so monitoring the 
plasma magnesium provides little information about total 
body magnesitun. 

I. MAGNESIUM BALANCE 

A. Serum Magnesium 

1. The normal range for serum magnesitun depends on the 
daily magnesium intake, which varies according to geo
graphic region. The normal range for healthy adults re
siding in the United States is shown in Table 28.1  (4). 

2. Only 67% of the magnesium in plasma is in the ionized 
(active) form, and the remaining 33% is either bound to 
plasma proteins (19% of the total )  or chelated with divalent 
anions sud1 as phosphate and sulfate (14% of t11e total) (5). 

3 .  The standard assay for magnesium measures the total 
concentration in plasma. Therefore, when the total mag
nesimn is abnormally low, it is not possible to determine 
if the problem is a decrease in tl1e ionized (active) frac
tion or a decrease in the botmd fractions (e.g., hypopro
teinemia). 

443 
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4. The level of ionized magnesium can be measured with an 
ion-specific electrode. However, since the total amount of 
magnesium in plasma is small, the difference between 
the ionized and bow1d magnesitun content may not be 
large enough to be clinically relevant. 

TABLE 28.1 Reference Ranges for Magnesium* 

Traditional 
Parameter Units SI Units 

Serum magnesium: 
Total 1 .4-2.0 mEq/L 0.7- 1 .0 mmol/L 
Ionized 0 .8 - 1 . 1  mEq/L 0.4-0.6 mmol/L 

Urinary magnesium 5-1 5 mEq/24 hr 2 .5-7.5 mmol/24 hr 

*Pertains to healthy adults residing in the United States. From 
Reference 4. 

Conversions: mmol x 2 = mEq or mEq x 0.5 = mmol 

B. Urinary Magnesium 

1. The normal range for urinary magnesium excretion is 
shown in Table 28.1 .  Under normal circumstances, only 
small quantities of magnesimn are excreted in the mine. 

2. When magnesium intake is deficient, the kidneys con
serve magnesium, and urinary magnesium excretion 
falls to negligible levels. This is shown in Figure 28. 1 .  
Note that, after the start o f  a magnesium-deficient diet, 
the urinary magnesium excretion promptly falls to negli
gible levels, while the serum magnesium remains in the 
normal ra11ge. This illustrates the relative value of uri
nary magnesium over serum magnesitun levels in the 
detection of magnesium deficiency. 
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FIGURE 28. 1 Urinary and plasma magnesium levels in a healthy volw1-
teer placed on a magnesilm1-free diet. Solid bars on the vertical axes 
indicate the normal range for urine and plasma rnagnesiwn. (Adapted 
from Shils ME. Experimental hlm1an magnesiwn deficiency. Medicine 
1969; 48:61-82). 

II .  MAGNESIUM DEFICIENCY 

A. Incidence 

Hypomagnesemia is reported in as many as 60 to 70% of ICU 
patients (1,6), but this underestimates the true incidence of 
magnesium deficiency because the serum magnesium con
cenh·a tion can be normal in patients with magnesium defi
ciency (2,3). 

B. Predisposing Conditions 

Because seru_m magnesium levels have a limited ability to 
detect magnesiw11 depletion, recognizing the conditions that 
predispose to magnesium depletion may be the only clue to an 
underlying magnesium imbalance. The conditions that most 
often promote magnesium depletion are listed in Table 28.2. 
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TABLE 28.2 Markers of Possible Magnesium Depletion 

Predisposing Conditions 

Drug therapy:* 
Furosemide (50%) 

Aminoglycosides (30%) 

Amphotericin, pentamidine 

Dig italis (20%) 

Cisplatin, cyclosporine 

Diarrhea (secretory) 

Alcohol abuse (chronic) 

Diabetes mellitus 

Clinical Findings 

Electrolyte abnormalities:* 
Hypokalemia (40%) 

Hypophosphatemia (30%) 

Hyponatremia (27%) 

Hypocalcemia (22%) 

Cardiac manifestations: 
Torsades de pointes 
Digitalis toxicity 

Hyperactive CNS Syndrome 

*Numbers in parentheses indicate incidence of associated hypo
magnesemia. 

1. Diuretic Therapy 

a. Diuretics are the leading cause of magnesium deficiency. 
Diuretic-induced inhibition of sodiwn reabsorption also 
interferes with magnesiwn reabsorption, and the urinary 
magnesium losses can parallel urinary sodiw11 losses. 

b. The diuretic effect is most pronounced with loop di
uretics like furosem.ide, and magnesium deficiency has 
been reported in 50% of patients receiving chronic therapy 
with furosemide (7). 

c .  The thi.azide diuretics also promote magnesium deple
tion, but primarily in elderly patients (8). 

d. Magnesium depletion is not a complication of therapy 
with "potassium-sparing" diuretics (9). 

2. Antibiotic Therapy 

The antibiotics that promote magnesimn depletion are 
the arninoglycosides, amphoterici.n and pentamidine (10, 
11 ) .  The aminoglycosides block magnesim11 reabsorption 
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in the ascending loop of Henle, and hypomagnesemia 
has been reported in 30% of patients receiving aminogly
coside therapy (11). 

3 .  Other Drngs 

A variety of other drugs have been associated with mag
nesium depletion, including digitalis, and the chemother
apeutic agents cisplatin and cyclospori.ne (10,12). Digitalis 
shifts magnesium into cells, and the chemotherapeutic 
agents promote renal magnesium excretion. 

4. Alcohol-Related Illness 

Hypomagnesemia is reported in 30% of hospital admis
sions for alcohol abuse, and in 85% of admissions for 
delirium tremens (13,14). Malnutrition a.nd chronic diar
rhea may play a role in the magnesimn depletion in these 
conditions. 

5. Secretory Diarrhea 

Secretions from the lower GI tract have a high magne
sium concentration (10 to 14 mEq/L) (15), so a secretory 
diarrhea can be accompanied by profow1d magnesium 
depletion. 

6. Diabetes Mellitus 

Magnesium depletion is conunon in insulin-dependent 
diabetics, probably as a result of glycosmia-induced uri
nary magnesium loss (16). Hypomagnesemia is reported 
in only 7% of admissions for diabetic ketoacidosis, but 
the incidence increases to 50% over the first 12 hours 
after admission (17), probably as a result of insulin-in
duced movement of magnesium into cells. 

C. Clinical Manifestations 

There are no specific clinical manifestations of magnesium 
deficiency, but the following clinical findings should raise 
suspicion of an underlying magnesium deficiency. 
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1. Electrolyte Abnormalities 

Magnesium depletion is often accompanied by abnormal 
levels of other electrolytes in blood (See Table 28.2) (18). 

a. Magnesium depletion enhances renal potassium excre
tion, and hypokalemia is reported in almost half of pa
tients with magnesium depletion (18). The hypokal
emia that accompanies magnesium depletion can be re
fractory to potassium replacement therapy, and mag
nesium repletion is often necessary before potassium 
repletion is possible (19). 

b.  Hypocakemia is common in magnesium depletion and 
is due to a combination of impaired parathormone re
lease (20) and impaired end-organ response to parathor
mone (21). As is the case with hypokalemia, the hypocal
cemia that accompanies magnesium deficiency is diffi
cult to correct unless magnesiLUn deficits are corrected. 

c. Hypophosphatemia can be associated with magnesium 
depletion, but is a cause (rather than an effect) of mag
nesium depletion. The mechanism is enhanced renal ex
cretion of magnesium (22). 

2. Arrhythmias 

a. Magnesium depletion prolongs the QT interval on the 
ECG and can provoke a polymorphous ventricular 
tachycardia known as torsades de pointes (see Chapter 
15, Section VI). 

b .  Because both digitalis and magnesium deficiency act 
to inhibit the sodiwn-potassitun pump on cell nl.em
branes, magnesium deficiency promotes digitalis car
diotoxicity. Intravenous magnesium can abolish digi
talis-toxic arrhytlunias, even when serwn magnesiwn 
levels are normal (23,24). 

3. Neurolo9ic Findings 

a. The neurologic manifestations of magnesium deficien
cy can include altered mentation, generalized seizures, 
tremors, and hyperreflexia. 
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b. A neurologic syndrome described recently that can 
abate with magnesiwn therapy deserves mention. The 
clinical presentation is characterized by ataxia, slurred 
speech, metabolic acidosis, excessive salivation, dif
fuse muscle spasms, generalized seizures, and pro
gressive obhmdation (25). The clinical features are of
ten triggered by loud noises or bodi ly contact, hence 
the term reactive central nervous system magnesium defi
ciency has been used to describe this disorder. 

TABLE 28.3 Magnesium Retention Test 

Indications 

1 .  For suspected Mg++ deficiency when the serum Mg++ concentra-
tion is normal. 

2 .  For identifying the end-point of Mg++ replacement therapy. 

Contraindications 

1 .  Renal failure or ongoing renal magnesium wasting.  

Method 

1 .  Add 24 mmol (48 mEq) of Mg++ (6 g of MgS04} to 250 ml of 
isotonic saline and infuse over 1 hour. 

2. Collect urine for 24 hrs. after the Mg++ infusion is started. 

Results 

1 .  Urinary Mg++ excretion < 1 2  mmol (24 mEq) in 24 hrs 
( < 50% of the infused Mg++) is evidence of Mg++ depletion. 

2. Urinary Mg•+ excretion > 1 9  mmol (38 mEq) in 24 hrs 
( > 80% of the infused Mg++) is evidence against Mg+• depletion. 

From Reference 26. 

D. Diagnosis 

As mentioned several times, the serum magnesium level is 
an insensitive marker of magnesium depletion. The most 
sensitive index of total body magnesium stores is a special
ized test described next. 
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1. Ma9nesium Retention Test 

Magnesium reabsorption in the renal tubules is close to 
the maximum tubular reabsorption rate (Tm,.), so most of 
an infused magnesium load will be excreted in the urine 
when total body magnesium stores are normal. How
ever when magnesium stores are deficient, magnesium is 
reabsorbed in the renal tubules, and a smaller fraction of 
an infused magnesium load is excreted in the urine. 

a .  The magnesium retention test, which is outlined in Ta
ble 28.3, measures the fraction of an intravenous mag
nesium load that is excreted in the urine (26,27). 

b. When less than 50% of the infused magnesium is re
covered in the urine, magnesium deficiency is likely, 
and when more than 80% of the infused magnesium is 
excreted in the urine, magnesium deficiency is unlikely. 

c. This test is reliable only when renal function is not im
paired and when there is no ongoing renal magnesium 
wasting. 

E. Magnesium Preparations 

1. The magnesium preparations available for oral and par
enteral use are listed in Table 28.4. The oral preparations 
can be used for daily maintenance therapy (5 mg/kg in 
normal subjects). Intravenous magnesium is preferred 
for replacing deficits because intestinal absorption of 
magnesium can be erratic. 

2. The standard intravenous preparation is magnesium sul
fate (MgSO,). Each gram of MgSO, has 8 mEq (4 mmol) 
of elemental magnesium. 

3.  The 50% MgSO, solution (500 rng/mL) has an osmolari
ty of 4000 mosm/L, so it must be diluted to a 10% (100 
mg/mL) or 20% (200 mg/mL) solution for intravenous 
use (28). Saline solutions should be used as the diluent. 
Ringer's solutions are not advised because the calcium in 
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Ringer's solutions will counteract the actions of the in
fused magnesium. 

TABLE 28.4 Oral and Parenteral Magnesium Preparations 

Preparations 

Oral preparations: 
Magnesium chloride enteric-coated 
tablets 

Magnesium oxide tablets (400 mg) 

Magnesium oxide tablets ( 140 mg) 

Magnesium gluconate tablets (500 mg) 

Parenteral solutions: 
Magnesium sulfate (50%)* 
Magnesium sulfate ( 12 .5%) 

Elemental Mg++ 

64 mg (5.3 mEq) 

241 mg (1 9 .8 mEq) 

85 mg (6.9 mEq) 

27 mg (2.9 mEq) 

500 mg/ml (4 mEq/ml) 
1 20 mg/ml (1 mEq/ml) 

*Should be di luted to a 20% solution for intravenous injection. 

F. Replacement Protocols 

The following magnesium replacement protocols are recom
mended for patients with normal renal function (29). 

1.  Mild, Asymptomatic Hypomagnesemia 

a. Assume a total magnesium deficit of 1 to 2 mEq/kg. 

b. Because 50% of the infused magnesium can be lost in 
the urine, assume that the totaJ magnesium require
ment is twice the magnesitun deficit. 

c. Replace 1 mEq/kg for the first 24 hours, and 0.5 mEq/kg 
daily for the next 3 to 5 days. 

2. Moderate Hypomagnesemia 

The following therapy is intended for patients with a 
serum magnesium level less than 1 mEq/L or when hy
pomagnesemia is accompanied by other electrolyte ab
normalities: 
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a. Add 6 g MgS04 (48 mEq Mg) to 250 or 500 mL isoton
ic saline and infuse over 3 hours. 

b. Follow with 5 g MgS04 (40 mEq Mg) in 250 or 500 mL 
isotonic saline infused over the next 6 hours. 

c. Continue with 5 g MgS04 every 12 hours (by continu
ous infusion) for the next 5 days. 

3. Life-Threatening Hypoma9nesemia 

The following protocol is recommended when hypomag
neserni.a is accompanied by serious cardiac arrhythmias 
(e.g., torsades de pointes) or generalized seizures. 

a .  Infuse 2 g MgS04 (16 mEq Mg) intravenously over 2-5 
minutes. 

b. Follow with 5 g MgS04 (40 mEq Mg) in 250 or 500 mL 
isotonic saline infused over the next 6 homs. 

c. Continue with 5 g MgS04 every 12 hours (by continu-
ous infusion) for the next 5 days. 

Serum magnesiwn levels will rise after the initial magne
sium bolus but will begin to fall after 15 minutes. There
fore, it is important to follow the bolus dose with a con
t:i.nuous magnesium infusion. Serum magnesium levels 
may normalize after 1 to 2 days, but it will take several 
days to replenish the total body magnesiwn stores. 

4. Renal Insufficiency 

When magnesium is replaced in the setting of renal insuf
ficiency, no more than 50% of the magnesiwn in the stan
dard replacement protocols should be administered (29), 
and the serum magnesium should be monitored carefully. 

III .  HYPERMAGNESEMIA 

Hypermagneserni.a (i.e., serum Mg++ >2 mEq/L) is reported 
in 5% of hospitalized patients (30) and is found almost ex
clusively in patients with renal insufficiency. 



A. Etiologies 

1. Hemolysis 
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The magnesium concentration in erythrocytes is approxi
mately three times greater than that in serum (31 ) .  Trau
matic disruption of erythrocytes can produce a spurious 
hypermagnesemia. In hemolytic anemia, the serum mag
nesium is expected to rise by 0.1 mEq/L for every 250 mL 
of erythrocytes that lyse completely (31), so hypermagne
semia is expected only with massive hemolysis. 

2. Renal Insufficiency 

The renal excretion of magnesium becomes impaired when 
the creatinine clearance falls below 30 mL/minute (32). 
Howeve1� hypermagnesemia is not a prominent feature of 
renal insufficiency mLless magnesiLm1 intake is increased. 

3. Other Conditions 

Other conditions that can be associated with hypermag
nesemia include diabetic ketoacidosis (transient), adrenal 
insufficiency, hyperparathyroidism, and lithiLll11 intoxi
cation (32). The hypermagnesemia in these conditions is 
usually mild. 

B. Clinical Manifestations 

1 .  The clinical consequences of progressive hypermagne
semia are listed below (32). 

Manifestation 
Hyporeflexia 

1 st0 AV Block 

Complete Heart Block 

Cardiac Arrest 

Serum Mg++ 
>4 mEq/L 

>5 mEq/L 

> 10 mEq/L 

> 1 3  mEq/L 

2. The serious consequences of hypermagnesemia are due 
to calcium antagonism in the cardiovascular system. The 
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predominant effect is delayed cardiac conduction (con
tractility and vascular tone are relatively unaffected).  

C. Management 

1. Hemodialysis is the treatment of choice for severe hyper
magnesemia. 

2. Intr·avenous calcimn gluconate (1 g N over 2 to 3 minutes) 
can be used to antagonize the cardiovascular effects of hy
permagnesernia, but the effects are h-cmsient and should 
not delay hemodialysis (33). 
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Calcium and phosphorus are responsible for much of the 
structural integrity of the bony skeleton. Although neither is 
fo1md in ab1mdance in the soft tissues, both play an impor
tant role in vital cell ftmctions. Phosphorus participates in 
aerobic energy production, while calcium has a vital role in 
several diverse processes, including blood coagulation, neu
romuscular transmission, and cardiovascular performance. 

I .  CALCIUM IN PLASMA 

A. Plasma Fractions 

1. The calcium in plasma is present in tlu·ee forms, as de
picted in Figure 29. l .  

2. About half of  the calcium is  ionized and biologically ac
tive, while the other half is bo1md to other molecules and 
is biologically inactive (1,2). Most (80%) of the bound cal
cium is bound to albumin, and the remainder is com
plexed to small anions like sulfates and phosphates. 

B. Total vs. Ionized Calcium 

1. The concentration of total and ionized calcium in plasma 
is shown in Table 29. 1 .  

2. Although only the ionized calcium i s  biologically impor
tant, most clinical laboratories measure the total plasma 
calcium, and this can be misleading. 

457 
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FIGURE 29. 1 The three fractions of calciw11 in plasma and their contribu
tion to the total plasma calciwn concentration. The colllllm on the right 
shows how a decrease in plasma albumin can reduce the total plasma 
calcium without affecting the ionized calcium. 

3. The problem with measuring total senm1 calcium is illus
trated in Figure 29. 1 .  The colurrm on the right demon
strates the effect of a decrease in the concentration of 
plasma albumin. The total calciwn in plasma decreases, 
but the ionized calcimn remains unchanged. Thus, the 
decrease in total serum calcium is not physiologically sig
nificant because the physiologically active (ionized) calci
um is not affected. 

TABLE 29.1 Nonnal Ranges for Galcium & Phosphorus in Blood 

Serum Traditional Units SI Unitst 
Fraction (mg/dl) (mmol/L) 

Total calcium 9 -1 0 2 .2-2.5 

Ionized calcium 4.5 - 5  1 . 1 - 1 .3 

Phosphorus 2.5 - 5 0.8- 1 .6 

tmmol/L = (mg/dl x 1 0)/molecular weight. 

Molecular weight is 40 for calcium and 31 for phosphorus. 
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4. A variety of correction factors have been proposed for 
adjusting the plasma calcium concentration in the setting 
of hypoalbuminemia, but none is reliable (3,4). 

5. Ionized calcium can be measured with ion-specific elec
trodes that are now available in most clinical laborato
ries, and this is the only reliable measure of serum calci
um in patients with hypoalbuminemia. 

11 .  I ONIZED HYPOCALCEMIA 

Ionized hypocalcemia has been reported in 15 to 50% of ad
missions to the ICU (5). The common causes of this disorder 
are listed in Table 29.2. Hypoparathyroidism is a leading 
cause of hypocalcemia in outpatients, but is not a considera
tion in the ICU unless neck surgery has been performed re
cently. 

A. Etiologies 

1. Magnesium Depletion 

a. Magnesium depletion promotes hypocalcemia by inhib
iting parathormone secretion and reducing end-organ re
sponsiveness to paratl1ormone. 

b .  Hypocalcemia from magnesium depletion is refracto
ry to calcium replacement therapy, and magnesium re
pletion often corrects the hypocalcemia without calci
um replacement. 

2. Sepsis 

Sepsis is a common cause of hypocalcem.ia in the ICU (5,6). 
The mechanism is Lmclear. The significance of the hypocal
cemia is also unclear since it has a causal role in the 
vasodilation that accompanies sepsis (6). 

3. Alkalosis 

Alkalosis can reduce the ionized fraction of calcium in 
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blood by promoting the binding of calcium to albumin. 
Symptomatic hypocalcemla is more common with respi
ratory alkaJosis than with metabolic alkaJosis. 

4 .  Blood Tranifusions 

a. Ionized hypocalcemia has been reported in 20% of pa
tients receiving blood transfusions (5). The culprit is calci
um binding by the cih·ate anticoagulant in banked. blood. 
The hypocalcemla is short-lived, and resolves when the 
infused citrate is metabolized by the liver and kidneys (5). 

b. Hypocalcernia from blood transfusions has no appar
ent consequences (particularly on blood coagulation), 
and calcium infusions are no longer recommended to 
correct this abnormality. 

5. Drugs 

A number of drugs can bind calcium a11d promote ion
ized hypocalcemia (5). The ones most often used in the 
ICU are amlnoglycosides, cimetidine, heparin, and theo
phylline. 

6. Renal Failure 

a. Ionized hypocalce1nia can accompany renal failme as a 
result of phosphate retention and impaired conversion 
of vitam.in D to its active form in the kidneys. Treat
ment is aimed at lowering phosphate levels in blood 
with antacids that block phosphorus absorption in the 
small bowel. 

b. The acidosis in renal fa ilure can decrease the binding 
of calcium to albmnin, so a decrease in total serum cal
cium in renal failure does not always indicate the pres
ence of ionized hypocalcernia. 

7. Pancreatitis 

Severe pancreatitis can produce ionized hypocalcemia 
through several mechanlsms. The appearance of hypo
calcernia carries a poor prognosis (7), although it may not 
contribute to the poor prognosis. 
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TABLE 29.2 Causes of Ionized Hypocalcemia in the ICU 

Alkalosis 

Blood transfusions (1 5%) 

Cardiopulmonary bypass 

Fat embolism 

Magnesium depletion (70%) 

Pancreatitis 

Renal insufficiency (50%) 

Sepsis (30%) 

Drugs: 

Aminoglycosides (40%) 

Cimetidine (30%) 

Heparin (1 0%) 

Theophylline (30%) 

*Numbers in parentheses show the frequency of ionized hypocal
cemia reported in each condition. 

B. Clinical Manifestations 

1 .  Neuromuscular Excitability 

a. Hypocalcernfa can be accompanied by hyperreflexia, 
paresthesias, tetany (of peripheral or laryngeal mus
cles), and seizures (8) . 

b. Chvostek's and Trousseau's signs are often listed as man
ifestations of hypocalcem.ia. However, Chvostek's sign is 
nonspecific (it is present in 25% of normal adults), and 
Trousseau's sign is insensitive (it can be absent in 30% of 
patients with hypocalcemia) (9). 

2. Cardiovascular Effects 

Advanced stages of ionized hypocalcernia (i .e . ,  ionized 
calciwn < 0.65 nunol/ L) can be associated with heart 
block, ventricular tachycardia, and refractory hypoten
sion (5). 

C. Calcium ReplacementTherapy 

The treatment of ionized hypocalcernia should be directed at  
the tmderlying cause of the problem. 
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TABLE 29.3 Intravenous Calcium Replacement Therapy 

Solution 

1 0% Calcium chloride 

1 0% Calcium gluconate 

Elemental 
Calcium 

27 mg/ml 

9 mg/ml 

For symptomatic hypocalcemia: 

Unit 
Volume Osmolarity 

1 0-ml 2,000 mosm/l 
ampules 

1 0-ml 680 mosm/l 
ampules 

1 .  Infuse calcium into a large central vein if possible. 
If a peripheral vein is used, calcium gluconate should be used. 

2. Give a bolus dose of 200 mg elemental calcium (8 ml of 
1 0% calcium chloride or 22 ml of 1 0% calcium gluconate) 
in 1 00 ml isotonic saline over 1 0  minutes. 

3. Follow with a continuous infusion of elemental calcium at 
1 - 2  mg/kg/hr for 6 - 1 2  hours. 

1. Intravenous calcium replacement is recommended for 
symptomatic hypocalcemia or when the ionized calcium 
is below 0.65 mmol/L (5). The calcium solutions and dos
age recommendations are shown in Table 29.3. 

2. There are 2 calcimn solutions for intravenous use: 10% calci
um dtloride and 10% calcium gluconate. Both solutions have 
the same conce.nh·atio.n of calcium salt (i.e., 100 mg/mL), but 
calcium chloride contains three times more elemental calcium than 
calcium gluconate. 

3. The intravenous calcium solutions are hyperosmolar and 
should be given through a large central vein if possible. 
If a peripheral vein is used, calcium gluconate is the pre
ferred solution because of its lower osmolarity. 

4 .  A bolus dose of 200 mg elemental calcium (diluted in 100 
mL isotonic saline and given over 5-10 minutes) should 
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raise the total serum calcium by 0.5 mg/ dL, but levels 
will begin to fall after 30 minutes (5) .  Therefore, the bolus 
dose of calcium should be followed by a continuous infu
sion at a dose rate of 0.5 to 2 mg/kg/hr (elemental calci
um) for at least 6 hours. 

5 .  Individual responses to calcium infusion wi l l  vary, so cal
cium dosing should be guided by the level of ionized cal
cium in blood (5). 

III .  HYPERCALCEMIA 

Hypercalcemia is uncommon in hospitalized patients, with a 
reported incidence of less than 1 % (10) .  

A. Etiologies 

1. Ninety percent of cases of hypercalcemia are caused by 
hyperparathyroidism or malignancy, and malignancy is 
the most common cause of severe hypercalcemia (i .e., 
total serum calcium above 14 mg/dL or ionized calcium 
above 3.5 mmol/L) (11,12). 

2. Less common causes of hypercalcernia include thyrotoxi
cosis, prolonged immobilization, and drugs (lithium, thi
azide diuretics). 

B. Clinical Manifestations 

The manifestations of hypercalcernia usually are nonspecific 
aJ1d can be categorized as follows (11) :  

1 .  Gastrointestinal (GI):  nausea, vomiting, constipation, 
ileus, and pancreatitis 

2. Cardiovascular: hypovolemia, hypotension, and short
ened QT interval 
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3. Renal: polyuria and nephrocalcinosis 

4. Neurologic: confusion and depressed consciousness, in
cluding coma 

5. The above manifestations can appear when the total se
rum calci1m1 rises above 12 mg/ dL (or the ionized calci
um rises above 3 rrm1ol/L), and they are almost always 
present when the serum calcilll11 is greater than 14 mg/ dL 
(or the ionized calcium is above 3.5 mmol/L) (17). 

C. Management 

Treatment is indicated when the hypercalcemia is associated 
with adverse effects, or when the serum calcium is greater 
than 14 mg/dL (ionized calcium above 3.5 mmol/L). The 
management of hypercalcemia is Slll11marized in Table 29.4. 

1 .  Saline Infusion 

Hypercalcernia usually is accompanied by an osmotic di
uresis (from hypercalciuria). This eventually leads to hy
povolernia, which reduces calcium excretion in the urine 
and precipitates a rapid rise in the serum calcium. 

a.  Volume infusion (with isotonic saline) to correct hypo
volernia and promote renal calcium excretion is an im
mediate priority in the management of hypercalcemia. 

b. However, saline infusion alone will not ret1u·n the cal
cium to normal levels. 

2. Furnsemide 

a. Natriuresis increases urinary calci1m1 excretion, and 
adding furosernide to the saline infusion will promote 
natriuresis and thus facilitate urinary calcium excretion. 

b. The usual furosernide dose is 40 to 80 mg IV every 2 
hours to acl1ieve an hourly urine output of 100 to 200 
rnL/mi.nute. 

c .  During furosernide diuresis, the hourly urine output 
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must be replaced with isotonic saline. Failure to replace 
urinary volw11e losses is cotmterproductive because it 
promotes hypovolemia. 

TABLE 29.4 Management of Severe Hypercalcemia 

Agent Dose Comments 

Isotonic saline Variable Initial treatment of choice. 
Goal is rapid correction 
of hypovolemia. 

Furosemide 40-80 mg IV Add to isotonic saline to 
every 2 hrs. maintain a urine output 

of 1 00-200 mUhr. 

Calcitonin 4 Units/kg JM or SC Response is evident 
every 1 2  hrs. within a few hours. 

Maximum drop in serum 
calcium is only 0.5 mmoVL. 

Hydrocortisone 200 mg IV daily in Used as an adjunct to 
2-3 divided doses. calcitonin. 

Biphosphonates: 

Pamidronate 90 mg IV over 2 hrs. Reduce dose to 60 mg 
in renal impairment. 

Zoledronate 4 mg IV over 1 5  min. Equivalent to pamidron-
ate in efficacy. 

Plicamycin 25 µg/kg IV over More rapid effect than 
4 hrs; can repeat pamidronate, but can 
every 2 hrs. have toxic side effects. 

3. Calcitonin 

Saline and furosemide can correct the hypercalcemia acute
ly, but will not correct the underlying cause of the hypercal
cemia, which (in malignancy) is enhanced bone resorption. 
Calciton.i.n is a nahlrally occurring hormone that inhibits 
bone resorption. 
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a. Sabnon calcitonin can be given for hypercalcemia due to 
enhanced bone resorption. The dose is 4 Units/kg giv
en subcutaneously or intramuscularly every 12 homs. 

b. The response to calcitonin is rapid (onset within a few 
homs), but the effect is mild (the maximum drop in 
serum calcium is 0.5 mmol/L). 

4. Hydrocortisone 

Corticosteroids can reduce the serum calcium by imped
ing the growth of lymphoid neoplastic tissue and en
hancing the actions of vitamin D. Steroids are usually 
combined with calcitonin and can be particularly useful 
in the hypercalcemia associated with multiple myeloma 
or renal failure (11,12). The standard regimen uses hydro
cortisone, 200 mg IV daily in 2 or 3 divided doses. 

5. Biphosphonates 

Calcitonin can be used for rapid reduction of serum cal
cium, but the mild response will not keep the calcium in 
the normal range. 

a. A group of compow1ds known as biphosphonates are 
more potent inhibitors of bone resorption and are ca
pable of maintaining a normal serum calcium. How
ever, their onset of action is delayed, and they are not 
useful when rapid control of serum calcium is desir
able. 

b .  Zoledronate (4 mg IV over 5 minutes) and pamidronate 
(90 mg IV over 2 hours) are currently the preferred bi
phosphonates for the management of severe hypercal
cemia (12). Their peak effect is seen in 2 to 4 days, and 
normalization of the serum calcium occurs within 4 to 
7 days in up to 90% of cases. The dose may be repeat
ed in 4 to 10 days if necessary. 

6. Plicamycin 

Plicamycin (formerly mithramycin) is <m anti.neoplastic 
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agent that inhibits bone resorption. It is more potent than 
calcitonin, but the potential for serious side effects (e.g., 
bone marrow suppression) has limited its popularity. Bi
phosphonates are currently preferred to plicamycin be
cause of their safety profile. 

7. Dialysis 

Dialysis (hemodialysis or peritoneal dialysis) is effective 
in removing calcium in patients with renal failure (12) .  

IV. HYPOPHOSPHATEMIA 

Hypophosphatemia (serum P04 less than 2.5 mg/dL or 0.8 
mrnol/L) can be found in up to one-third of ICU patients 
(13,14). Most cases are due to movement of P04 into cells, 
and the remainder are the result of increased renal excretion 
or decreased GI absorption of phosphorus. 

A. Etiologies 

1. Glucose Loading 

a. Glucose loading is the most common cause of hypo
phosphatemia in hospitalized patients (13,15), and is 
the result of a link between glucose and P04 entry into 
cells. The drop in serum P04 is usually seen during re
feeding in alcoholic, malnourished, or debilitated pa
tients, and it can occur with any type of feeding regi
men (i.e., oral, enteral tube feedings, or parenteral nu
trition) .  

b .  The influence of total parenteral nutrition (TPN) on 
serum P04 levels is shown in Figure 29.2. Note the 
severe drop in serum P04 (to <1 mg/ dL) after one 
week of TPN. The risk of hypophosphatemia is one 
reason that TPN regimens are advanced gradually for 
the first few days. 



468 Renal and Electrolyte Disorders 

4 

:::;- 3 � 0) 
.s 
0 2 
Q_ 
E � ::i 
© 

o____� (/) 

0 
0 2 4 6 8 1 0  

Duration of TPN (days) 

FIGURE 29.2 The influence of total parenteral nutrition (TPN) on the 
senun P04. (Data from Knod1el JP. Ard1 Intern Med 1977; 137:203--220). 

2. Respirntory Alkalosis 

Respiratory alkalosis increases the rate of glycolysis, and 
this prompts an increase in glucose (and P04) movement 
into cells (16). This mechanism is a potential offender in 
ventilator-dependent patients because overventilation and 
respiratory alkalosis is common in these patients. 

3. �-Receptor Agonists 

Stimulation of �-adrenergic receptors can shift P04 into 
cells and promote hypophosphatemia. In one study of 
patients with acute asthma who were treated aggressive
ly with nebulized �-agonists, the serum P04 decreased by 
1 .25 mg/ dL (0.4 mmol/L) (17) .  

4 .  Phosphate-Binding Agents 

AlLmlinum can form insoluble complexes with inorganic 
phosphates. As a result, alunlinwn-contain.ing compounds 
such as sucralfate (Carafate) can impede the absorption of 
phosphate in the upper GI tract and promote phosphate 
depletion (18). 
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As mentioned in Chapter 23, phosphate depletion is al
most universal in diabetic ketoacidosis, but it does not 
become evident until insulin therapy drives PO; into cells. 
Because phosphate supplementation does not alter the out
come in diabetic ketoacidosis (see Chapter 23), the signifi
cance of the phosphate depletion in this disorder is w1clear. 

B. Clinical Manifestations 

1. Oxidative Ene1w Production 

Hypophosphatemia has a number of effects that could 
impair oxidative energy production in cells, and these 
are indicated in Figure 29.3. Each of the following deter
minants of systemic oxygen transport can be adversely 
affected by hypophosphatemia. 

a .  CARDIAC OUTPUT. Phosphate depletion can impair 
myocardial contractility and reduce cardiac output. Hypo
phosphatemic patients with heart failure have shown im
proved cardiac performance after phosphate supplementa
tion (19). 

b .  HEMOGLOBIN. Hemolysis is a recognized effect of se
vere hypophosphatemia (18), presumably as a result of 
impaired RBC deformability. 

c. OXYHEMOGLOBIN DISSOCIATION. Phosphate depletion 
is accompanied by depletion of 2,3-diphosphoglycer
ate, and this shifts the oxyhemoglobin dissociation 
curve to the left. W11en this occurs, hemoglobin is less 
likely to release oxygen to the tissues. 

In addition to the adverse effects on tissue oxygen avail
ability, phosphate depletion can directly impede cellular 
energy production by reducing the availability of inor
ganic phosphorus for high-energy phosphate production. 

2. Muscle Weakness 

Muscle weakness is usually mentioned as an adverse effect 
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of hypophosphatemia. Howeve1� the following observa
tions suggest that muscle weakness is NOT a major com
plication of hypophosphatemia. 

a. Biochemical evidence of skeletal muscle disruption (e.g., 
elevated creatine kinase levels in blood) is common in 
patients with hypophosphatemia, but overt muscle 
weakness is usually absent (20). 

b. Respiratory muscle weakness has been reported ii:i as
sociation with hypophosphatemia (21 ), but it is not 
clinically significant. 

CD o -+----. Hb02 
- ® 

Glucose 

!0 

Capillary 

EFFECTS OF PHOSPHATE DEPLETION 

CD Low Cardiac Output 

® Anemia 

@ Impaired Hb02 Dissociation 

@ Impaired ATP Production 

FIGURE 29.3 The effects of hypophosphatemia on factors that influence 
oxidative energy production. 

3. Apparent Lack of Harm 

Most of the adverse effects of hypophosphaternia have no 
proven clinical significance. In fact, hypophosphatemia is 
usually clinically silent, even when the senun PO, falls to 
extremely low levels. In one study of patients with severe 
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hypophosphaternia (i.e., serum P04 <1 .0 mg/ dL), none of the 
patients showed evidence of harm (22). 

C. Phosphorus Replacement 

Despite the apparent lack of harm in most cases of hypo
phosphatemia, intravenous phosphorus replacement is rec
ommended for all patients with severe hypophosphatemia 
(i.e., serum PO, below 1.0 mg/dL or 0.3 mmol/L) and for 
patients with hypophosphatemia and cardiac dysfw1ction, 
respiratory failure, muscle weakness, or impaired tissue oxy
genation. The phosphate solutions and dosage recommenda
tions are shown in Table 29.5 (23,24). 

TABLE 29.5 Intravenous Phosphate Replacement Therapy 

Phosphorust Other 
Solution Content Content 

Sodium phosphate 93 mg/ml Na+: 4.0 mEq/l 

Potassium phosphate 93 mg/ml K+: 4.3 mEq/l 

Dosage Recommendations:* 

For severe hypophosphatemia (P04 < 1 mg/dl) without adverse 
effects: 

IV dose is 0.6 mg/kg/hr. 

For hypophosphatemia (P04 < 2 mg/dl) with adverse effects: 
IV dose is 0.9 mg/kg/hr. 

Monitor serum P04 level every 6 hrs. 

tFor phosphorus 1 mmol = 31 mg. 

*In patients with renal dysfunction, slower dose rates are advised. 

From Reference 9. 

1. Oral Replacement 

Once the serum PO, rises above 2 mg/dL, phosphate re
placement can be continued using oral phosphate prepa-
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rations like Neutra-Phos or K-Phos. The oral replacement 
dosage is 1,200-1,500 mg phosphorus daily. 

2. Daily Maintenance 

The normal daily maintenance dose of phosphate is 1,200 
mg if given orally, and 800 mg if the PO, is given intra
venously (24). Higher oral doses are required because 
only 70% of orally admffiistered phosphate is absorbed 
from the GI tract. 

V. HYPERPH OSPHATEMIA 

A. Etiologies 

Hyperphosphatemia (serwn P04 >5 mg/ dL or > 1 .6 nunol/L) 
is usually the result of one of the conditions listed below. 

1. Impaired urinary excretion of P04 in patients with renal 
insufficiency. 

2. Exaggerated P04 release from cells in conditions of promi
nent cell necrosis (e.g., rhabdomyolysis or twnor lysis). 

B. Clinical Manifestations 

The clinical manifestations of hyperphosphatemia include 
formation of insoluble calcium-phosphate complexes (with 
deposition into soft tissues) and acute hypocalcemia (with 
tetany) (8). The incidence and clinical significance of these 
effects is unclear. 

C. Management 

There are two approaches to lowering the serum PO,. 

1 .  Aluminum-containing antacids (or sucralfate) can be used 
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to bind phosphorus in the upper GI tract (25). This can 
lower phosphorus even in the absence of oral phosphorus 
intake (i.e., GI dialysis). 

2. Hemodialysis can clear phosphorus from the bloodstream, 
but this is rarely necessary. 
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Close to one-half of al l  patients admitted to ICUs are given 
an erythrocyte transfusion at some time during their ICU 
stay (1) .  The current practice of transfusing erythrocytes to 
correct anemia is being scrutinized because there is no scien
tific basis for the practice; i.e., erythrocyte h·at1sfusions are 
usually given without evidence that tissue oxygenation is 
impaired or threatened. 

I. ANEMIA IN THE I CU 

A. Anemia of Critical Illness 

L Anemia is almost a universal finding in patients who re
quire ICU care for more than a few days (1,2). (See Table 
30.1 for the normal range of values for hemoglobin, hem
atocrit, and other erythrocyte parameters). In fact, ane
mia is so common in ICU patients that it has been given 
a name: i .e., anemia of critical illness. 

2. The at1emia of critical illness is very similar to the anemia 
of chronic disease. In both conditions, there is a defect in 
iron incorporation into hemoglobin, and both conditions 
are associated with a decrease in iron and transferrin lev
els in plasma, an increase in ferritin levels in plasma, and 
iron sequestration in reticuloendothelial cells (3,4). 

477 
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TABLE 30.1 Normal Range of Values for Red Cell 
Parameters 

Red Blood Cell Count 
Males: 4.6 - 6.2 x 1 012/L 

Females: 4.2 - 5.4 x 1 01 2/L 

Reticulocyte Count 
Males: 25 - 75 x 1 09/L 

Females: same 

Red Blood Cell Volumet 
Males: 26 mUkg 

Females: 4.2 - 5.4 x 1 012/L 

Mean Cell Volume 
Males: 80 - 1 00 x 1 0-1 5L 

Females: same 

Hematocrit 
Males: 40-54% 

Females: 38-47% 

Hemoglobin* 
Males: 1 4- 1 8  g/dl 

Females: 1 2- 1 6  g/dl 

tNormal values are 1 0% lower in the elderly (� 65 yrs. of age). 

tNormal values are 0.5 g/dl lower in blacks. 

From References (1 7,26). 

B. Contributing Factors 
Two factors are implicated in the anemia of critical illness: 
systemic inflammation, and aggressive blood-letting for lab
oratory tests. 

1 .  Inflammation 

Inflarrunatory cytokines have several effects that can pro
mote anemia, including inhibition of erythropoietin re
lease from the kidneys, diminished marrow responsive
ness to erythropoietin, iron sequesh·ation in macrophages, 
and increased destruction of RBCs (3,4). 

2. Phlebotomy 

The volume of blood withdrawn for laboratory tests 
averages 40 to 70 mL each day for ICU patients (5,6) .  At 
a daily blood loss of 70 mL, one unit of whole blood (500 
mL) will be lost each week of the ICU stay. The follow
ing measures have been used to reduce phlebotomy
associated blood loss. 
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a. When blood is withdrawn from central venous cath
eters, the initial 5 mL of blood is discarded to eliminate 
contamination of the sample with intravenous fluids. 
Returning this initial aliquot to the patient has been shown 
to reduce blood loss from phlebotomy by 50% (7) . 

b. Laboratory instrwnents used for pediatric blood analy
sis require a much smaller blood sample than instru
ments used for adults. Utilizing pediatric instrwnenta
tion for laboratory tests in adult ICU patients has result
ed in a 47% decrease in blood loss from phlebotomy (8). 

C. Anemia & Systemic Oxygenation 

The driving force behind all erythrocyte transfusions is the 
fear than anemia will impair tissue oxygenation. However, 
the risk of impaired tissue oxygenation from anemia is great
ly exaggerated, as demonstrated next. 

1 .  Oxygen Transport 

The effects of progressive anemia on the oxygen trans
port parameters are shown in Figure 30.1 (The oxygen 
h·ansport parameters are described in Chapter 9). The 
observed effects are explained by the following relation
ship between oxygen delivery (D02), oxygen uptake 
(V02), and 02 extraction from systemic capillaries. 

V02 = 002 x 02 Extraction (30.1) 

a. Progressive anemia is accompanied by a steady de
crease in systemic 02 delivery (D02). However, there is 
also a steady rise in peripheral 02 extraction, and the 
reciprocal changes in D02 and 02 extraction keep the 
V02 constant. 

b. When the hematocrit drops below 10% (corresponding 
to a serum hemoglobin below 3 g/dL), the 02 extrac
tion begins to level off, and the decrease in D02 is ac
companied by a decrease in V02• The point where the 
V02 begins to drop marks the onset of impaired tissue 
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oxygenation, as confirmed by the increase in blood lac
tate level. 

c. Thus, Figure 30.1 demonstrates that anemia does not 
threaten tissue oxygenation until the hemoglobin and 
hematocrit fall to extremely low levels. 

2. Tolernnce to Anemia 

Figure 30.1 reveals a tolerance to even severe degrees of 
anemia. The data in this study are from anesthetized ani
mals breathing pure oxygen, but similar results have been 
reported in awake animals breathing room air (9). 

V02 = 002 x 02 Extraction 
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FIGURE 30. I The effects of progressive isovolemic anemia on systemic 
oxygen transport and blood lactate levels. 002 is the rate of oxygen 
delivery in arterial blood, and V02 is the rate of oxygen uptake into tis
sues. (From Reference 15). 
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a. The lowest hemoglobin or hematocrit capable of sup
porting tissue oxygenation in humans in not known, 
but one study in healthy adults shows that hemoglo
bin levels as low as 5 g/ dL have no adverse effects on 
tissue oxygenation (10). 

b .  The tolerance to anemia is made possible by the abili
ty of 02 extraction to increase in response to anemia. 
When 02 extraction is already elevated (e.g., from heart 
failure), tolerance to anemia will diminish. 

II .  TRANSFUSION TRIGGER 

The practice of transfusing erytlu·ocytes to alleviate anemia 
has one serious flaw; i.e., the inability to identify the point 
where anemia threatens tissue oxygenation (the transfusion 
trigger). Transfusion decisions are usually based on the se
rwn hemoglobin concentration, which provides no informa
tion about the state of tissue oxygenation, and undoubtedly 
leads to excessive transfusions. 

A. Hemoglobin 

1. The first transfusion trigger, which dates back to 1942, 
was a hemoglobin concentration of 10 g/dL and a corre
sponding hematocrit of 30% (11) .  This "10/30 rule" be
came the standard for over half a century. 

2. There is now evidence that a lower hemoglobin of 7 g/ dL 
(which corresponds to a hematocrit of 21%) is safe in 
most patients ( 12,13), and this lower hemoglobin (7 g/dL) 
has been adopted as a transfusion trigger for most ICU pa
tients. The higher hemoglobin of 10 g/ dL is still advised 
for the following situations: 

a .  For hospitalized patients with symptomatic coronary 
insufficiency. 

b. For the early management of patients with severe sep-
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sis or septic shock who have a central venous 02 satura
tion below 70% (see Chapter 33, Section II-A) (14). 

B. Oxygen Extraction 

1. As described in Chapter 9 and illush·ated in Figures 9.1 
and 30.1, a progressive decrease in systemic 02 delivery 
(e.g., from anemia) impairs tissue oxygenation only after 
the 02 exh·action from systemic capillaries increases to a 
maximum level of about 50%. Thus, an 02 extraction of 50% 
can be used as evidence of threatened tissue oxygenation (15). 

2. Systemic 02 extraction is roughly equivalent to the differ
ence between arterial 02 saturation (Sa02) and "central 
venous" 02 saturation (Scv02). 

02 Extraction (%) = (Sa02 - Scv02) (30.2) 

The Sa02 is routinely monitored with pulse oximeh·y, and 
the Scv02 can be monitored continuously using fiberoptic 
central venous catheters (available from Edwards Life
sciences, Irvine, CA) (16). 

3. Thus, systemic 02 extraction can be monitored continu
ously, and seems far superior to the serum hemoglobin for 
identifying when anemia becomes a threat to tissue oxy
genation. 

I I I .  ERYTHROCYTE TRANSFUSIONS 

A. Erythrocyte Products 

Whole blood is stored only on request and is otherwise frac
tionated into erythrocyte, platelet, and plasma fractions with
in a few hours of collection. 

1 .  Packed Cells 

Erythrocyte concentrates, also called packed cells, a.re pre-
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pared by centrifuging whole blood and removing the plas
ma supernatant. 

a. Each unit of packed cells has about 200 mL of cells 
(mostly erytlu-ocytes) and 50 to 100 mL of plasma and 
preservative. The hematocrit is usually 60-80%, and 
the hemoglobin concentration is 23-27 g/dL (17) .  

b .  Packed cells are refrigerated at 1 - 6°C and have a shelf 
life of up to 35 days. The effects of storage time are de
scribed later. 

2. Leukocyte-Poor Red Cells 

A majority of the leukocytes in packed cells can be removed 
by passing the blood through specialized filters. Removal 
of 50% or more of t11e leukocytes can prevent transfusion
related nonhemolytic fevers (17), which are caused by an
tibodies to leukocytes in donor blood (see later). 

3 .  Washed Red Cells 

a. For patients witl1 a history of transfusion-related urti
caria or a.naphylaxis (caused by antibodies to plasma 
proteins in donor blood), washing the packed cells with 
isotonic saline (to remove leukocytes and residual plas
ma) will reduce the incidence of future reactions. 

b. For patients with IgA deficiency, who have a high risk 
of transfusion-related a11aphylactic reactions (caused 
by anti-IgA antibodies in the recipient), multiple wash
ings (x 5) of packed cells can be protective (17) .  

B. Storage Effects 

The effects of storage time on red cell preparations is shown 
in Table 30.2. 

1. 2,3-Diphosphoglycerate 

The tendency for hemoglobin to release 02 to the tissues 
is regulated, in part, by the concentration of 2,3-diphos
phoglycerate (2,3-DPG) in RBCs. A decrease in 2,3-DPG 
will decrease 02 release by hemoglobin. 
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TABLE 30.2 Effects of Storage on Packed Cells 

Days of Storage 

Parameter 0 35 

% viable RBCs 24 hrs post-transfusiont 1 00 71 

pH 7.55 6.71 

2,3-DPG (% initial value) 1 00 < 1 0  

Plasma K+ (mEq/L) 5.1 78.5 (!) 

tAn acceptable storage time requires that at least 70% of the trans
fused RBCs remain viable after 24 hours. 

From Reference 1 7. 

a. The concentration of 2,3-DPG in stored RBCs is normal 
for the first 10 days of storage. Thereafter, there is a 90% 
decrease in 2,3-DPG levels over the next 3 weeks (see 
Table 30.2). 

b. The decrease in 2,3-DPG with prolonged storage will 
adversely affect the 02 transport ftu1ction of transfused 
RBCs, but this may have little consequence because 
transfused RBCs regenerate 2,3-DPG, and levels return 
to normal 24 hours after the transfusion (17) .  

2. Othe,. Chan9es 

Prolonged storage is associated with marked acidosis and 
ash·onomic elevations in plasma K+ (see Table 30.2). How
ever, because the volume of plasma in packed cells is small 
( < 100 mL), these abnormalities will have little impact on 
tl1e corresponding variables in tl1e recipient's plasma. 

C. Response to RBC Transfusions 

1. Hemo9lobin &. Hematocrit 

Each tmit of packed cells shou.ld increase the hemoglobin 
concentration and hematocrit by 1 g/ dL and 3%, respec-



Anemia and Erythrocyte Transfusions 485 

tively. However, appropriate changes in hemoglobin and 
hematocrit should not be the end-point of RBC transfu
sions. The ultimate goal of RBC transfusions is to improve 
tissue oxygenation, so the oxygen transport parameters 
are more appropriate for evaluating the response to RBC 
transfusions (see next). 

2. Oxy9en Transport 

The effects of erythrocyte transfusions on systemic oxy
gen transport are shown in Figure 30.2. These effects are 
summarized below. 

a. The rate of systemic oxygen delivery (D02) increases in 
response to RBC transfusions, but the rate of oxygen 
uptake into tissues (V02) is not sirnilarly affected be
cause the increase in D02 is accompanied by a propor-
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FIGURE 30.2 The effects o f  erytlu·ocyte b·ansfusions (3 Lui.its o f  packed 
cells) on oxygen delivery (002), oxygen extraction, and oxygen uptake 
(V02) in anem.ic ICU patients witl1 sepsis. From Reference 18. 
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tional decrease in 02 extraction. This pattern of response 
is a reversal of the response to anernia. 

b. Thus, a decrease in systemic 02 extraction can be used 
as a measure of responsiveness to RBC transfusions. 

c. The most in1portant observation in Figure 30.2 is the 
lack of a post-transfusion increase in oxygen uptake 
(V02) because it implies that RBC transfusions do not 
improve tissue oxygenation. 

IV. TRANSFUSION RISKS 

Adverse reactions are reported in 2 to 4% of RBC transfu
sions (1,19) .  The most notable reactions are listed in Table 
30.3, along with the frequency of each reaction expressed in 
relation to the nwnber of w1its transfused. The following is 
a brief description of acute transfusion reactions (19-21) .  

A. Acute Hemolytic Reactions 

Transfusion of ABO-incompatible blood is accompanied by 
prompt lysis of donor RBCs, which incites a systemic inflam
matory response that can progress to multi.organ failure. These 
reactions occur once every 35,000 transfusions, and are the re
sult of human error. 

1 .  Clinical Manifestations 

a. Symptoms typically appear soon after the onset of h·ru1s
fusion, and they ca.t1 appear after infusion of only 5 mL 
of donor blood (19). 

b.  The clinical presentation is marked by fever, dyspnea, 
chest pain, and low back pain. Severe reactions are 
marked by hypotension, consumptive coagulopathy, 
and progressive multiorgan failure. 

2. Management 

a. For a.t1y suspected hemolytic reaction, you must STOP 
the transfusion immediately because the severity of 
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hemolytic reactions is directly related to the volume of 
incompatible blood transfused (19). The entire infusion 
system should be discom1ected from the patient and re
placed. 

b. You must notify the blood bank inunediately and com
paxe the ABO type of the patient's blood with the donm 
blood for a mismatch. 

c. The remainder of the approach involves an evaluation 
for hemolysis and bacterial contamination, and hemody
namic support if necessary. A decreasing blood pressme 
should prompt immediate volmne infusion followed by 
vasopressors (e.g., dopamine starting at 5 µg/kg/rni.n) if 
necessary. 

TABLE 30.3 Adverse Consequences of RBC Transfusionst 

Immune Reactions 

Acute hemolytic reaction 
(1 per 35,000) 

Fatal hemolytic reaction 
(1 per mi l l ion) 

Acute lung injury 
(1 per 5,000) 

Allergic reactions: 
Urticaria (1 per 1 00) 

Anaphylaxis (1 per 1 ,000) 

Anaphylactic shock (1 per 50,000) 

Nonhemolytic fever (1 per 200) 

Other Consequences 

Infections: 
Bacterial (1 per 500,000) 

Hepatitis B virus 
(1 per 220,000) 

Hepatitis C virus 
(1 per 1 .6 million) 

HIV (1 per 1 .9 mi l l ion) 

Transfusion Errors: 

Wrong person transfused 
(1 per 1 5,000) 

Incompatible transfusion 
(1 per 35,000) 

!incidence per number of units transfused is shown in parentheses. 

From References 1 9-21 . 

B. Non-Hemolytic Fever 

Patients who have received prior blood transfusions can devel-
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op transfusion-related fever that is not the result of an acute 
hemolytic reaction. This reaction is caused by antibodies to 
leukocytes in donor blood. 

1 .  Clinical Manifestations 

a. The fever usually appears 1 to 6 hours after starting the 
transfusion (later than the onset of fever from hemoly
tic transfusion reactions). 

b. There are no specific features of the clinical presenta
tion. The temperature elevation can be mild to severe, 
and patients can be asymptomatic or toxic. 

2. Mana9ement 

a. The same approach described previously for suspect
ed hemolytic transfusion reactions should be used for 
all cases of transfusion-related fever. 

b. If the diagnosis is nonhemolytic fever, nothing further 
is required. Fever suppression should not be necessary 
(see Chapter 32, Section IV-C for more information on 
antipyretic therapy). 

c. Leukocyte-poor RBCs are recommended for transfusing 
patients with recurrent nonhemolytic febrile reactions, 
but recurrent febrile reactions are not common; i.e., 20% 
of patients with one episode of fever will have a second 
episode, and only 8% will have a third episode (20). 

C. Allergic Reactions 

Immediate hypersensitivity reactions are the result of prior 
sensitization to plasma proteins. Patients with IgA deficiency 
are prone to transfusion-related hypersensitivity reactions 
without prior exposure to plasma products. 

1 .  Clinical Manifestations 

a. Reactions usually appear within one hom after the h·ans
fusion is started. 
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b. The most common reaction is urticaria (one episode per 
100 units transfused) (21) . Anaphylaxis (e.g., wheezing) 
is one-tenth as conunon, and anaphylactic shock is rare 
(one episode per 50,000 wuts) (21 ) .  

c. Transfusion-related anaphylactic shock can have a simi
lar presentation to severe hemolytic reactions. However, 
anaphylactic reactions tend to occur later than hemoly
tic reactions, and they are not typically accompanied by 
fever. 

2. Mana9ement 

a. Mild urticaria without fever does not require interrup
tion of the h-cmsfusion. 

b. Anaphylaxis should be managed as described in Chap
ter 33. Patients with anaphylaxis should be tested for IgA 
deficiency. 

c. Fuh1re transfusions should be avoided if possible for 
all cases of anaphylaxis. For less severe allergic reac
tions, washed RBC preparations (plasma removed) are 
advised for subsequent transfusions. 

D. Acute Lung Injury 

1. General Features 

a. Transfusion-related acute lung injury (TRALI) is an in
flammatory lung injury that is indistinguishable from 
the acute respiratory distress syndrome (ARDS). 

b. The reported i_ncidence is 1 per 5,000 transfusions (20). 

c. The presumed mechanism involves anti-leukocyte anti
bodies in donor blood that bind to circulating granulo
cytes in the recipient. The activated granulocytes be
come trapped in the pulmonary microcircula tion and 
migrate into the lung parenchyma to incite inflanunato
ry injury (22). 

d. Tlus disorder is considered the leading cause of death 
from blood transfusions (19,20). 
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2. Clinical Manifestations 

a. TRALI has the same clinical manifestations as ARDS 
(see Chapter 16) .  

b.  Signs of respiratory compromise (dyspnea, hypoxem
ia) usually appear in the first 6 hours after the h·ansfu
sion begins. 

c. The acute syndrome can be severe, but the condition 
usually resolves within a week (23). 

3. Management 

a. The transfusion, if still ongoing, should be stopped at 
the first sign of respiratory compromise. 

b. There is no specific therapy for TRALI, and care is sup
portive (as in ARDS). 

c. There are no firm reconunendations about futme trans
fusions in patients with TRALI. If h-cmsfusion is abso
lutely necessary, washed RBC preparations (plasma and 
leukocytes removed) are theoretically the best choice. 

E. Immune Suppression 

Blood h·ansfusions can depress the immtme response (24), 
and this may explain why patients who receive blood transfu
sions have an increased incidence of nosocomial infections (24,25). 
Imrntmosuppression may be the most significant risk of RBC 
transfusions, and should be a consideration in the decision 
to transfuse RBCs in septic patients. 
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31  
lHROMBOCYT OPENIA 
AND PLAT ELET 
TRANSFUSIONS 
Thrombocytopenia is defined as a platelet count below 150,000/µL, 
but the ability to form a hemostatic plug is retained until the 
platelet count falls below 100,000htL, so "hemostatically sig
nificant" thrombocytopenia is defined as a platelet count be
low 100,000htL. In the ICU setting, significant tlu·ombocytope
nia (< 100,000/µ.L) has been reported in 23 to 35% of patients, 
and severe tlu·ombocytopenia (< 50,000/µL) has been reported 
in 10 to 17% of patients (1,2). 

This chapter presents the usual causes of significant tlu·om
bocytopenia in the ICU setting, and then describes the indi
cations, methods, and complications of platelet transfusion 
therapy. 

I .  ETIOLOGIES 

The usual causes of tlu·ombocytopenia in the ICU setting are 
listed in Table 31 . 1 .  Systemic sepsis is the most common cause 
of tlu·ombocytopenia in ICU patients (1 )  and is the result of 
increased platelet destruction. Th.is section describes 3 throm
bocytopenia "syndromes" that deserve attention. These con
ditions share one important feature; i.e., thrombosis plays an 
important role in the tlu·ombocytopenia, and in the clinical 
presentation of the syndrome. 

49 3 
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TABLE 31 .1 Causes of Significant lhrombocytopenia in the ICU 

Condition 

Systemic sepsis 

Disseminated intravascular 
coagulation 

Thrombotic thrombocytopenia 
purpura 

Hypersplenism 

Chronic ethanol abuse 

Post-transfusion purpura 

Drugs* 

Heparin 

Antibiotics (linezolid, rifampin, 
sulfonamides, vancomycin) 

Platelet glycoprotein ( l ib-I l la) 
inhibitors 

Acetaminophen 

Phenytoin 

Quinidine 

*Includes drugs impl icated in at least 5 reports. 

From Aster R, Bougie D. Drug-induced immune thrombocytopenia. 
N Engl J Med 2007; 357:580-587. 

A. Heparin-Induced Thrombocytopenia 

1. Pathogenesis 

Heparin can bind to a protein (platelet factor 4) on plate
lets to form an anti.genie complex that induces the forma
tion of IgG antibodies. These antibodies bind to the antigen 
complex on the platelet surface and form cross-bridges be
tween contiguous platelets. This promotes platelet aggre
gation, which can lead to symptomatic thrombosis and a 
consumptive thrombocytopeni.a (3,4) . 

2. Clinical Features 

Heparin-induced thrombocytopeni.a (HIT) typically ap
pears as a 2'. 50% decrease in platelet count that develops 
5 to 14 days after the first exposure to heparin (the onset 
is earlier in patients with a prior exposure to heparin). 

a .  HIT is not a dose-dependent phenomenon, and has been 
reported as a result of heparin flushes and heparin-coat
ed pulmonary artery catheters (5). 
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b. The thrombocytopenia is mild (>100,000/µL) in 20% of 
cases, moderate (30 -100,000hLL) in 60% of cases, and 
severe (< 30,000/µL) iJ1 20% of cases (3). 

c .  The major complication of HIT is thrombosis, not bleed
ing. Over 50% of patients with HIT can develop sympto
matic thrombosis, including deep vein thrombosis in the 
legs (50% of cases), acute pulmonary embolism (25% of 
cases), arterial thrombosis involving a funb (5 - 1 0% of 
cases), and thrombotic stroke (3-5% of cases) (4). 

3. Risk Factors 

The risk of HIT varies with the patient population and the 
type of heparin preparation. Unfractionated heparin 
(UFH) has a higher risk of HIT than low-molecular-weight 
heparin (LMWH). 

a .  The risk of HIT from UFH is greatest following ortho
pedic surgery (3 to 5%) and cardiac surgery (1 to 3%), 
and is least (1 %) in medical patients (4) . 

b. The risk of HIT from LMWH is about 1 % in orthope
dic surgery, and < 1% in other clinical settings (4) .  

4. Diagnosis 

The diagnosis of HIT requires a positive assay for IgG 
antibodies to the heparm-platelet factor 4 complex (6). 
However, this assay can be falsely positive, so a positive 
assay must be combined with a high-risk clinical setting 
to secure the diagnosis of HIT. 

5. Acute Management 

Heparin must be discontinued immediately (don't forget 
to discontinue heparin flushes and remove heparin-coat
ed intravascular catheters). If anticoagulation is neces
sary, two direct thrombin inhibitors are available: lepi
rudin and argatroban. The dose recommendations for 
each are shown in Table 31 .2. 

a .  Lepirudin (Refludan) is a recombinant protein that 
has been used for both prophylaxis and treah11ent of 
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tlu·omboembolism in patients with HIT (7,8). Dose ad
justments are required in renal failure. Anaphylaxis 
has been reported after IV bolus doses of lepirudin, 
especially in patients who have received the drug pre
viously (3). 

b .  Argatroban is a synthetic analogue of L-arginine that 
has been successful in treating thromboembolism in 
patients with HIT (8,9). Dose adjustments are neces
sary in hepatic insufficiency. Anaphylaxis has not been 
reported with argatroban. 

TABLE 31 .2 Anticoagulation with Direct Thrombin Inhibitors 

Lepirudin 

Prophylactic Dose 0 . 1  O mg/kg/hr IV or 
25 mg SC every 1 2  h. 

Therapeutic Dose 

Dose Adjustments: 
Renal Failure 

Liver Fai lure 

From References 7-9 

0.4 mg/kg IV bolus, 
then 0 .1 5 mg/kg/hr 
(max. wt = 1 1  O kg). 
Adjust dose to PTI of 
1 .5-3 x control 

0.1 mg/kg IV bolus 
on alternate days. 
Hold dose if PTI > 
1 . 5 x control 

No dose adjustment 

6. Long- Term Management 

Argatroban 

Start at 2 µg/kg/min 
and adjust dose to PTI 
of 1 .5-3 x control 
Max. rate = 1 O µg/kg/min. 

No dose adjustment 

l initial dose rate to 
0.5 µg/kg/min.  

Heparin antibodies can persist for longer than 100 days 
after the initial exposure, long after the tlu·ombocytopenia 
has resolved (8). Coumadin can be used for long-term 
anticoagulation if necessary. Coumadin should NEVER 
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be used during the active phase of HIT because there is an 
increased risk of limb gangrene (8). 

B. Disseminated Intravascular Coagulation 

Disseminated intravascular coagulation (DIC) is a thrombot
ic microangiopathy characterized by widespread microvas
cular thrombosis that is severe enough to deplete circulating 
platelets and procoagulant proteins (10).  The culprit is a 
protein known as tissue Jnctor that is released by the endothe
lium and activates the coagulation cascade. 

1. Clinical Features 

a. DIC is not a primary disorder, and is most often a com
plication of severe sepsis, trauma, and obstetric emer
gencies (e.g., abruptio placentae). 

b. The microvascular tlu·ombosis in DIC can produce mul
ti.organ failme (e.g., oligmic renal failme, ARDS), while 
depletion of platelets and coagulation factors can pro
mote bleeding, particularly from the GI tract. 

c. DIC can be accompanied by symmetrical necrosis and 
ecchymosis involving tl1e Limbs; a condition known as 
purpura fulminans. This condition can develop in any case 
of overwhelming sepsis but is most characteristic of me
ningococcernia (11) .  

3. Diagnosis 

The diagnosis of DIC is based on the presence of a predis
posing condition combined with laboratory evidence of 
widespread coagulation deficits. Table 31 .3 shows a scor
ing system for the diagnosis of DIC proposed by the In
ternational Society on Thrombosis and Haemostasis (12) .  

4. Management 

a. There is no effective treatment for DIC other than that 
directed against the predisposing condition. 

b .  Bleeding from DIC often prompts the replacement of 
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platelets and coagulation factors (10 units of cryopre
cipitate provides about 2.5 grams of fibrinogen), but 
this rarely helps, and consumption of the administered 
platelets and coagulation proteins can aggravate the 
rnicrovascular thrombosis. 

c. Advanced cases of DIC have a mortality rate in excess 
of 80% (10,11) .  

TABLE 31 .3 Scoring System for the Diagnosis of DIC 

Points* 

Variable 0 1 2 3 

Platelet Count/nl > 1 00 �50 < 50 

D-dimer (µg/ml) $ 1  1 - 5 > 5  

Fibrinogen (g/L) > 1  $ 1  

Prothrombin Index (%) > 70 40-70 < 40 

"A score of <! 5  is consistent with the diagnosis of DIC. 

From Reference 1 2 .  

C. Thrombotic Throm bocytopenia Purpura 

Thrombotic thrombocytopenia purpura (TIP) is thrombotic 
rnicroangiopathy (like DIC) that often follows a nonspecific 
illness like a viral syndrome. The culprit in this case is im
mLme-mediated platelet aggregation. 

1 .  Clinical Features 

TIP presents withfive clinical features (pentad): fever, change 
in mental status, acute renal failure, thrombocytopenia, and 
rnicroangiopathic hemolytic ane1nia. All 5 are required for 
diagnosis. 

a. Depressed consciousness can progress rapidly to coma 
and seizLrres. 
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b. The microangiopathic hemolytic anemia is detected by 
the presence of schistocytes in the blood smear. 

c. Laboratory tests of coagulation (e.g., prothrombin time) 
are usually normal in TIP, which helps to distinguish it 
from DIC. 

2. Mana9ement 

The treatment of choice for TIP is plasma exchange (13,14). 
This is achieved with a technique called p!asmapheresis, 
where aliquots of blood are removed from the patient and 
cenh·ifuged to separate the plasma from the RBCs. The plas
ma is discarded, and the RBCs are rein.fused with fresh fro
zen plasma. This is continued until 1 .5 times the plasma vol
ume is exchanged, and this process is repeated daily for 3-7 
days. 

a. Acute fulminant TIP is almost always fatal if w1treated, 
but if plasma exchange is started early (within 48 hours 
of symptom onset), as many as 90% of patients can sur
vive the illness (13,14). 

I I .  TRANSFUSION TRIGGER 

The platelet count that should initiate platelet transfusions 
(i.e., the transfusion trigger) is dependent on a number of fac
tors (e.g., the presence of bleeding, additional coagulation 
abnormalities, etc). The following are some general guide
lines taken from published reviews (15,16). 

A. Contraindications 

1. Platelet transfusions are contraindicated in patients with 
HIT and TIP because the primary problem iJ1 these con
ditions is thrombosis from enhanced platelet aggrega
tion, and transfused platelets will promote further throm
bosis. 
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2. Even though transfused platelets can aggravate the mi
crovascular thrombosis in DIC, platelet transfusions are 
not contraindicated in DIC if there is significant bleeding 
(15). 

B. Active Bleeding 

In the presence of active bleeding other than ecchymoses or 
petechiae, platelet transfusions are indicated when: 

1 .  The platelet cotmt is below 100,000/µL and: 

a. There is intracranial bleeding or a risk of intracranial 
bleeding (e.g., head trauma), or 

b .  Hemostasis is otherwise impaired (e.g., platelet adhe
sion is impaired). 

2. The platelet cotmt is below 50,000/µL and: 

a. There is no intracran.ial bleeding or risk of intracranial 
bleeding, and 

b. Hemostasis is otherwise normal (e.g., platelet fwKtion 
is normal). 

C. No Active Bleeding 

Despite evidence that spontaneous bleeding through an intact 
vascular system is Lmc01ru11on with platelet counts down to 
5,000/µL (16), most experts are reluctant to adopt a platelet 
transfusion trigger as low as 5,000/µL. ln the absence of bleed
ing (other than ecchyrnoses or petechiae), prophylactic platelet 
h·ai1sfusions are usually recommended when (15,16): 

1. The platelet cmmt is below 10,000/ �LL and there is no risk 
of hemorrhage. 

2. The platelet cotmt is below 20,000/µL and there is a risk 
of hemorrhage from a pre-existing lesion (e.g., peptic ul
cer disease). 
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D. Procedures 

1n the absence of associated coagulation abnormalities: 

1. Platelet counts >40,000/�lL are sufficient to perform lap
arotomy, craniotomy, tracheotomy, percutaneous liver bi
opsy, and bronchoscopic or endoscopic biopsy (16). 

2. Platelet counts > 20,000 I µL are sufficient to perform lum
bar punctures (16). 

3. Platelet counts > 10,000/µL are sufficient to perform cen
tral venous ca1mulation safely (17,18). 

I I I .  PLATELET TRANSFUSIONS 

A. Random Donor Platelets 

1. Platelet concentrates are prepared from fresh whole blood 
by differential centrifugation. Each platelet concentrate 
contains an average of 80 x 109 platelets in 50 mL of plas
ma (16), and can be stored for up to 5 days. 

2. Platelet concentrates are rich in leukocytes, and this fea
ture is responsible for the high frequency of febrile reac
tions to platelet transfusions (see later). 

3. Platelet transfusions are given as multiples of 4 to 6 plate
let concentrates (units), each one from a different donor. 
The total volmne is 200 to 300 mL. 

B. Response to Transfused Platelets 

1 .  In an average-sized adult with no ongoing blood loss, ench 
platelet concentrate should raise the circulating platelet count by 
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7,000 to 10,000/J-!L at one hour post-transfusion (16). This num
ber is reduced by about 40% at 24 homs post-transfusion. 
The increment can be lower in thrombocytopenia patients; 
however, an increment of < 6000/µL at one hom post
transfusion is considered an inadequate response (16). 

3. Patients who receive multiple platelet transfusions often 
(up to 70% of the time) become refractory to platelet trans
fusions because of a buildup of antibodies to ABO antigens 
on random donor platelets (15,16). This problem can be 
alleviated by transfusing ABO-compatible platelets from a 
single donor. 

C. Complications 

1. Bacterial Transmission 

a. Bacteria are much more likely to flourish in platelet 
concentrates than in RBC concentrates (packed cells) 
because platelets a1·e stored at room temperature (22°C) 
while RBCs are refrigerated at about 1-6°C. 

b. It is estimated that one in every 2,000 to 3,000 platelet con
cenh·ates harbors bacteria and that one in 5,000 of these 
concenh·ates will produce sepsis in the recipient (16). 

c. Cultures of all platelet concentrates are now required, 
(16) but, since platelets can be stored for only 5 days, 
the platelets can be transfused before the culture re
sults are available. 

2 .  Fever 

a. Febrile nonhemolytic reactions have been reported in 
as many as 30% of platelet transfusions (15), which is 
much greater than the 1 % rate of similar reactions re
ported with RBC transfusions (see Chapter 30). 

b .  Reducing or eliminating the leukocytes in platelet concen
trates will help to alleviate this problem, but the leukore
duction process also reduces the munber of platelets (by 
about 25%) available for transfusion. 
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3. Allergic Reactions 

Hypersensitivity reactions (urticaria, anaphylaxis, anaphy
lactic shock) are also more more common with platelet 
transfusions than with erytlu·ocyte transfusions (16). These 
reactions are caused by sensitization to proteins in donor 
plasma, and removing t11e plasma from platelet concen
h·ates will reduce t11e incidence of these reactions. 
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32 
FEVER IN THE I CU 
The evaluation of new-onset fever is (w1£orhmately) part of ev
eryday life in the ICU. This chapter describes the usual sources 
of ICU-acquired fever (1,2). The final section focuses on the early 
management of patients with fever and includes an evaluation 
of antipyretic therapy. 

I .  BODY TEMPERATURE 

A. Normal Body Temperature 

The normal body temperature is usually defined as a single 
point; i.e., 37°C or 98.6°F (see Appendix 1 for the correlation 
between the Celsius and Fahrenheit scales). The problem with 
this definition is demonstrated by the following observations. 

1. There is a diurnal variation in body temperature, with the 
nadir in the early morning (between 4 and 8 a.m.) and the 
peak in the late afternoon (between 4 and 6 p.m.). The 
extent of the diurnal variation varies in individual subjects. 
The highest reported diurnal variation is 1 .3° C (2.4° F) (3). 

2. Elderly subjects have a body temperature that averages 
0.5° C (0.9° F) below that of yow1ger adults (4) . 

3. Core body temperature can be 0.5° C (0.9° F) higher than 
oral temperatures (5), and 0.2° C to 0.3° C lower than rec
tal temperatures (1) .  

4. These observations indicate that the normal body tem
perature is influenced by age, time of day, and measure
ment site. 
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B. Fever 

1 .  Fever is defined as a body temperature that exceeds the 
normal daily temperature range for an individual sub
ject. This is not a practical definition because the body 
temperature is not monitored continuously in hospital
ized patients, so it is not possible to determine the diur
nal temperature variation for each patient. 

2. The Society of Critical Care Medicine, in their practice 
guideline (1), proposes that a body temperature above 38.3°C 
(101 °F) represents a fever. The time of day or measmement 
site is not specified in this definition. 

II .  NONINFECTIOUS SOURCES 

Fever is the result of inflammatory cytokines (called endoge
nous pyrogens) that act on the hypothalamus to elevate the 
body temperature. Therefore, any condition that incites a 
systemic inflammatory response can produce a fever. The 
noninfectious sources of fever in the ICU setting are listed in 
Table 32.l .  The following conditions deserve mention. 

A. Postoperative Fever 

1 .  Fever in the first day following major surgery is reported 
in 15% to 40% of patients, (6,7), and in most of these cases, 
there is no associated infection. These fevers are short
lived and usually resolve within 24 to 48 hours. 

2. There is a general belief that atelectasis is a common 
cause of fever in the early postoperative period. How
ever, the following observations indicate that atelectasis is 
not a cause of postoperative fever. 
a. An animal study has shown that lobar atelectasis (pro

duced by ligation of a bronchus) is not accompanied 
by fever (8). 
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b. A clinical study has shown that 75% of patients with 
post-op atelectasis do not develop a fever (9). 

3. The tissue injury caused by major surgery can trigger a 
systemic inflammatory response, and this inflammatory 
reponse is the most likely cause of fever in the early post
operative period. 

TABLE 32.1 Noninfectious Causes of ICU-Acquired Fever 

1 . Major surgery a. Postoperative fever 
b. Malignant hyperthermia 

2. Other procedures a. Hemodialysis 
b. Bronchoscopy 

3. Drugs a. Drug fever 
b. Neuroleptic malignant syndrome 

4. I nfarctions a. Bowel 
b. Cerebral 
c. Myocard ial 

5. Transfusions a. Erythrocytes 
b. Platelets 

6. Venous thromboembolism 

7.  Systemic inflammatory response syndrome 

8.  Iatrogen ic fever 

B. Malignant Hyperthermia 

Malignant hyperthermfa (MH) is an inherited disorder char
acterized by high fever, muscle rigidity, aJ1d autonomic insta
bility in response to halogenated inhalational aJ1esthetics 
(e.g., halothane, isoflurane, servoflurane, and desflurane) and 
depolarizing neuromuscular blockers (e.g., succinylcholine) 
(10,11) .  The culprit in this disorder is excessive release of cal
ciLm1 from the sarcoplasmic reticulum of skeletal muscles. 

1. The first sign of MH may be an unexplained elevation in 
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exhaled PC02 in the operating room (reflecting hyperme
tabolism in skeletal muscle). 

2. Muscle rigidity is usually evident within minutes to a 
few hours, and the heat generated by the muscle activity 
can raise the body temperature above 40°C (104°F). Auto
nomic instability can produce cardiac arrhythmias, fluc
tuating blood pressure, or persistent hypotension. 

3. The treatment of MH is dantrolene sodium, a muscle re
laxant that inhibits calcium release from the sarcoplasmic 
reticulum of skeletal muscle cells. 

a .  The dose of dantrolene is 1 to 2 mg/kg given as an IV 
bolus and repeated every 15 minutes if needed to a to
tal dose of 10 mg/kg. The initial dosing regimen is fol
lowed by a dose of 1 mg/kg IV four times daily for 3 
days to prevent recurrences. 

b. Dantrolene can cause hepatocellular injury, but this is un
common when the initial dose is less than 10 mg/kg (10). 

c. When given early in the course of MH, dantrolene can 
reduce the mortality rate from 70% or higher (in un
treated cases) to 10% or less (10,11) .  

C. Other Procedures 

1 .  Hemodialysis 

Febrile reactions during hemodialysis are attributed to 
endotoxin contamination of the dialysis equipn1ent, but 
bacteremia occurs on occasion (12) . 

2. Bronchoscopy 

Fiberoptic bronchoscopy is followed by fever in 5% of 
cases (13).  The fever usually appears 8 to 10 hours after 
the procedure, and it subsides spontaneously in 24 hours. 
The fever is often associated with leukocytosis (13), but 
pneumonia and bacteremia are rare (14).  
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1. Drug-induced fever can be the result of a hypersensitivi
ty reaction, an idiosyncratic reaction, or infusion-related 
phlebitis. 

2. Almost any drug can cause fever, but the ones most often 
implicated are listed in Table 32.2. Antibiotics are the 
most conunon offenders. 

3. The onset of the fever varies from a few hoLus to a few 
weeks after initial drug exposure. The fever can appear 
as an isolated finding or can be accompanied by the other 
findings listed in Table 32.2 (15). Note the about 50% of 
patients have rigors, and close to 20% develop hypoten
sion, indicating that patients with n drug fever can appear 
seriously ill. 

4. Drug fever is usually suspected only when other causes of 
fever have been excluded. The fever should disappear in 
2 to 3 days after stopping the offending drug, but on occa
sion the fever can take as long as 7 days to disappear (16). 

TABLE 32.2 Drug-Associated Fever 

Common Offenders 

Amphotericin 

Cephalosporins 

Penici l l ins 

Phenytoin 

Procainamide 

Vancomycin 

·1From Reference 15 .  

Clinical Findings* 

Rigors (53%) 

Myalgias (25%) 

Leukocytosis (22%) 

Eosinophil ia (22%) 

Rash (1 8%) 

Hypotension (1 8%) 
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TABLE 32.3 Causes of Neuroleptic Malignant Syndrome 

Antipsychotic agents: 

Antiemetic agents: 

CNS stimulants: 

Other: 

Butyrophenones (e.g. ,  haloperidol), 
phenothiazines, clozapine, olanzapine, 
respiradone 

Metaclopramide, droperidol, 
prochlorperazine 

Amphetamines, cocaine 

Lithium, overdose with tricyclic 
antidepressants 

E. Neuroleptic Malignant Syndrome 

1 .  The neuroleptic malignant syndrome (NMS) is similar to ma
lignant hyperthermia in that it is a drug-induced disorder 
characterized by increased body temperature, muscle 
rigidity, altered mentation, and autonomic instability ( 17) .  

2. The drugs most often implicated in NMS are listed in Ta
ble 32.3. The drug of most concern is haloperidol, which is 
used as a sedative for ICU patients (see Chapter 43). 

3 .  There is no relationship between the intensity or dura
tion of drug therapy and the risk of NMS (17) .  

4. In 80% of cases of l\TMS, the initial manifestation is mus
cle rigidity or altered mental status (17). Clinical manifes
tations begin to appear 24 to 72 hours after the onset of 
drug therapy, and are almost always apparent in the first 
2 weeks of drug therapy. 

5. Fever (which can exceed 41°C) is required for the diagno
sis of NMS (17), and can help to distinguish NMS from 
dystonic reactions to neuroleptic agents. 

6. The management of NMS mandates immediate removal 
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of the offending drug. Dantrolene sodium (the same mus
cle relaxant used in the treatment of NIH) can be used for 
severe cases of muscle rigidity. The optimal dose is not 
clearly defined, but one suggestion is to start with a single 
IV dose of 2-3 mg/kg and repeat this dose every few 
hours i£ needed to a total dose of 10 mg/kg/ day (17). 

F. Other Sources 

1. Acute pulmonary embolism can produce a fever that lasts 
up to 1 week (18). 

2 .  Acute infarction of the heart, brain, or GI tract can be ac
companied by fever. Unexplained fever and metabolic 
(lactic) acidosis may be the only signs of bowel infarction 
in elderly patients or patients with depressed conscious
ness. 

3. Iatrogenic fever can be caused by faulty thermal regula
tors in water math·esses and aerosol humidifiers (19) . 

III .  NOSOCOMIAL INFECTIONS 

A. Prevalence & Pathogens 

1. The prevalence of dilierent nosocomial infections in med
ical and surgical ICU patients in the United States is shown 
in Table 32.4 (20). Note that four infections account for over 
three-quarters of the cases: pneumonia, urinary tract infec
tion, bloodsh·ean1 infection, and surgical site infection. 
Three of these iniections are related to indwelling devices: 
i.e., 83% of pnewnonias occur in intubated patients, 97% of 
urinary tract infections occLu· in catheterized patients, and 
87% of b loodstream infections originate from intravascular 
catheters (20). 
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TABLE 32.4 Nosocomial Infections in the ICU Settingt 

% Total Infections 

Nosocomial Infection 

Pneumonia 

Urinary Tract Infection 

Bloodstream Infection 

Surgical Site Infection 

Cardiovascular Infection 

GI Tract Infection 

Ear, Nose & Throat Infection 

Skin & Soft Tissue Infection 

Others 

Medical 
Patients 

30% ) 
30% 76% 
1 6% 

5% 
5% 
4% 

3% 

7% 

Surgical 
Patients 

33% ) 
1 8% 
1 3% 

78% 

1 4% 
4% 
4% 
4% 

3% 

7% 

tPertains to ICUs in the United States. From Reference 20. 

2. The pathogens isolated in three of the common ICU-ac
quired infections are shown in Table 32.5 (21 ). The mi
crobial spectrum of these infections provides a valuable 
guide for selecting empiric antibiotic regimens. 

B. Selected Infections 

The diagnosis and management of ICU-related pneumonias, 
urinary tract infections, catheter-related bloodstream i.n.fec
tions, and GI tract infections are described elsewhere in the 
book, and will not be presented here. The following descrip
tions include the remaining ICU-related infections that de
serve attention. 

1. Sur9ical Wound Injections 

Surgical wounds are classified as clean (abdomen and chest 
unopened), contaminated (abdomen or cl1est opened), or 
dirty (direct contact with pus or bowel contents) (22). 
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TABLE 32.5 Pathogens in ICU-Related Infections 

% of Infections 

Urinary Tract Bloodstream 
Pathogen Pneumonia Infection Infection 

Staph. aureus 20 2 1 3  

Staph. epidermidis 2 36 

Enterococci 2 1 4  1 6  

P. aeruginosa 21 1 0  3 

Klebsiella pneumoniae 8 6 4 
Enterobacter 9 5 3 
Escherichia coli 4 1 4  3 

Candida a/bicans 5 23 6 

From Reference 21 . 

a. Wound infections typically appear at 5 to 7 days after 
smgery. 

b .  Most infections do not extend beyond the skin and sub
cutaneous tissues and can be managed with debride
ment only. Antimicrobial therapy (to cover streptococ
cus, staphylococcus, and anaerobes) can be reserved for 
cases with persistent erythema or evidence of deep tis
sue involvement (6). 

c. Sternal wow1d infection with spread to the mecliastinwT1 
is a prominent concern following median stemotomy (23). 
Sternal instability can be an early sign of sternal wmmd 
infections. 

2. Necrotizin9 Wound Injections 

Necrotizing wow1d i nfections are produced by Clostridia 
or �-hemolytic streptococci. 

a. These infections are usually evident in the first few postop
erative days (earlier than other types of wound infection). 
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b.  There is often marked edema around the incision, and 
the skin may have crepitance and fluid-filled bullae. 

c. Spread to deeper structures is often rapid and produces 
progressive rhabdomyolysis and myoglobinLUic renal 
failure. 

d. Treatment involves extensive debridement and intra
venous penicillin. The mortality is high (above 60%) 
when treatment is delayed. 

3. Paranasa/ Sinusitis 

Paranasal sinusitis from indwelling nasogastric and na
solracheal tubes is described briefly in Chapter 20 (see 
Section 1-B). The significance of sinusitis as a cause of 
ICU-related fever is unclear, but it should always be con
sidered in patients with indwelling nasal (and oral) tubes 
who have unexplained fever. 

a. This type of sinusitis produces opacification of the max
illary (and sometimes ethmoid) sinus (usually on CT 
scan). Howeve1� 30 to 40% of patients with radiograph
ic evidence of sinusitis do not have a documented in
fection (35,36). Therefore, the diagnosis requires sinus 
puncture and isolation of pathogens by quantitative cul
ture (2': 103 colony forming wuts per milliliter) (24,25). 

b. The presence of orgaiusms on Grain stain can be used to 
guide empiric antibiotic therapy. Common isolates include 
aerobic gram-negative bacilli (especially Pseudomonas aeru
ginosa) in 60% of cases, ai1d aerobic grain-positive cocci 
(pai·ticulmly Staphylococcus aureus) in 30% of cases (1). 

c.  Nasal tubes should be removed in confirmed cases of 
sinusitis. 

4. Other Injections 

The following ICU-related infections should be consid
ered in select patient populations. 

a. Endocarditis - in patients with prosthetic valves. 
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b .  Meni..ngitis - in neurosurgical patients. 

c. Sponta..neous bacterial periton itis - in patients with 
cirrhosis and ascites. 

IV. INITIAL APPROACH 

A. Blood Cultures 

1. Venipuncture Sites 

No more than one set of blood cultures should be ob
tained from each venipLu1cture site (26). The appropriate 
number of veniprnichtres is determined by the likelihood 
of septicemia. 

a. Two venipunctures are adequate for blood cultures if 
the likelihood of septicernia is low (e.g., when pneu
monia or urinary tract infection is suspected). 

b. Three venipm1ctures are recommended if the probabil
ity of septicemia is high (e.g., when endocarditis is sus
pected) .  

c .  For suspected catheter-related septicemia, one blood 
sample can be drawn through the indwelling central 
venous catheter if quantitative blood cultures are ob
tained (see Chapter 6, Section III-E, and Figure 6.2). 

2. Volume of Blood 

Increasing the volrnne of blood that is cultured will 
increase the likelil1ood of a positive blood culhue. To 
achieve optimal results, a volume of 20 to 30 mL of blood 
has been recommended for each venipm1chue site (26) .  
The volume of blood added to each culture bottle should 
be kept at the usual 1:5 ratio (blood volume : broth vol
ume). 
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B. Empiric Antimicrobial Therapy 

1. Indications 

Empiric antibiotic therapy is inclicated in the following situations: 

a. When the likelihood of infection is high. 

b .  When there is evidence of progressive dysfunction in 
two or more vital organs. 

c. When the patient is immunocompromised. 

2. Suggested Antibiotics 

Empiric antibiotic therapy should be selected on the ba
sis of common isolates ( see Table 32.5) and antibiotic sus
ceptibility patterns in each ICU. 

a. For ICUs where resistant pathogens are common, em
piric coverage for gram-positive infections should in
clude either vancomycin (for methicillin-resistant 
Staph. aureus - MRSA) or linezolid (for vancomycin
resistant strains of enterococci or MRSA). 

b. Empiric coverage of gram-negative infections can in
clude either a carbepenem (e.g., meropenem), an an
tipseudomonal cephalosporin (e.g., ceftazidime), or an 
antipseudomonal penicillin (e.g., pipericillin tazobac
tam). In imrnunocomprornised patients, an arninogly
coside can be added for gram-negative (particularly 
pseudomonal) coverage (27). 

c. See Table 34.4 (Chapter 34) for suggested starting doses 
of empiric antibiotics. For more detailed dosing infor
mation, see Chapter 44. 

C. Antipyretic Therapy 

1. Fever as a Defense Mechanism 

The popular perception that fever is harmful and should 
be suppressed is at odds with the emerging concept of 
fever as an adaptive response that enhances host defens
es against infection. The following observations support 
this concept. 
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a .  An increase in body temperatme inhibits bacterial growth, 
as demonstrated in Figme 32.1 (28,29). 

b .  Increased body temperatme enhances inrn1llne func
tion by increasing the production of antibodies and cy
tokines, activating T-lymphocytes, and enhancing che
motaxis and phagocytosis by neutrophils and macro
phages (2,30,31) .  

c. Patients with severe sepsis who develop hypothermia 
have more than twice the mortality rate of septic pa
tients who develop a fever (32). 

d. These observations indicate that fever helps to eradi
cate infection, which means that suppressing fever (anti
pyretic therapy) can be counterproductive in patients with 
infectious fever. 

2. When Is Fever Harmful? 

The only clinical situation where fever has proven to be 
harmful is in the early period following ischemic brain 
injury (i.e., ischemic stroke or cardiac arrest). This topic is 
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FIGURE 32.I  The influence of temperatme on the growth of Pasteure/la 
111ultocida from the blood of infected laboratory animals. The ternpera
h.ue range in the figure corresponds to the usual range of febrile temper
atures for the study animal (rabbits). From Reference 28. 
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described in more detail in Chapters 13 and 42. 

3.  Antipyretic Dru9s 

The actions of endogenous pyrogens that raise body tem
perature are mediated by prostaglandin E, and drugs 
that interfere with prostaglandi.n E synthesis are effective 
in suppressing fever (33). These drugs include aspirin, 
acetaminophen, and the nonsteroidal anti-inflammatory 
agents (NSAIDs). 

a. Acetaminophen is given orally or by rectal suppository. 
The antipyretic dose is 325 to 650 mg every 4 to 6 homs, 
and the total daily dose should not exceed 10 grams to 
prevent acetaminophen hepatotoxicity (see Chapter 46) . 

b. The NSAID ibuprofen can be given intravenously. A dose 
of 10 mg/kg up to 800 mg every 6 hours has proven safe 
in ICU patients with sepsis (34). 

4. Don 't Use Coolin9 Blankets 

The use of cooling blankets to suppress fever is inappro
priate for the following reasons. 

a. The febrile response raises the body temperature by 
promoting cutaneous vasoconstriction and producing 
a generalized increase in muscle tone (which increases 
internal heat production). This response is identical to 
the physiologic response to a cold environment. 

b .  Thus, the febrile response makes the body behave like it is wrapped 
in a cooling blanket. Adding a cooling blank.et can actually 
raise the body temperature by promoting shivering. 
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INFECTION, 
INFLAMMATION, AND 
MULTIORGAN INJURY 
The most significant discovery in critical care medicine in the 
past 20 years is the prominent role played by the inflamma
tory response in the morbidity and mortality associated with 
severe sepsis and septic shock. This chapter describes the re
lationship between infection, inflammation, and multiorgan 
failure, and the clinical syndromes that reflect this relation
ship (1-3). 

I. INFLAMMATORY INJURY 

A. The Two Sides of Inflammation 

1 .  The inflanU11a tory response can be triggered by a variety 
of physical, chemical, or infectious insults to the host, and 
it serves to protect the host in some way from the insult 
(e.g., eradicating invading organisms or remodeling areas 
of traumatic injury). 

2. Although the inflammatory response generates a variety 
of noxious substances (e.g., proteolytic enzymes, oxygen 
metabolites), these substances do not damage the tissues 
of the host Lmder normal circumstances. 

3. When the inflammatory response is sustained, the nor
mal protective mechanisms of the host are somehow lost, 
and the inflammatory response begins to damage the tis
sues of the host organism (1) .  

521  
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4. Once started, inflammatory tissue injury becomes a self
sustaining process; i.e., the tissue damage triggers more 
inflammation, which produces more tissue damage, and 
so on. Th.is process becomes clinically apparent as pro
gressive dysfunction in multiple organs, culminating in 
multiorgan failure (2). 

5. The condition where an unregulated and persistent sys
temic inflammatory response produces progressive dam
age in multiple organs has been called malignant intravas
cular inflammation (3) . 

B. Clinical Conditions 

The clinical conditions defined here were inh·oduced in the early 
1990s to emphasize the distinctions between infection, inflam
mation, and inflarrunatory organ injury (4). 

1 .  The presence of two or more clinical manifestations of 
systemic inflammation is a clinical entity known as the 
systemic inflammatory response syndrome (SIRS). The dom
inant feature of th.is condition is systemic (disseminated) 
inflammation. An underlying infection may or may not 
be present. 

2. When SIRS is the result of an infection, the condition is 
called sepsis. 

3. When sepsis is associated with dysfunction in one or more 
vital organs, the condition is called severe sepsis. 

4. When severe sepsis is accompanied by hypotension that is 
refractory to volw11e infusion, the condition is called septic 
shock. 

C. Systemic Inflammatory Response Syndrome 

1. Diagnostic Criteria 

The clinical criteria for the diagnosis of SIRS are shown in 
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Table 33.l .  Some of these find.i.ngs are nonspecific for inflam
mation, and th.is can produce false-positive d.iagnoses. (For 
example, an anxiety attack can produce a heart rate above 90 
and a respiratory rate above 20, and would qualify as a case 
of SJRS using the criteria in Table 33.1). 

a .  The overdiagnosis of SIRS is demonsh·ated by one re
port showing that 93% of patients in a surgical ICU 
satisfied the diagnostic criteria for SIRS (5). 

TABLE 33.1 Diagnostic Criteria for (SIRS) 

The diagnosis of SIRS requires at least 2 of the following: 
1 .  Temperature > 38° or < 36°C 

2. Heart rate > 90 beats/min 

3. Respiratory rate > 20 breaths/min or arterial PC02 < 32 mm Hg 

4. WBC count > 1 2 ,000/mm3 or < 4,000/mm3, or > 1 0% of neutro
phils are immature (band) forms 

From Reference 4. 

2. Significance 

SIRS is important as a clinical entity not because it iden
tifies infection, but because it emphasizes that fever, 
leukocytosis, etc., are signs of inflammation, not infection. 

a. Infection is identified in 25 to 50% of patients with 
SIRS (5,6), which means that the majority of ICU pa
tients with fever, leukocytosis, etc., will not have an 
identifiable infection. This observation is important 
when considering the use of empiric antibiotics for pa
tients with new-onset fever. 

D. Multiorgan Injury 

1. Organs Affected 

Several organs can be adversely affected by inflammato-
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ry injury, and Table 33.2 L ists each organ and the corre
sponding clinical entity. The organs most often involved 
are the lungs, kidneys, a11d nervous system (central ai1d 
peripheral). 

a .  The most common site of inflammatory orgai1 injury is 
the lungs, and the clinical manifestation of inflamma
tory lung injury is the acute respiratory distress syndrome 
(ARDS). This condition is the most conunon cause of 
acute respiratory failure in ICU patients ai1d has been 
reported in 40% of patients with severe sepsis (7). (See 
Chapter 16 for more information on ARDS). 

TABLE 33.2 Clinical Consequences of Inflammatory 
Organ Injury 

Injured Organ or System 

Brain 
Lungs 
Kidneys 
Peripheral nerves 
Skeletal muscle 

Bone marrow 

Coagulation system 

2. Mo1·tality Rate 

Clinical Entity 

Septic encephalopathy 
ARDS 
Acute tubular necrosis 
Critical i l lness neuropathy 
Critical i l lness myopathy 

Anemia of critical i l lness 
Disseminated intravascular 

coagulation 

When infla1TI111atory injury results in failure of one or more 
vital organs, the likeW1ood of survival is determined by 
the number of organs involved and not by the severity of 
functional impairment in individual orgai1s. This is shown 
in Figure 33.1 (7,8). Note that the mortality rate is 30-40% 
with 2 orgai1s failed, and i t  increases steadily to 70-80% 
with 4 or more organ failures. 
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I I .  SEVERE SEPSIS & SEPTIC S HOCK 

Severe sepsis and septic shock are among the leading causes 
of death in ICU patients (9), and the mortality rate in these 
conditions has changed little over the years (10) .  The ap
proach to management presented here is based on evidence
based recorrunendations from an exhaustive international ef
fort known as the "Surviving Sepsis Campaign" (11) .  
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FIGURE 33. t Direct relationship between mortality rate and nwnber of 
organ failures in critically ill patients. Data from References 7 and 8. 

A. Early Goal-Directed Therapy 

The hemodynarnic management outlined in Table 33.3 has 
proven effective in reducing the mortality in patients with sep
tic shock (12). This protocol is designed to achieve four hemo
dynainic goals, as specified in the table. Therapy should 
should be started as soon as possible after the problem is clin
ically apparent, ai1d all hemodynaiTlic goals should be reached 
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within 6 hours after the therapy is started. The major features 
of this approach are described next. 

TABLE 33.3 Early Goal-Directed Therapy of Septic Shock 

Hemodynamic Goals 

1 .  Central venous pressure (CVP): 
a. 8-1 2 mm Hg in spontaneously breath ing patients 
b. 1 2 - 1 5  mm Hg in venti lator-dependent patients 

2. Mean arterial pressure 2'. 65 mm Hg 
3. Urine output 2'. 0.5 mUkg/hr 
4. 02 saturation in central venous blood (Scv02) 2'. 70% 

Management Protocol 

1 .  Infuse fluids to achieve the desired central venous pressure. 
2. If the blood pressure is below the target pressure after volume 

resuscitation, use vasopressor support. 

3. If the Scv02 is < 70% after adequate volume resuscitation ,  
transfuse RBCs until the hematocrit is 2'. 30%. 

4. If the Scv02 remains > 70% after all of the above, consider using 
dobutamine to promote cardiac output. 

From References 1 1  and 12 .  

1 .  Central Venous Catheters 

Early goal-directed therapy requires frequent measure
ments of the central venous pressure (CVP) and the oxyhe
moglobiJ.1 saturation iJ.1 central venous blood (Scv02). The 
latter measmement is best obtaiJ.1ed with specially de
signed central venous oximetry catheters (available from Ed
wards Lifesciences, lrviJ.1e, CA) that monitor Scv02 conti11-
uously. See Chapter 9 for information on venous 02 sahira
tion as an indirect measure of tissue oxygenation. 

2. Volume Resuscitation 

Circulatory support in septic shock always begins with 
volume resuscitation because sepsis is often accompanied 
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by hypovolemia from fluid movement into the interstitial 
space (through leaky capillaries), and from systemic va
sodilation, which creates a relative hypovolemia by in
creasing the fluid capacity of the intravascular space. 

a. Volwne resuscitation usually involves 500 mL bolus in
fusions of a crystalloid fluid (e.g., isotonic saline) every 
30 minutes to achieve the desired CVP. 

b .  Because sepsis is often accompanied by hypoalbumin
emia, 5% albumin solutions (250 mL every 30 minutes 
to attain the desired CVP) have a theoretical advan
tage over crystalloid fluids for volume resuscitation in 
sepsis. (See Chapter 11 for a description of colloid vs. 
crys talloid resuscitation). 

3. Vasopressors 

a. If volume resuscitation does not raise the mean arteri
al pressure to the desired end-point (2: 65 mm Hg), 
then vasopressor support with either dopamine (start
ing at 5 pg/kg/min) or norepinephrine (starting at 2 
�1g/ min) is warranted. (See Chapter 45 for more infor
mation on these vasopressors). 

b. In cases of hypotension that are refractory to standard 
vasopressors, vasopressin can occasional ly be effec
tive. The recommended infusion rate is 0.01 to 0.04 
units per minute (11) .  

4 .  Other Interventions 

If the central venous 02 saturation (Scv02) does not reach 
the desired level (2'.70%) after volume resuscitation and va
sopressors, the following interventions are recommended. 

a. Transfuse erythrocytes (packed cells) to a target herna
tocrit of 30% or higher. 

b. Start dobutamine infusions (at 2.5 �1g/ kg/min) tmtil 
the Scv02 2'.70% or the dobutamine infusion rate reach
es 20 µg/kg/min. (See Chapters 12 and 45 for more in
formation on dobutamine). 
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B. Empiric Antimicrobial Therapy 

1. Intravenous antibiotics should be started within one 
hour after the diagnosis is first suspected, and at least 2 
sets of blood cultures should be obtained before starting 
antibiotics (11) .  

2 .  Empiric antibiotic therapy should be selected on the ba
sis of common isolates ( see Table 32.5) and antibiotic sus
ceptibility patterns in each ICU. 

a.  For ICUs where resistant pathogens are common, em
piric coverage for gram-positive infections should in
clude either vancomycin (for methicillin-resistant 
Staph. aureus -MRSA) or linezolid (for vancomycin
resistant strains of enterococci or MRSA). 

b. Empiric coverage of gram-negative infections can in
clude either a carbepenem (e.g., meropenem), an an
tipseudomonal cephalosporin (e.g., ceftazidime), or an 
antipseudomonal penicillin (e.g., pipericillin tazobac
tam). In immtmocompromised patients, an ami.nogly
coside can be added for gram-negative (particularly 
pseudomonal) coverage (13). 

c. See Table 34.4 (Chapter 34) for suggested starting doses 
of empiric antibiotics. For more detailed dosing infor
mation, see Chapter 44. 

C. Corticosteroids 

1. Intravenous steroids are recommended for all patients with 
septic shock who require vasopressor support (11 ) .  

2. A popular steroid regirnen is hydrocortisone, 200-300 mg 
N daily in 2 or 3 divided doses for 7 days (11). 

D. Oxygen Transport 

Management aimed at optimizing the oxygen transport vari
ables (i.e., oxygen delivery, oxygen uptake) is not advised in 
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severe sepsis and septic shock for the following reasons. 

1. There is no evidence that tissue oxygenation is impaired 
in sepsis. In fact, there is evidence that tissue oxygenation 
is increased in sepsis, as demonstrated in Figure 33.2 (14). 

2. The metabolic derangement in sepsis appears to be a de
fect in oxygen utilization in mitochondria; a condition 
known as cytopathic hypoxia (15). 
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FIGURE 3 3.2 Tissue P02 (mean) recorded in the forearm muscles of 6 
healthy volunteers and 7 patients with severe sepsis. Crossbars repre
sent the standard error of the mean. Data from Reference 14. 

I I I .  ANAPHYLAXIS 

The inflammatory response is also involved in hypersensi
tivity reactions, and anaphylaxis is the most life-threatening 
expression of these reactions. Common offenders are antimi
crobial agents, anesthetics, radiocontrast dyes, nutrients, and 
insect venoms (16). 
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A. Clinical Presentation 

Anaphylactic reactions vary in presentation and severity. Cjjn
ical manifestations appear within minutes to a few hours after 
exposure to the offending agent. 

1 .  Less serious reactions include flushing, erythematous rash
es, urticaria, abdominal cramping, and diarrhea. 

2. More severe reactions include angioedema, laryngeal edema, 
bronchospasm, m1d hypotension. 

3. The most life-threatening reaction is rapid-onset cardio
vascular collapse known as anaphylactic shock. 

B. Management 

1. Epinephrine 

Epinephrine blocks the release of inflammatory media
tors from sensitized cells and is the drug of choice for 
severe anaphylactic reactions. 

a. Epinephrine is available in strengths of 1 :100 (10 mg/ mL), 
1:1,000 (1 mg/mL), and 1:10,000 (0.1 mg/mL). 

b.  For anaphylactic reactions other thm1 anaphylactic shock, 
the usual dose of epinephrine is 0.3-0.5 mg (or 0.3-0.5 
mL of 1 :1000 solution) by deep JM injection in the thigh. 

c. For lm-yngeal edema, epinephrine cm1 be nebulized using 
an inhalant made up of 0.25 mL of the 1:100 strength epi
nephrine solution added to 2 mL isotonic saline. 

d. For m1aphylactic shock, epinephrine is given intraven
ously (see later). 

2. Histamine Blockers 

Histamine blockers have little effect in preventing or speed
ing the resolution of m1aphylactic reactions, but they cm1 
help to relieve pruritis in skin reactions. The histmn.ine H1 
blocker diphenhydramine (25-50 mg PO, JM, or IV) is a 
popular choice for alleviating pruritis. 
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a .  Twenty percent o f  anaphylactic reactions recur within 1 
to 8 hours after the initial symptoms have resolved (16). 

b. Steroids are used primarily to reduce the risk of these 
recurrent or "second-phase" reactions, but the response 
is inconsistent (16). 

c. Prednisone (50 mg PO) or methylprednisolone ( 125 
mg IV) are equivalent in efficacy and can be repeated 
every 6 hours when second-phase reactions appear. 

4. Bronchodilators 

Inhaled �2-agonists (e.g., albuterol, 2.5 mL of 0.5% so
lution via nebulizer) can be used as an adjunct to epi
nephrine for persistent bronchospasm. 

C. Anaphylactic Shock 

Anaphylactic shock is a life-threatening condition that re
quires prompt intervention using the following measures (16): 

1. Epinephrine is given intravenously in a dose of 0.3-0.5 
mg (3-5 mL of a 1 :10,000 dilution). This can be followed 
by an epinephrine infusion of 2-8 µg/min. 

a. For patients treated with �-receptor antagonists, the 
response to epinephrine may be attenuated. In this sit
uation, glucagon (5-15 ,ug/ min by inh·avenous infu
sion) can prove beneficial by producing sympathomi
metic effects that are independent of �-receptor stimu
lation (16). (See Chapter 46 for a description of glu
cagon use in �-blocker overdose). 

2. Aggressive volume resuscitation is important in anaphy
lactic shock because there is profound systemic vasodila
tion (creating a relative hypovolemia) often accompanied 
by extravasation of plasma. Either colloid or crystalloid 
fluids can be used. 

3. Persistent hypotension can be managed with dopamine 
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(starting at 5 pg/kg/min) or norepinephrine (starting at 
2 µg/ min). (See Chapter 45 for more information on 
these vasopressor agents). 
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PNEUMONIA IN THE 
ICU 

Pneumonia is the most common infection acquired in the 
ICU (see Table 32.4), but the prevalence is overstated because 
postmortem studies show that over 50% of cases of ICU
acquired pneumonia are false-positive diagnoses (see later). 
This points to one of the major problems in the approach to 
pneumonia; i.e., there is no "gold standard" method for the 
clinical diagnosis of pneumonia. This chapter will describe 
the variety of diagnostic approaches to ICU-acquired pneu
monia, and some empiric antimicrobial regimens for sus
pected cases of pneumonia. The final section describes a pre
ventive approach to pneumonia that deserves more atten
tion. 

I. CLINICAL FEATURES 

A. Ventilator-Associated Pneumonia 

1 .  Over 90% of ICU-acquired pneumonias occur duri11g 
mechanical ventilation (1) ,  and thus most of the informa
tion in this chapter pertains to ventilator-nssocinted pneu
monia (VAP). About 50% of cases of VAP occur in the first 
4 days after intubation (1) .  

2. The predominant pathogens in VAP are Staphylococcus 
nureus, Pseudomonns neruginosa, and other gram-negative 
aerobic bacilli (see Table 34. 1 )  (2). These pathogens are 
believed to originate from colonization of the orophar
ynx (see later). 

5 3 5 
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3. The mortality rate in VAP varies from as high as 50% (1)  
to as low as zero (3) in different reports. This variability 
probably reflects the lack of uniform diagnostic criteria 
for VAP. 

TABLE 34.1 Pathogens Implicated in Ventilator
Associated Pneumonia 

Organism Frequency 

Bacilli 56.5% 

Pseudomonas aeruginosa 1 8 .9% 
Escherichia coli 9.2% 
Hemophilus spp. 7.1 % 
Enterobacter spp. 3 .8% 
Proteus spp. 3.8% 
Klebsiella pneumoniae 3.2% 
Others 1 0 .5% 

Cocci 42.1% 

Staphylococcus aureus 1 8.9% 
Streptococcus pneumoniae 1 3 .2% 
Enterococcus taecalis 1 .4% 
Others 8.6% 

Fungi 1 .3% 

From Reference 2. 

B. Clinical Manifestations 

1. Bacterial pneumonias typically present with fever, leuko
cytosis, purulent sputum production, and a new infil
trate on the chest x-ray. However, these clinical manifes
tations are nonspecific in ventilator-dependent patients. 

2. In ventilator-dependent patients who are suspected of 
having pnemnonia based on clinical findings (the pres-
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ence of  a pulmonary infiltrate plus any combination of 
fever, leukocytosis, or purulent sputum production), the 
actual incidence of pneumonia on postmortem exam is 
only 30% to 40% (4). 

3 .  Pneumonia accounts for only 1 /3 of all pulmonary infil
trates in ICU patients (5,6). The noninfectious causes of 
pulmonary infiltrates include pulmonary edema, acute 
respiratory distress syndrome (ARDS), and atelectasis. 

4. Because of the nonspecific nature of the clinical presenta
tion, the diagnosis of VAP is not possible based on the 
clinical presentation. 

II .  DIAGNOSTIC EVALUATION 

The diagnosis of pneumonia requires isolation of pathogen
ic organisms. The variety of methods used for this purpose 
are described next. 

A. Blood Cultures 

1. Blood cultures have a limited value in the diagnosis of 
VAP because they are positive in only 25% of cases with 
suspected VAP (1), and the isolated pathogens can origi
nate from extrapulmonary sites (7). 

B. Tracheal Aspirates 

1. lzyalitative Cultures 

a. Qualitative culhrres of respiratory secretions aspirated 
through an endotracheal or tracheostomy tube have a 
high sensitivity (usually > 90%) but a very low speci
ficity (15 to 40%) for the diagnosis of VAP (8). 

b. When using qualitative cultures, a negative tracheal as
pirate (TA) culture can be used to exclude the diagnosis of 
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VAP, but a positive culture can not be used to confirm 
the diagnosis of VAP. 

TABLE 34.2 Quantitative Cultures for the Diagnosis of 
Pneumonia* 

Method of Specimen Collection 

TA PSB BAL 

Diagnostic Threshold (cfu/ml) 1 Q5 to 1 Q6 1 03 1 Q4 to 1 Q5 

Sensitivity (mean) 76% 66% 73% 

Specificity (mean) 75% 90% 82% 

Relative Performance Most Most Most 
Sensitive Specific Reliable 

*Data pertain to the diagnosis of ventilator-assisted pneumonia. 

Abbreviations: TA = tracheal aspirates, PSB = protected specimen 
brushings, BAL = bronchoalveolar lavage. 

From References 1 ,8,  1 0. 

2. Quantitative Cultures 

For quantitative cultures, growth is reported as the num
ber of colony-forming Lui.its per mL (cfu/ mL). To obtain 
quantitative TA cultures, at least 1 mL of a TA sample 
should be collected in a sterile trap without adding saline. 

a. The tlu·eshold for a positive TA culture is 105 to 106 cfu/ mL. 
The lower tlireshold is used for samples obtained during 
antibiotic t11erapy (1). 

b. As shown in Table 34.2, quantitative TA cultures have 
a sensitivity and specificity of 76% and 75%, respec
tively, for the diagnosis of VAP (1,8). 

c. Thus, quantitative TA cultures are less sensitive, but 
more specific, than qualitative TA cultures for the di
agnosis of VAP. 
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C. Protected Specimen Brush 

The protected specimen brush (PSB) is passed through a bron
choscope to collect secretions from the distal airways (the 
brush is enclosed in a catheter to protect it from contamination 
as it is passes tlu·ough the bronchoscope). PSB specimens are 
cultured quantitatively. 

1 .  The threshold for a positive PSB culture is 103 cfu/mL (1) .  

2. As shown in Table 34.2, positive PSB cultures have the 
highest specificity (90%) of any culhue method used for 
the diagnosis of VAP (1,8). A positive PSB culture confirms 
the presence of pneumonia with 90% certainty. However, a 
negative PSB culture does not exclude the presence of 
pneumonia (sensitivity only 66%). 

C. Bronchoalveolar Lavage 

Bronchoalveolar lavage (BAL) is performed by wedging the 
bronchoscope in a distal airway and lavaging the distal lw1g 
segment with sterile (isotonic) saline. The minimum lavage 
volume is 120 mL (9), and less than 25% of the instilled vol
ume is returned. BAL cultures are performed quantitatively. 

1 .  Qyantitative Cultures 

a. The tlu·eshold for a positive BAL culhtre is 10" to 105 
cfu /mL (the lower threshold is for patients who are on 
antibiotic therapy) (1) .  

b .  As shown in Table 34.2, BAL culhues are neither more 
sensitive nor more specific than the otl1er culture 
methods (1,10). Howeve1� when sensitivity and speci
ficity are considered together, BAL cultures have the 
highest overall reliability for the diagnosis of VAP. 

2. Intrncellular Organisms 

Inspection of BAL specimens for intracellular organisms 
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can help in guiding initial antibiotic therapy until culture 
results are available. 

a. When intracellular mganisms are present  in more than 3% 
of the cells in the lavage fluid, the likelihood of pneumonia is 
over 90% (11 ) .  

3. BAL Without Bronchoscopy 

BAL can be performed without bronchoscopy by insert
ing BAL catheters through tracheal tubes and advancing 
the catheters blindly until they are wedged in the lower 
airways. A variety of catheters and techniques have been 
tested (see References 12 and 13). 

a. In general, the sensitivity and specificity of nonbron
choscopic BAL culrures are equivalent to those of cul
tures from bronchoscopic BAL specimens (1,14). 

D. Which Culture Method is Preferred? 

There is little agreement about whid1 culrure method is pre
ferred for the diagnosis of YAP. The following po in ts are per
tinent. 

1. The diagnostic yield from all culture methods is adverse
ly affected by ongoing antibiotic therapy (1 ) .  When pos
sible, cultures should be obtained before antibiotics are 
started. 

2. If tracheal aspirates are cultured, quantitative cultures 
are preferred to qualitative culruTes because of the high
er specificity. The low specificity of qualitative cultures 
means that treatment based on qualitative cultures of tracheal 
aspirates will result in excessive use of antibiotics (1,15) . 

3 .  PSB cultures are the most reliable for confirming the di
agnosis of pneumonia, while BAL cultmes are the most 
reliable for confirming and excluding the diagnosis of 
pnewnonia. 
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4. For those interested in  evidence-based practice, there is  no 
evidence that nny culture method has nn impnct on survival in 
VAP (1,15). 

I I I .  ANTIMICROBIAL THERAPY 

Antibiotic treatment for pneumonia accounts for half of all 
antibiotic use in the ICU (16). However, 60% of antibiotic use 
for pneumonias involve suspected pneumonias that are not 
confirmed by bacteriologic studies (16). This latter observa
tion highlights the importance of discontinuing antibiotics 
when culture results do not confirm the presence of pneu
monia. 

A. Empiric Antimicrobial Therapy 

The choice of empiric antibiotics should be dictated by the 
likelihood that the patient's oropharynx is colonized with 
Staphylococcus aureus and gram-negative aerobic bacilli (the 
same pathogens listed in Table 34.1) .  The types of patients 
who are likely and tmlikely to be colonized with these 
pathogens is shown in Table 34.3, along with recommended 
empiric antibiotic regimens for each type of patient. The rec
ommended starting doses for each antibiotic are shown in 
Table 34.4. 

1. Colonization Unlikely 

a. The typical patient who is not colonized by the path
ogens in Table 34.1 has been admitted recently (within 
5 days) from home, has no debilitating chronic illness 
(e.g., renal failure that requires dialysis), and has no 
other hospital admissions in the past 3 months (1) .  

b.  Patients l ike this can be treated with a single antibiot
ic like ceftriaxone or a quinolone (levofloxacin or mox
ifloxacin). This treatment is similar to the treatment of 
comrnwuty-acquired pneumonfa (17). 
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TABLE 34.3 Empiric Therapy of Ventilator-Associated 
Pneumonia Based on Likelihood of Colonization with 

Pathogenic Organisms 

Colonization Unlikely Colonization Likely 

Type of Patient 
Admitted < 5 days ago and 
Admitted from home, and 
No other admissions in past 3 mos., & 
Not a dialysis patient. 

Empiric Antibiotics 
Ceftriaxone or a qu inolone 

Type of Patient 
Admitted < 5 days ago, or 
Admitted from a nursing home, or 
Other admissions in past 3 mos., or 
A dialysis patient. 

Empiric Antibiotics 
Piperici l l in tazobactam, or 
Carbepenem, or 
Ceftazidime or cefepime 

plus 
Vancomycin or linezolidt 

and consider 
Quinolone or aminog lycoside* 

tWhen colonization with methicillin-resistant S. aureus is likely. 

*Double coverage for Pseudomonas aeruginosa. 
From Reference 1 .  

2. Colonization Likely 

a. Colonization of the oropharynx with the pathogens in 
Table 34. l  is likely in nursing home residents, in pa
tients who have been in the hospital for 5 days or 
longer, in patients with a clu·onic debilitating illness, 
and in patients with multiple hospital admissions. 

b.  The empiric antibiotic regimen for these patients, which is 
shown in Table 34.4, is designed to cover staphylococci 
(particularly methicillin-resistant 5. aureus-MRSA) and 
gram-negative aerobic bacilli (particularly Pseudomonas 
aeruginosa) .  

The empiric regimen I favor is meropenem (covers most 
gram-positive and gram-negative pathogens except 
MRSA) and vancomycin (for gram-positive coverage, 
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including MRSA) or linezolid (if vancomycin resistance is 
a problem). 

TABLE 34.4 Initiating Therapy with Empiric Antibiotics 

Antibiotic 

Aminoglycosides 

Gentamicin 
Tobramycin 
Amikacin 

Antistaphylococcal agents 

Vancomycin 
Linezolid 

B-Lactam/B-lactamase inhibitor 

Piperici l l in/tazobactam 
Carbapenem 

lmipenem 
Meropenem 

Cephalosporins 

Ceftriaxone 

Cefepime 
Cettazidime 

Quinolones 

Levofloxacin 
Ciprofloxacin 

Intravenous Dose* 

7 mg/kg once daily 
7 mg/kg once daily 

20 mg/kg once daily 

1 5  mg/kg every 12 hrs 
600 mg/kg every 12 hrs 

4.5 g every 6 hrs 

1 g every 8 hrs 
1 g every 8 hrs 

2 g every 1 2  hrs 

1 -2 g every 8- 1 2  hrs 
2 g every 8 hrs 

750 mg once daily 
400 mg every 8 hrs 

*Dose recommendations from Reference 1 ,  and pertain only to 
patients with normal renal and hepatic function. For dose recom
mendations in renal and hepatic insufficiency, see Chapter 44. 

c. Double coverage for Pseudomonas aeruginosa (by add
ing a quinolone or aminoglycoside) is sometimes rec
ommended for empiric antibiotic coverage (1) .  How
ever, the benefit of this practice in imrmmocornpetent 
patients is not supported by clinical studies (18). 
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B. Duration of Antimicrobial Therapy 

1. Empiric antibiotics should be discontinued if all cultures 
are sterile. 

2. For cases of VAP documented by culture, the traditional 
duration of antibiotic therapy has been 14 to 21 days (1) .  
However, 8 days of antibiotic therapy for VAP has the 
same clinical outcome as 15 days of therapy (2) . 

3. The popular opinion at present is that one week of antibiot
ic therapy is adequate for most ICU-acquired pneumonias. 

IV. O RAL DECONTAMINATION 

A. Colonization of the Oropharynx 

1. The oropharynx is normally colonized with saprophytic 
organisms that do little harm (other than producing bad 
breath). 

2. In critically ill patients, the oropharynx becomes colo
nized with pathogenic organisms like those listed in Table 
34.1, and aspiration of these organisms into the upper air
way is believed to be the inciting event in the develop
ment of VAP (19). 

3. The importance of colonization of the oropharynx in the 
pathogenesis of VAP has led to clinical studies evaluating 
the role of oropharyngeal decontamination as a preven
tive measure for VAP (see next). 

B. Decontamination Regimens 

Clinical studies have shown that decontamination of the oral 
mucosa with the topical application of nonabsorbable anti-
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biotics (20) or the antiseptic agent chlorhexidine (21) is an 
effective measure for reducing the incidence of VAP. 

1 .  Antibiotic Regimen 

One successful antibiotic regimen consists of a methylcel
lulose paste (Orabase, Squibb Pharmaceuticals) contain
ing 2% polymyxin, 2% tobramycin, and 2% ampho
tericin B, which is applied to the inside of the mouth 
with a gloved finger every 6 hours (20). There is minimal 
absorption of these antimicrobial agents, so systemic tox
icity is not a concern. 

2. Chlorhexidine Regimen 

The fear of antimicrobial resistance has prompted an eval
uation of the antiseptic agent chlorhexidine for oral de
contamination. 

a .  The use of 2% chlorhexidine in petroleum jelly (Vaseline), 
applied to the oral mucosa every 6 hours, has proven suc
cessful in reducing the incidence of VAP (21). 

b. Because chlorhexidine is active primarily against gram
positive cocci, 2% colistin can be added for enhanced 
gram-negative coverage (21 ). (Colistin has little thera
peutic use, so acquired resistance to colistin will be less 
of a problem than acquired resistance to more com
monly used antibiotics.) 

3. Recommendations 

a. Oral decontamination is advised for any patient who 
is likely to be ventilator dependent for more than a few 
days, and it should be continued as long as the patient 
stays in the ICU. 

b .  The regimen of choice for oral decontamination has yet 
to be determined. The chlorhexidine regimen (with or 
without colistin) has a theoretical advantage over the 
antibiotic regimen, but this advantage is tmproven, and 
the clinical experience with chlorhexidine is limited. 
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35 
SEPSIS FROM THE 
ABDOMEN & PELVIS 
The GI, biliary, and urinary tracts are important sources of 
sepsis in critically ill patients, and this chapter describes the 
conditions that generate this infectious risk. 

I. BOWEL SEPSIS 

The gastrointestinal (GI) tract i s  considered the single most 
important source of severe sepsis in ICU patients. In fact, the 
GI tract has been called the "motor" of multiorgan dysfunc
tion associated inflam mation and infection (1 ) .  Two condi
tions predispose to bowel sepsis in critically ill patients: bac
terial colonization of the upper GI tract, and disruption of 
the bowel mucosa. 

A. Gastric Colonization 

1. Because bacteria do not thrive in an acidic environment 
(see Chapter 2, Figme 2.1),  gastric acid helps to maintain 
a sterile enviromnent in the stomach. 

2. Loss of gastric acidity promotes colonization of the upper 
GI tract with pathogenic organisms, and this colonization 
may be responsible for the increased incidence of nosoco
mial pneumonia and postoperative sepsis associated with 
loss of gastric acidity (2,3). 

B. Mucosal Disruption 

1. Disruption of the mucosal barrier in the GI tract may be 
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common in critically ill patients, and the disrupted mu
cosa allows pathogens in the bowel lumen to gain access 
to the systemic circulation. This breach of the mucosal 
barrier is called translocation. 

2. Translocation of intestinal bacteria has been documented 
i11 15% of postoperative patients, and 40% of these pa
tients develop postoperative sepsis (4). 

3. Conditions that promote mucosal disruption and translo
cation i11clude splanchnic hypoperfusion, bowel rest, and 
malnutrition. 

C. Preventive Measures 

1. Avoid Acid-Suppressing Drugs 

Limiting or avoiding the use of acid-suppressi11g drugs 
for stress ulcer prophylaxis will reduce the risk of gastric 
colonization with pathogenic organisms. The following 
strategies can help to achieve this goal. 

a. Resh·ict the prophylaxis of stress ulcer bleeding to the 
conditions listed in Table 2.1 .  

b.  Consider the cytoprotective agent sucralfate (which 
does not reduce gastric pH) as an alternative method 
of stress ulcer prophylaxis. (See Chapter 2, Sections Il
e and II-D). 

2. Alimenta1y Decontamination 

Decontamination of the alimentary canal (from mouth to 
anus) using the antibiotic regimen i11 Table 35.1 has been 
shown to reduce the i11cidence of nosocomial infections 
and reduce the mortality rate i11 critically ill patients (4) . 
Unfortw1ately, the fear of antibiotic resistance has limited 
the popularity of this regimen. 
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TABLE 35.1 Selective Digestive Decontaminationt 

A. Oral Decontamination 

Have the pharmacy make a paste containing 2% polymyxin E, 
2% tobramycin, and 2% amphotericin B, and apply the paste 
(with a gloved finger) to the buccal mucosa four times daily. 

B. GI Tract Decontamination 

Give the following non-absorbable antibiotics orally or via a 
feed ing tube four times daily: 

1 .  Polymyxin E, 1 00 mg 
2. Tobramycin, 80 mg 
3.  Amphotericin B, 500 mg 

C. Systemic Prophylaxis 

Give intravenous cefotaxime, 1 g every 6 hrs, for the first 4 days 
of the decontamination reg imen. 

tThe term "selective" is used because this regimen does not eradicate 
the indigenous anaerobic flora of the alimentary tract. 

From Reference 4. 

I I .  CLOS TRIDI UM DIFFICILE COLITIS 

A. Pathogenesis 

1. Eradication of indigenous bowel flora from antibiotic use 
leads to colonization of the lower GI tract with pathogen
ic organisms, and the most troublesome intruder is Clos
tridium difficile, a spore-forming gram-positive anaerobic 
bacillus (5,6). 

2. C. difficile is not usually invasive, but it elaborates cytotox
ins that damage the bowel mucosa. The inflammatory 
response can result in plaque-like lesions called pseudo
membranes, and these lesions are responsible for the term 
pseudomembranous enterocolitis that is sometimes applied 
to cases of C. difficile enterocolitis. 
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3. This pathogen is readily transmitted from patient to pa
tient, usually via the hands of hospital personnel. As a 
result, as many as 40% of hospitalized patients can har
bor C. difficile in their stool (7); most are asymptomatic. 

B. Clinical Presentation 

1. Symptomatic C. difficile colitis usually presents with fe
ver, abdominal pain, and watery diarrhea. Bloody diar
rhea is seen in 5 to 10% of cases. 

2. A rare presentation is toxic megacolon, which is charac
terized by abdominal distension, ileus, and clinical shock. 
This can be fatal and requires emergent subtotal colecto
my (8). 

C. Diagnosis 

1. The diagnosis of C. difficile enterocolitis requires laborato
ry tests for the presence of the cytotoxins in stool. (Stool 
cultures are unreliable because they do not distinguish 
toxigenic from nontoxigenic strains of the organism.)  

2. Most laboratories use an ELISA (enzyme-linked immu
nosorbent assay) method to detect the cytotoxins. The 
sensitivity of this test is about 85% for one stool specimen 
and up to 95% for 2 stool specimens (5,6,9). The specifici
ty of this test is up to 98% (6), so false-positive results are 
uncommon. 

3. Direct visualization of the lower GI mucosa is indicated for 
the few cases of suspected C. difficile enterocolitis where 
the toxin assay is negative. The presence of pseudomem
branes confirms the diagnosis. Colonoscopy is preferred to 
proctosigmoidoscopy for optimal results. 
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The first step in treatment is  to  discontinue the offending 
antibiotic(s) if possible. Antibiotic therapy to eradicate C. dif
ficile is recommended if the diarrhea is severe and associated 
with signs of systemic inflammation (fever, leukocytosis, 
etc.) The following recommendations are standard practice 
(5,6,10,11) .  

1 .  Oral or intravenous metronidazole (500 mg three times 
daily) is the treatment of choice, and should be continued 
for 10 days. The oral route is preferred, but both routes 
are equally effective. 

2. Oral vancomycin (125 mg four times daily) is as effective 
as metronidazole, but is used as a second-line agent be
cause of the efforts to curtail vancomycin use and limit 
the emergence of vancomycin-resistant enterococci and 
staphylococci. Vancomycin is not effective when given 
intravenously. 

3. Antiperistaltic agents are contraindicated (5,11 )  because re
duced peristalsis can prolong exposure to the cytotoxins. 

4. The expected response is loss of fever by 24 hours and 
resolution of diarrhea in 4 to 5 days (5). Most patients 
show a favorable response. For the few who do not re
spond by 3 to 5 days, a switch from metronidazole to 
vancomycin is indicated. 

5 .  Relapses following antibiotic treatment occur in about 
25% of cases (5,6,9). Most relapses are evident within 3 
weeks after antibiotic therapy is completed. Repeat ther
apy using the same antibiotic is successful in about 75% 
of relapses, and another relapse is expected in about 25% 
of cases (11) .  A few (5%) patients experience more than 6 
relapses (5). 
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I I I .  ACALCULOUS CHOLECYSTITIS 

Acalculous cholecystitis is a condition that could be described 
as an ileus of the gallbladder. 

A. Clinical Features 

1. Conditions that predispose to acalculous cholecystitis in
clude circulatory shock, trauma, parenteral nutrition, ab
dominal surgery, and opioid analgesia (12,13). 

2 .  Clinical manifestations can include fever, nausea and 
vomiting, abdominal pain, and right upper quadrant ten
derness. Abdominal findings can be minimal or absent, 
and fever may be the only manifestation. 

3. Laboratory studies can show elevated blood levels of bil
irubin, alkaline phosphatase, and amylase, but these find
ings are variable and nonspecific (12,13). 

B. Diagnosis & Management 

1. Ultrasow1d examination of the right upper quadrant shows 
gallbladder sludge and distension of the gallbladder. More 
specific findings include a gallbladder wall thickness of at 
least 3.5 mm and submucosal edema (12,13). If ulh·asow1d 
visualization is hampered, computed tomography (CT) is a 
suitable alternative. 

2. Prompt intervention is necessary. Rupture of the gall
bladder occurs in 40% of cases when treatment is delayed 
for 48 hours or longer after the onset of symptoms ( 12) .  

3. The treatment of  choice i s  cholecystectomy, but  percuta
neous cholecystostomy is a suitable alternative for pa
tients who are too unstable for surgery. 
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IV. ABDOMINAL ABSCESS 

A. Clinical Features 

1 .  Abdominal abscess is a consideration in any case of w1-
explained sepsis following blunt abdominal trauma or 
abdominal surgery (14,15) .  

2 .  The clinical examination is often unrevealing. Localized 
abdominal tenderness is present in only one-third of 
cases, and a palpable abdominal mass is present in fewer 
than 1 0% of cases (15). 

B. Diagnosis and Treatment 

1 .  Routine films of the abdomen show extraluminal air or 
air-fluid levels in fewer than 15% of cases (15) .  

2. Computed tomography (CT) of the abdomen is the diag
nostic procedure of choice, with a sensitivity and speci
ficity 2':90% (14,15). CT imaging in the first few postoper
ative days can be misleading because collections of blood 
or irrigant solutions in the peritoneal cavity can be mis
read as an abscess. 

3 .  Immediate drainage is mandatory for all abdominal ab
scesses (16) .  Many abscesses can be drained percutane
ously following CT-guided insertion of drainage cath
eters. 

4. Empiric antibiotic therapy is recommended pending the 
results of abscess fluid cultures. Single-drug therapy with 
ampicillin-sulbactam (Unasyn) or imipenem is as effec
tive as multiple-drug regimens (17) .  
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V. URINARY TRACT INFECTIONS 

Urinary tract infection (UTI) accounts for 30% of ICU
acquired infections, and 95% of UTis occur in patients with 
indwelling urethral catheters (18). The following material 
applies to UTI in the catheterized patient. 

A. Diagnostic Criteria 

The criteria for the diagnosis of UTI in catheterized patients 
are shown in Table 35.2 (19,20). 

1. Clinical Findings 

The diagnosis of UTI based on urine cultures alone is 
misleading in catheterized patients because half of these 
patients have positive urine cultures after 5 days, and vir
tually all patients have positive urine cultures after 30 
days (19).  

a. The usual manifestations of UTI in catheterized pa
tients are fever and/ or supra pubic tenderness (see Ta
ble 35.2). 

b.  About 50% of elderly patients develop a change in 
mental status in association with UTis (21) .  

2. Urine Cultures 

The threshold for significant bacteriuria in catheterized 
patients is 105 colony-forming wuts per mL (cfu/mL). 
However, colony counts as low as 102 cfu/mL can repre
sent infection if growth is sustained in more than one 
urine sample (collected on different days) (22). 

3. Urine Microscopy 

Urine microscopy is diagnostic only if an tmspun urine 
specimen shows orgaiusms on Gram stain or at least 3 
leukocytes per high-powered field. 
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TABLE 35.2 Diagnostic Criteria for UTI in Catheterized 
Patients 

I. One of the following must be present: 

• Body temperature >38° C 
• Suprapubic tenderness 

AND 

II. Urine culture grows 2 1  as cfu/ml, with no more than 2 pathogens 
isolated. 

OR 

Ill. One of the following is present: 
• Positive urine d ipstick for leukocyte esterase or n itrates 
• 2 3 WBCs per high-power field in unspun urine sample 
• Organisms present on Gram stain in unspun urine sample 

• 2 urine cultures with 2 1 02 cfu/ml of the same organism 

From References 1 9,20. 

B. Empiric Antibiotics 

Empiric antibiotic therapy is recommended for patients with 
suspected UTI who are immunocompromised, have evi
dence of multiorgan dysftmction, or have a prosthetic or 
damaged heart valve. 

1. MicrobioloBY 

The predominant pathogens in UTI are gram-negative 
aerobic bacilli. Enterococci and staphylococci are isolated 
in 15% and 5% of cases, respectively (18). Cnndida albicnns 
is isolated in 20% of urine cultmes, but almost 50% of 
cases of candiduria are asymptomatic (18) and might not 
represent infection. 

2 .  Recommendations 

The urine Gran'l stain should be used to guide antibiotic 
selection. The following a1·e some suggestions. 
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a. Imipenem or meropenem should suffice for empiric 
coverage of gram-negative bacilli. 

b. Gram-positive cocci on Gram stain of urine are most 
likely enterococci. If the patient is not seriously ill, ente
rococcal UTI can be treated effectively with ciproflox
acin. ln seriously ill patients or those with a risk of endo
cai-ditis, arnpicilli.n or vancomycin is preferred (add gen
tarnicin if endocaxditis is a risk). Ampicilli.n resistance is 
reported in 10 to 15% of nosocornial enterococcal infec
tions (23), so vancomycin may be the better choice. If 
vancomycin-resistant enterococci are a concern, linezol
id is an appropriate d1oice. (See Chapter 44 for more 
information on li.nezolid) .  

C. Candiduria 

The presence of Candida in the urine often represents colo
nization, but candiduria can also be a sign of disseminated 
candidiasis (the candiduria in this case is the result, not the 
cause, of the disseminated candidiasis). Disseminated can
didiasis can be an elusive diagnosis because blood cultures 
are sterile in more than 50% of cases (24), and candiduria 
may be the only sign of disseminated disease. The following 
recommendations are from recent guidelines published by 
the Infectious Disease Society of America (25). 

1. Asymptomatic candiduria in immunocompetent patients 
does not require antiftmgal therapy. However, the uri
nary catheter should be removed if possible because this 
can eradicate candiduria in 40% of cases (26). 

2. Candiduria should be treated in symptomatic patients 
(i.e., fever or supra.pubic tenderness), and patients with 
neutropenia or a renal allograft. 

3. Persistent candiduria in inuntmocompromised patients 
should prompt further investigation with ultrasonogra
phy of CT images of the kidney. 
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4. Antifun9al Therapy 

a. For non-neutropenic patients with symptomatic can
diduria, fluconazole (200 to 400 mg daily) for 7 to 14 
days is  often effective. 

b. For patients with renal insufficiency or for infection 
with species other than Candida albicnns, the new anti
fungal agent capsofungin (50 mg daily) is a reasonable 
choice (see Chapter 44 for a description of capsofungin) .  

c. For all other patients, amphotericin B (0.3 to  1 mg/kg 
daily) for 1 to 7 days can be effective in eradicating or
ganisms (more prolonged therapy is needed for dis
seminated candidiasis). Bladder irrigation with am
photericin B is not recommended because recurrence 
of candiduria is common (25). 
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Although neglected i n  most medical school programs, nutri
tional support is an integral part of patient care in the ICU. 
The next 3 chapters will introduce you to the fundamentals of 
nutritional support for ICU patients. This chapter describes 
the daily nutritional needs of the critically ill patient. 

I. DAILY ENERGY EXPENDITURE 

A. Oxidation of Nutrient Fuels 

1 .  The business of oxidative metabolism is to use the ener
gy stored in nutrient fuels (carbohydrates, lipids, and 
proteins) to perform the work needed to sustain the or
ganism. This process consumes oxygen, and generates 
carbon dioxide, water, and heat. Table 36.1 shows the 
quantities involved in the oxidation of one gram of each 
nutrient fuel (carbohydrate, lipid, protein). The following 
points deserve mention. 

a .  The energy yield (in kcal per gram) of each nutrient 
fuel is equivalent to the heat production associated 
with the complete oxidation of one gram of substrate. 

b.  Lipids have the highest energy yield (9.1 kcal/gram), 
while glucose has the lowest energy yield (3.7 kcal/ gram). 

2. The summed metabolism of all three nutrient fuels deter
mines the whole-body 02 consumption (V02), C02 pro
duction (VC02), and heat production for any given time 
period. The 24-hour heat production is then equivalent to 

563 
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the daily energy requirement (in kcal) for each patient. 
Thls daily energy requirement can be calculated or meas
med, as described next. 

TABLE 36.1 Oxidative Metabolism of Nutrient Fuels 

Liters 02 Liters C02 kcal Heat 
Substrate Consumed Produced Producedt 

Glucose (1 gram) 0.74 0.74 3.7 
Lipid (1 gram) 2 1 .4 9.1 

Protein (1 g ram) 0.96 0.78 4 

tUsed as the energy yield (kcal per gram) for each nutrient fuel. 

B. Predictive Equations 

1. Healthy Adults 

a. The standard equations used to predict daily energy 
requirements are taken from experiments in healthy 
adults (1), and are based on height (in inches), weight 
(in kg), and age (see Table 36.2). 

b. Daily energy expenditure is expressed as basal energy 
expenditure (BEE), which is the heat production of basal 
metabolism in the resting and fasted state. 

c. Both actual and ideal body weight have been used 
when these equations are applied to ICU patients (2). 
In edematous patients, ideal body weight (or pre-ede
matous body weight) seems most appropriate. 

2. ICU Patients 

a. The BEE in ICU patients is usually estimated by calcu
lating the BEE for healthy adults and adding at  least 
20% to accow1t for the sh·ess of critical illness. Adjust
ments of BEE that exceed 20% often lead to overesti
mates of daily energy expenditure (2). 
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b. An alternative (and much easier) method for estimat
ing the BEE in ICU patients is shown below : 

BEE (kcal/day) = 25 x weight (in kg) (36.1) 

This simplified method has proven to be remarkably 
accurate for most ICU patients (3). 

c .  The daily energy expenditure in ICU patients can vary 
widely (4), so measurements of daily energy expendi
ture are superior to predictive equations. 

TABLE 36.2 Equations for Estimating Basal Energy Expenditure 

Healthy Men 

BEE (kcal/24 h) = 66 + [1 3.7 x wt (kg)] + [5.0 x ht (in)] - (6.7 x age) 

Healthy Women 

BEE (kcal/24 h) = 655 + [9.6 x wt (kg)] + [1 .8 x ht (in)] - (4.7 x age) 

ICU Patients 
BEE (kcal/24 h) = 25 x wt (kg) 

Abbreviations: BEE = basal energy expenditure, wt = weight, ht = 

height. 

From References 1 and 3. 

C. Indirect Calorimetry 

1. The Principle 

It is not possible to measure metabolic heat production in 
clinical practice, so daily energy expendihire is measured 
indirectly by measuring the whole-body V02 and VC02 
(5,6). The resting energy expenditure (REE) is then deter
mined using the following equation (6): 

REE = (3.6 x V02) + (1 .1 x VC02) - 61 (36.2) 

The REE (in kcal/min) is multiplied by 1440 (the number 
of minutes in 24 homs) to derive the 24-hour (daily) ener-
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gy expenditure. This method of measuring daily energy 
expenditme is called indirect calorimetry. 

2. Methodoloay 

Indirect calorimeh-y is performed with specially designed 
"metabolic carts" that measure the whole-body V02 and 
VC02 directly (i.e., by measuring the concenh·ations of 02 
and C02 in inhaled and exhaled gas), and tl1en calculate 
and display tl1e REE using Equation 36.2. The steady-state 
REE is usually measured for 15 to 30 minutes, and the 24-
hour energy expenditure is extrapolated as just described . 

a. lnclli"ect calorimeh-y is usually performed on intubated 
patients (although it can be used i.n spontaneously breath
ing patients). 

b. The 02 sensor in metabolic carts is not reliable at in
spired 02 levels above 50%, so indirect calorimetry is 
not advised for patients who require more than 50% 02 
in inhaled gas (5). 

I I .  SUBSTRATE REQUIREMENTS 

A. Nonprotein Intake 

The daily energy requirements should be provided entirely 
by nonprotein calories. 

1. Carbohydrntes 

Standard nutritional regimens use simple carbohydrates 
(dexh·ose) to provide 70% of the daily energy require
ments. The relative abw1dance of carbohydrate intake 
compensates for the the limited stores of endogenous car
bohycirates. As demonsh·ated in Table 36.3, endogenous 
carbohydrates (stored as glycogen) provide only 900 kcal 
in the fasting state. 
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TABLE 36.3 Endogenous Fuel Stores in Healthy Adults 

Fuel Source Amount (kg) Energy Yield (kcal) 

Adipose tissue fat 
Muscle protein  
Total glycogen 

1 5.0 
6.0 
0.09 

1 41 ,000 
24,000 

900 

1 65,900 

Data from Cahill GF Jr. N Engl J Med 1 970; 282:668-675. 

2. Lipids 

Lipids are used to provide 30% of the daily energy re
quirement. Lipids are provided as h·iglycerides (which 
are composed of a glycerol molecule linked to three fatty 
acids) or free fatty acids. 

a. LINOLEIC ACID. The only d ietary lipid that is essential 
(i.e., must be provided in the diet) is linoleic acid, a 
polyw1saturated fatty acid. Linoleic acid deficiency 
produces a clinical disorder characterized by a scaly 
dermopathy, cardiac dysftmction, and increased sus
ceptibil ity to infections (7). Providing 0.5% of the di
etary fatty acids as linoleic acid is enough to prevent 
linoleic acid deficiency. (Safflower oil is rich in linoleic 
acid) .  

B. Protein Intake 

The daily intake of protein is determined by the rate of pro
tein catabolisrn in individual patients. 

1. Estimatin9 Daily Protein Needs 

Protein intake can be estimated by using the following 
generalized predictions for normal and hypercatabolic 
patients (8): 
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a. Normal metabolism: Daily protein intake = 0.8 to 1 .0 
grams per kg body weight. 

b. Hypercatabolism: Daily protein intake = 1 .2 to 1.6 grams 
per kg body weight. 

2. Nitrogen Balance 

The nitrogen balance (the difference between intake and 
excretion of protein-derived nitrogen) is the preferred 
method of evaluating the adequacy of protein intake. 

a. Two-thirds of the nitrogen derived from protein break
down is excreted in the urine (8), and about 85% of this 
nitrogen is contained in urea (the remainder is in am
monia and creatinine). Thus the urinary urea nitrogen 
(UUN), measured in grams excreted in 24 hours, repre
sents the bulk of nitrogen derived from protein break
down. The remainder of the protein-derived nitrogen 
(usually about 4-6 grams/ day) is excreted in the stool. 
Protein-derived nitrogen (N2) excretion (in grams/24 h) 
can thus be expressed as follows: 

N2 Excretion (g/24 h) = UUN + (4-6) (36.3) 

If the UUN is greater than 30 g/24 h, 6 grams is more 
appropriate for the estimated nonurinary nitrogen 
losses (9). 

b .  Because protein is 16% nitrogen, each gram of protein 
contains 1 /6.25 grams of nitrogen. Therefore, protein
derived nitrogen intake (in grams/24 h) is derived as 
follows: 

N2 Intake (g/24 h) = Protein Intake I 6.25 (36.4) 

c.  The equations for nitrogen intake and nitrogen excre
tion are combined to determine the daily nitrogen bal
ance (10). 

N2 Balance = N2 Intake - N2 Excretion (36.5) 
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d. The goal of nutritional support is a positive nitrogen 
balance of 4 to 6 grams. 

3.  Nitrogen Balance &. Nonprotein Calories 

The first step in achieving a positive nitrogen balance is 
to provide enough nonprotein calories to spare proteins 
from being degraded to provide energy. This is demon
strated in Figure 36.1 .  When the daily protein intake is 
constant, the nitrogen balance becomes positive only 
when the intake of nonprotein calories is sufficient to 
meet the daily energy needs (i.e., the REE). Therefore, 
increasing protein intake will not achieve a positive 
nitrogen balance unless the intake of nonprotein calories 
is adequate. 

c 
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(Relative to the REE) 
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FIGURE 36. I Graph showing the relationship bet\<veen nitrogen balance 
and the daily intake of nonprotein calories relative to daily energy 
expenditure. Protein intake is constant. REE = resting energy expendi
ture. 
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IV. VITAMIN REQUIREMENTS 

A. Daily Requirements 

1. Thirteen vitamins are considered an essential part of the 
daily diet, and Table 36.4 shows the recommended daily 
dose of these vitamins for enteral tube feedings and total 
parenteral nutrition. 

2. It is important to emphasize that the daily vitamin re
quirements in critically ill patients may be much higher 
than indicated in Table 36.4. In fact, deficiencies in sever
al vitamins have been reported in hospitalized patients 
despite the daily provision of vitamins in nutritional sup
port regimens (11,12). 

B. Thiamine Deficiency 

1. Carbohydrate Metabolism 

Thiamine (vitamin B1) plays an essential role in carbohy
drate metabolism, where it serves as a coenzyme (thi
amine pyrophosphate) for pyruvate dehydrogenase, the 
enzyme that allows pyruvate to enter mitochondria and 
Ul1dergo oxidative metabolism. Thiamine deficiency can 
thus have an adverse effect on cellular energy produc
tion, particularly in tissues like the brain that rely heavi
ly on glucose metabolism. 

2. Predisposin9 Factors 

Thiamine deficiency may be much more common than 
suspected in ICU patients because of the following pre
disposing factors. 

a. Thiamine utilization is increased in hypercatabolic states 
like sepsis and tralllna (14), and urinary thiamine excre
tion is increased by furosernide (15), a commonly used 
drug in the ICU. These factors will increase daily thianiine 
requirements above the normal daily requirement (1 mg). 
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TABLE 36.4 Recommended Daily Intake of  Vitamins 

Vitamin Enteral RDAt Parenteral Dose* 

Vitamin A 800 µg 1 ,000 µg 

Vitamin B12 2 µg 5 µg 
Vitamin C 83 mg 200 mg 

Vitamin D 1 0  µg 5 µg 

Vitamin E 1 5  mg 1 0  mg 

Vitamin K 1 05 µg 1 50 µg 

Thiamine (B,) 1 mg 6 mg 
Riboflavin (82) 1 mg 4 mg 
Niacin (83) 1 5  mg 40 mg 
Pyridoxine (86) 2 mg 6 mg 

Pantothenic acid 5 mg 1 5  mg 

Biotin 30 µg 60 µg 

Fol ate 400 µg 600 µg 

tFood & Nutrition Board. Dietary Reference Intakes for Vitamins, 2002. 
Available at www.nal.usda.gov/fnic/etexV000105.html (accessed on 
June 1 3, 2006). 

*FDA. Parenteral Multivitamin Products. Federal Register 2000; 
65:21 200-21201 . 

Doses are rounded off to the nearest whole number. 

b. Magnesium is necessary for the conversion of thiamine into 
thiamine pyrophosphate, and magnesium depletion (which 
is common in ICU patients) causes a fw1ctional thiamine 
deficiency that is independent of thiamine intake (16). 

c. Thiamine is degraded by sulfites (used as preservatives) 
in parenteral nutrition solutions (17), so the multivitamin 
preparations used in total parenteral nutrition (TPN) are 
not suitable if infused with the TPN solutions. 

3. Clinical 1'1anifestations 

Thiamine deficiency can produce any of the following 
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clinical disorders (13,18-20): 

a .  Cardiomyopathy (beriberi heart disease). 

b. Metabolic (Wernicke's) encephalopathy, which is often 
accompanied by ophthalmoplegia (e.g., lateral gaze 
paralysis). 

c. Unexplained lactic acidosis. 

d.  Peripheral neuropathy. 

Conditions like cardiomyopathy and metabolic enceph
alopathy are common in ICU patients, and the possible 
contribution of thiamine deficiency to these conditions 
should not be overlooked. 

TABLE 36.5 Laboratory Evaluation of Thiamine Status 

Plasma Thiamine: 

Thiamine Fraction 

Total 

Free 
Phosphorylated 

Erythrocyte Transketolase Activityt 

Normal Range 

3.4- 4.8 µg/dl 
0.8 - 1 .1 µg/dl 
2.6 - 3.7 µg/dl 

Enzyme activity measured in response to TPP. 
1 .  < 20% increase in activity indicates normal thiamine stores. 

2. > 25% increase in activity indicates thiamine deficiency. 

tFrom Reference 21 . TPP = thiamine pyrophosphate. 

4. Diagnosis 

The laboratory evaluation of thiamine status is shown in 
Table 36.5. Plasma levels of thiamine can be useful in de
tecting thiamine depletion, but the most reliable measure 
of functional thiamine stores is the erythrocijte transketolase 
assay (21) .  This assay measures the activity of a thiamine 
pyrophosphate-dependent (h"a.nsketolase) enzyme in the 
patient's red blood cells in response to the addition of thi
amine pyrophosphate (TPP).  An increase in enzyme ac-
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tivity of greater than 25% after the addition of TPP indi
cates ftmctional thiamine deficiency. 

C. Antioxidant Vitamins 

a. Two vitamins serve as important endogenous antioxi
dants: vitamin C and vitamin E. Vitamin E is the major 
lipid-soluble antioxidant in the body, and vitamin C is 
one of the major antioxidants in the extracellular fluid. 

b.  Biological oxidation may play an important role in the 
pathogenesis of inflammatory-mediated organ injury 
(see Chapter 33) (22), and thus attention to the status 
of the antioxidant vitamins may be important in these 
conditions. (See Appendix 2 for the normal p lasma 
levels of vitamins C and E). 

TABLE 36.6 Daily Intake of Essential Trace Elements 

Trace Element Enteral Dose Parenteral Dose 

Chromium 200 µg 15 µg 
Copper 3 mg 1 .5 mg 

Iodine 1 50 µg 1 50 µg 
Iron 1 0  mg 2 .5 mg 

Manganese 5 mg 1 00 µg 

Selenium 200 µg 70 µg 
Zinc 15 mg 4 mg 

Doses represent the maximum daily maintenance doses for each ele
ment. From Reference 24. 

V. ESSENTIAL TRACE ELEMENTS 

A. Daily Requirements 

A trace element is a substance that is present in the body in 
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amounts less than 50 µg per gram of body tissue (23). 

a. Seven trace elements are considered essential in humans 
(i.e., are associated with deficiency syndromes), and these 
are listed in Table 36.6 along with the recommended daily 
requirement for each element (24). 

b. As mentioned for daily vitamin requirements, the pub
lished trace element requirements are meant for healthy 
adults. The requirements in critically ill patients are not 
known. 

B. Selenium 

1. Selenium is an endogenous antioxidant by virtue of its 
role as a cofactor for glutathione peroxidase, an enzyme 
in the glutathione redox system, the major source of in
tracellular antioxidant activity in the human body. 

2. The daily requirement for selenium in critically ill pa
tients is not known. The minimum daily requirement is 
55 µg in healthy adults (25), but seleniwn utilization is 
increased in acute illness (26), so daily requirements are 
likely higher in critically ill patients. The maxirnmn daily 
dose of seleniLun that is considered safe is 200 �Lg. 

3. Because of the uncertain selenitun requirement in ICU 
patients, and the potential for selenitun deficiency to pro
mote oxidant stress, monitoring plasma selenium levels 
seems justified in patients with likely oxidant stress. The 
normal range of plasma selenium is 89-113 µg/L (27). 
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For patients who are unable to eat, the preferred method of 
nutrition support involves liquid feeding formulas that are 
delivered directly into t11e stomach. 

I. GENERAL FEATURES 

A. Trophic Effects 

1. The presence of nutrients in the bowel lumen has a troph
ic effect on the bowel mucosa (1) .  This effect is partly due 
to the presence of luminal bulk and partly due to individ
ual nutrients like glutamine, which is a preferred fuel for 
epitl1elial cells in the bowel (2). 

2. The trophic effects of enteral feeding are lost during peri
ods of bowel rest, and this results in progressive atrophy 
and disruption of the intestinal mucosa (1) .  Total par
enteral nutrition (TPN) does not prevent the epithelial 
degeneration that accompanies bowel rest. 

3. Because the bowel mucosa serves as a barrier to micro
bial invasion (as described in Chapter 35), enteral feed
ings may play an important role in bolstering host de
fenses against infection. This notion is supported by clin
ical studies showing translocation of enteric pathogens 
across the bowel mucosa during periods of bowel rest 
(1 ,3). 

4. The apparent role of enteral feedings as an infection con-
577 
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trol measure has secured the preference for enteral feed
ings over TPN. 

B. Patient Selection 

1. Indications 

The typical candidate for enteral tube feedings is the pa
tient who is at risk for malnutrition (or is already mal
nourished) from impaired oral intake, and the situation is 
unlikely to improve over the next few days. 

2. Contraindications 

a. Absolute contraindications to enteral feeding include 
circulatory shock, intestinal ischemia, complete bowel 
obstruction, and ileus (4). 

b. Full nutritional support via tube feedings is not advised 
in patients with partial bowel obsh·uction, severe or mu-e
lenting diarrhea, pancreatitis, or high-vo!Lune (more than 
500 mL daily) enterocutaneous fistulas. Howeve1� limited 
infusion of tube feedings is often permissible in these 
conditions, if tolerated. For cases of pancreatitis, rube 
feedings can be delivered into the jejm1mn. 

II .  FEEDING FORMULAS 

A. Caloric Density 

1. Most feeding formulas provide 1 to 1 .3 kilocalories (kcal) 
per mL (see Table 37.1), and a few provide as much as 2 
kcal/mL (see Table 37.2). The formulas with high caloric 
densities are intended for patients with severe hyperme
tabolism (e.g., multisystem tramna and bw-ns), and for 
patients who are volmne restricted. 

2. The caloric density of feeding formulas includes the con
tribution of proteins, but daily caloric needs should be 
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provided by nonprotein calories (as described in Chapter 
36). The adjustment of caloric density to reflect nonpro-
tei.n calories is described later in the chapter. 

TABLE 37.1 Standard Caloric Density Feeding Formulas 

Caloric Non protein 
Feeding Density Calories Protein Osmolality 
Formula (kcal/ml) (%) (g/L) (mosm/kg H20) 

Enrich 1 . 1 85 40 480 

Glucerna 83 42 375 

lsocal 1 . 1 87 34 300 

lsocal HN 1 . 1 83 44 300 

Jevity 1 . 1 83 44 300 

Osmolite 1 . 1 86 37 300 

Osmolite HN 1 . 1 83 44 300 

Peptamen 1 84 40 270 

Resource 1 . 1 86 37 430 

Ultracal 1 . 1 83 43 3 1 0  

TABLE 37.2 High Caloric Density Feeding Formulas 

Caloric Nonprotein 
Feeding Density Calories Protein Osmolality 
Formula (kcal/ml) (%) (g/L) (mosm/kg H20) 

lsocal HCN 2 85 75 690 

Magnacal 2 86 70 590 

Nepro 2 86 70 635 

Suplena 2 94 1 5  6 1 5  

Twocal HN 2 83 84 690 
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B. Osmolality 

1. The osmotic activity of feeding solutions, which is ex
pressed as osmolality (mosm_/kg H20), varies directly 
with caloric density, and with the addition of "specialty" 
molecules like glutamine. 

2. The osmolality of standard feeding formulas (i.e., caloric 
density of 1 kcal/mL and no additional specialty molecules) 
is a close approximation of plasma osmolality (280-300 
mosm/kg H20). High caloric density solutions, like the 
ones in Table 37.2, show a two-fold increase in osmolality 
that matches the increase in caloric density. 

3. Hyperton.ic feeding formulas have two undesirable effects: 
delayed gastric emptying and osmotic diarrhea. Gastric in
stillation is always advised for hypertonic feedings to take 
advantage of the diluting effects of gash·ic secretions. 

C. Protein Content 

1. Standard feeding formulas provide 35 to 45 grams of pro
tein per liter. 

2. High-protein formulas, often designated by the suffix 
HN (for "high nitrogen") provide only 20% more protein 
than the standard formulas. 

3. Most enteral formulas provide intact proteins that are 
broken down into amino acids in the upper GI tract. 
Some feeding formulas contain small peptides (e.g., Pep
tamen, Vital HN), which are absorbed more rapidly than 
intact protein. Peptide-based formulas promote water re
absorption from the bowel and can be used in patients 
with troublesome diarrhea. 

D. Lipid Content 

The lipids in most feeding formulas are derived from veg-
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etable oils. The lipid content is  adjusted to  provide about 
30% of the caloric density of the formula. 

1. Omega-] Fatty Acids 

Polytmsaturated fatty acids from vegetable oils (whjch 
make up the lipid content of most feeding formulas) can 
serve as precursors for pro-inflammatory mediators (eico
sanoids) that are capable of promoting inflammatory cell 
injury (9). This concern has prompted the inh·oduction of 
feeding solutions that contain polytmsaturated fatty acids 
from fish oils (omega-3 fatty acids), which do not promote 
the production of pro-i.nflanunatory mediators. Tlu·ee of 
these feeding solutions are shown in Table 37.3. The use of 
feeding solutions like these to manipulate the inflanuna
tory response is known as immunonutrition (5,6). 

TABLE 37.3 Immune-Modulating Enteral Feeding Formulas 

grams per 1 000 kcal 

Product kcal/ml n-3 Fatty Acids Arginine Glutamine 

Altraq < 1  5 1 4  

lmmun-Aid 1 1  1 4  9 

Impact 1 7  1 3  0 

Oxepa 1 .5 63 0 0 

From Reference 5. n-3 Fatty Acids = omega-3 fatty acids. 

E. Conditionally Essential Nutrients 

Nonessential nutrients (do not require exogenous support) 
can become essential (require exogenous support) in cond
tions where nutrient depletion is evident. Three of these con
ditionally essential nutrients deserve mention because the 
conditions where they become essential are conunon in ICU 
patients. 
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1. Glutamine 

Glutamine is the principal fuel for the bowel mucosa (2), 
and it is a precursor for glutathione, the principal intra
cellular antioxidant in the human body. 

a. More than 10 enteral feeding formulas are enriched 
with glutamine, and two of them are shown in Table 
37.3. The optimal glutamine intake is not defined be
cause there is no daily requirement for glutamine. 

2. Aiyinine 

a. Arginine seems best suited for postoperative patients and 
trawna victims because it is a preferred metabolic substrate 
for injured muscle and also promotes wound healing. 

b. There are at least five enteral feeding formulas that 
provide arginine, and three of these are shown in Table 
37.3. Clinical studies suggest a benefit with feeding 
formulas containing at least 12 g/L of arginine (5). 

3. Carnitine 

Cami.tine is necessary for the transport of fatty acids into 
mitochondria for fatty acid oxidation. 

a .  Hypercatabolic conditions can promote carnitine defi
ciency (7), which is characterized by a myopathy in
volving the heart and skeletal muscle. A deficiency 
state is suggested by plasma carnitine levels that fall 
below 20 mnwl/L. 

b. The recommended daily dose of carnitine is 20-30 
mg/kg in adults (8). Feeding formulas that provide 
supplemental carnitine include Glucerna, Isocal HN, 
Jevity, and Peptamen. 

IV. CREATING A FEEDING REGIMEN 

Tllis section describes the process of creating a feeding regi
men. The major features are presented in sequence, and the 
variables involved are highlighted in Table 37.4. 
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TABLE 37.4 Creating a Feeding Regimen 

1 .  Estimate daily calorie and protein requirements: 

kcal/day = 25 x wt (kg) 

Protein (g/day) = (1 .2-1 .6) x wt (kg) 

2. Determine daily feeding volume and infusion rate: 

Daily volume (ml) = 
kcal/day required 

kcal/ml in feedings 

Infusion rate (mUhr) = 
daily volume (ml) 
feeding time (hr) 

3. Evaluate protein intake: 

Protein intake (g/day) = daily volume (l) x protein in  feedings (g/l) 

Desired protein intake (g/day) 
1 1 1 -----'------=-----'"' = < or or > 

Actual protein intake (g/day) 

A. Daily Protein and Calorie Requirements 

The first concern in nutrition support is to determine the 
daily requirements for protein and calories. These require
ments can be estimated or measured, as described in Chap
ter 36. The predictive equations in Table 37.4 should suffice 
in most patients. 

B. Nonprotein Calories 

The caloric density of feeding formulas represents total calo
ries from carbohydrates, Lipids, and proteins, but only non
protein calories should be used to provide needed calories 
(as described in Chapter 36). Therefore, the caloric density of 
feeding formulas should be adjusted to reflect only nonpro
tein calories. 

1 .  As shown in Table 37. 1 ,  nonprotein calories represent 80 
to 85% of the calories in standard feeding formulas, so 
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adjusting for nonprotein calories will reduce the caloric 
yield from feeding solutions by 15 to 20%. 

C. Daily Volume and Infusion Rate 

1 .  The daily caloric requirement that is defined in Step 1 can 
be divided by the (nonprotein) caloric density of a feed
ing formula to determine the volume of enteral feedings 
that will provide the desired calories (see Table 37.4). 
For feeding formulas that have a caloric density close to 
1 kcal/min, the daily volume of entera1 feedings (iJ.1 mL) 
will be 15-20% greater than the desu·ed number of daily 
calories. 

2. Enteral feedings are infused continuously into the upper 
GI tract for 16 hours each day, and each feeding period is 
followed by 8 hours of bowel rest before the feedings 
resume. The desired infusion rate for feedu1gs (mL/hr) is 
determined using the daily volwne of feedings (in mL) 
and the duration of the feedu1g period (iJ.1 hours) (see 
Table 37.4). 

D. Protein Intake 

The fo1al step is to deterrnli1e if the daily volume of feedings 
is providing enough protein. 

1. The daily protein intake is determined by the proteiJ.1 
concentration in the feeding formula and the volume of 
feedu1g formula infused each day. 

2. The daily protein intake is then compared to the desired 
protein iJ.1.take from Step 1. If the daily intake is less than 
desired, powdered protein (from the hospital pharmacy) 
is added to the tube feedings to correct the discrepancy. 

3. The best method of evaluating protein intake is the 24-
hour nitrogen balance, which is described in Chapter 36, 
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Section II-B. However, this method is reserved for pa
tients receiving long-term nutrition support who are clin
ically stable. 

IV. INITIATING TUBE FEEDINGS 

A. Feeding Tube Insertion 

1. Feeding tubes used for short-term (up to a few weeks) nu
trition support are inserted through the nares and advanced 
blindly into the stomach or duodenw11. The distance re
quired to ream the stomacl1 can be estimated by measuring 
the distance from the tip of the nose to the earlobe and then 
to the xiphoid process (typically 50-60 cm) (9). 

2. Feeding tubes end up in the trachea during 1 % of inser
tions (10). Because patients are often asymptomatic, feed
ing tubes can be advanced deep into the ltmgs and can 
puncture the visceral pleura and create a pnemnothorax 
(11,12). 

3. A portable chest X-ray should be performed after earn inser
tion (see Figure 37.1) The corru11on practice of pushing air 
through the feeding tube and l istening for bowel sounds in 
the upper abdomen is  not a rellable method for determin
ing tube position because sotmds emanating from a feeding 
tube in the lower airways can be h·ar1smitted into the upper 
abdomen (11,12). 

4. Advancing the tip of the feeding tube into the d uodenum 
to reduce the risk of aspiration of tube feedings is not 
necessary because clinical studies have shown that the 
incidence of aspiration is the same with duodenal and gastric 
feedings (4,13). 
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FIGURE 37. t Portable d1est x-ray taken after Lmeventful insertion of a 
feeding tube. 

B. Gastric Residuals 

1. Before feedings conrn1ence, the contents of the stomach 
should be aspirated to measure the gastric residual vol
ume. (This may be difficult because small-bore, flexible 
feeding tubes tend to collapse when suction is applied). 

2. I£ the volume aspirated is less than 150 mL, the feeding 
can commence. If the aspirated volume is greater than 
150 mL, wait another two hours and repeat the gastric 
aspiration. If the second aspiration yields less than 150 
mL, commence feedings. If more than 150 mL is aspirat
ed a second time, the following options are available: 

a .  Advance the feeding tube into the duodenwn to begin 
feedings (recommended). 

b.  Administer the prokinetic drug metocloprarnide (10 
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mg N ), and check gastric residuals in 2 hours (but usu
ally doesn't work). 

C. Starter Regimens 

1. The traditional approach to initiating tube feedings is  to 
begin with dilute formulas and a slow infusion rate and 
gradually advance to the desired nutrient intake over one 
or two days. This practice accomplishes little other than 
extending the period of inadequate nuh·ition. 

2. Studies involving inh·agastric feedings show that full feed
ings can be delivered irrm1ediately without troublesome 
vomiting or diarrhea (14,15). 

3 .  Tube feedings are usually infused for 16 hours followed by 
8 hours of bowel rest. Continuous feedings without a peri
od of bowel rest is an mu-elenting sh·ess to the bowel mu
cosa and promotes malabsorption and diarrhea. 

V. COMPLICATIONS 

The complications associated with enteral feedings include 
occlusion of the feeding tube, reflux of gastric contents into 
the airways, and diarrhea. 

A. Tube Occlusion 

Nanow-bore feeding tubes can become occluded by protein 
precipitates that form when acidic gastric secretions reflux 
into the feeding tubes (16). Standard preventive measures 
include flushing the feeding tubes with 30 mL of water every 
4 hours, and using a 10 mL water flush after medications are 
instilled. 

1. Restoring Patency 

If there is still some flow tlu·ough the tube, warm water 
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should be injected into the tube and agitated with a sy
ringe. This can relieve the obstruction in 30% of cases (22). 
If this is ineffective, pancreatic enzyme (Viokase) can be 
used as follows (17): 

a. Dissolve 1 tablet of Viokase and 1 tablet of sodium car
bonate (324 mg) in 5 mL of water. Inject this mixture 
into the feeding tube and clamp for 5 minutes. Follow 
with a warm-water flush. 

b. This should relieve the obstruction in approximately 
75% of cases (17). If the tube is completely occluded, 
an attempt should be made to insert a flexible wire or 
drum-cartridge catheter to clear the obstruction. 

B. Aspiration 

1. Retrograde regurgitation of feeding formula is reported 
in as many as 80% of patients receiving gastric or duode
nal feedings (18). Elevating the head of the bed to 45° can 
reduce (but not eliminate) the problem. 

2. Aspiration of feeding formulas into the airways can be 
detected by testing h·acheal aspirates with glucose oxidase 
reagent strips. The results are measured with an automat
ed glucose meter. A glucose concentration greater than 20 
mg/ dL in tracheal aspirates is evidence of aspiration (19). 

3 .  Adding food coloring to the feeding formulas and in
specting the color of tracheal secretions is an insensitive 
method for detecting aspiration (19). 

C. Diarrhea 

1. Diarrhea occurs in approximately 30% of patients receiv
ing enteral tube feedings (20). The hyperosmolality of feed
ing formulas is responsible for some but not all cases. 

2. One important and often overlooked cause of diarrhea is 
sorbitol, which is added to liquid drug preparations to 
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improve palatability (20,21) .  Sorbitol causes an osmotic 
diarrhea. 

3. Antibiotic-associated diarrhea, including Clostridium dif
ficile enterocolitis, can also appear during h1be feedings 
and should not be mistaken for the feeding-related os
motic diarrhea. Signs of systemic inflammation should 
not accompany the diarrhea from tube feedings. 
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.-1�Chapter 38 
T OT AL PARENT ERAL 
NUTRITION 
When full nutritional support is not possible with enteral 
htbe feedings, the intravenous route can be used to supple
ment enteral nutrition or provide total parenteral nutrition 
(TPN). This chapter describes the basic feahtres of TPN and 
demonstrates how to create a TPN regimen for individual 
patients. 

I. SUBSTRATE SOLUTIONS 

A. Dextrose Solutions 

L Intravenous nutrition regimens use dextrose solutions like 
those in Table 38.1 to provide carbohydrate calories. 

2. Because dextrose has a low energy yield (3.4 kcal/ g), the 
dextrose solutions used for TPN must be concenh·ated to 
provide enough calories to satisfy daily requirements (50% 
dexh·ose solutions are standard in TPN). These solutions 
are hyperosmolar and should be infused thrnugh large, 
central veins. 

B. Amino Acid Solutions 

Protein is provided as amino acid solutions that contain var
ying mixtures of essential (N = 9), semi.essential (N = 4) and 
nonessential (N = 10) amino acids. These solutions are mixed 
with dextrose solutions in a 1 : 1  volume ratio. Examples of 
standard and "specialty"amino acid solutions are shown in 
Table 38.2. 

59 1 
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TABLE 38.1 Intravenous Dextrose Solutions 

Concentration Energy Yield* Osmolality 
Strength (g/L) (kcal/L) (mosm/L) 

5% 50 1 70 253 

1 0% 1 00 340 505 

20% 200 680 1 01 0  

50% 500 1 700 2525 

70% 700 2380 3530 

*Based on an oxidative energy yield of 3.4 kcal/g for dextrose. 

TABLE 38.2 Standard and Specialty Amino Acid Solutions 

Aminosyn Aminosyn-HBC Aminosyn RF 

Available 3.5%, 5%, 7%, 7% 5.2% 
Concentrations 8.5%, 1 0% 

Indications Standard TPN Hypercatabolism Renal Failure 

% EAA l5o% I 63% lss% 1 
% BCAA 25% j 46%j 33% 

EAA = essential amino acids, BCAA = branched chain amino acids. 

1 .  Standard Solutions 

Standard amino acid solutions (e.g., Arn.inosyn in Table 38.2) 
are balanced mixtures of 50% essential amino acids and 50% 
nonessential and semiessential amino acids. These solutions 
are available in sh·engths that provide 35 to 100 grams of 
protein per liter. 

2. Hypercatabolism 

Amino acid solutions designed for hypercatabolic condi
tions (e.g., Aminosyn-HBC in Table 38.2) are enriched with 
branched-chain arnino acids (isoleucine, leucine, and va-
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line), which are preferred fuels in skeletal muscle when me
tabolic demands are heightened. 

3. Renal Failure 

Amino acid solutions designed for use in renal failure (e.g., 
Aminosyn RF in Table 38.2) are rich in essential amino acids 
because the nih·ogen in essential amino acids is partially 
recycled to produce nonessential amino acids, which results 
in smaller increments in blood urea nitrogen (BUN) than 
produced by breakdown of nonessential amino acids. 

4. Hepatic Failure 

Amino acid solutions designed for use in hepatic failure 
(e.g., HepaticAid) are enriched with branched-chain amino 
acids (like solutions designed for renal failure) because 
these amino acids block the transport of aromatic amino 
acids (implicated in hepatic encephalopathy) across the 
blood-brain barrier. 

5. Glutamine 

The potential benefits of the amino acid glutamine are 
mentioned in Chapter 37 (Section II-E). Amino acid solu
tions enriched with glutamate (e.g., Aminosyn II) are used as 
an exogenous source of glutarnine because glutamate can 
combine with ammonia to form glutamine. 

6. Efficacy 

a. None of the specialty amino acid solutions (i.e., those 
designed for hypercatabolism, renal or hepatic failure) 
has been shown to improve clinical outcomes (1) .  

b.  There is some evidence that glutarnine-enhanced TPN 
can reduce infectious complications in ICU patients (2), 
and glutamine supplementation has been recommended 
as a routine practice for ventilator-dependent patients (3). 

C. Lipid Emulsions 

Lipids are provided as emulsions consisting of submicron 
droplets (:s; 0.45 µm) of cholesterol, phospholipids, and 
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triglycerides. The h·iglycerides are derived from vegetable 
oils (safflower and soybean oils) and are rich in linoleic acid, 
an essential fatty acid. 

1. Lipids are used to provide 15 to 30% of daily calorie re
quirements, and 4% of the daily calories should be pro
vided as linoleic acid to prevent essential fatty acid defi
ciency (4). 

2. As shown in Table 38.3 (5), lipid emulsions are available 
in 10% and 20% strengths (the percentage refers to grams 
of triglyceride per 100 mL of solution). The 10% emul
sions provide about 1 kcal/mL, and the 20% emulsions 
provide 2 kcal/mL. They can be infused separately (max
imum rate = 50 ml/hr) or in combination with the dex
trose-amino acid mixtmes. 

TABLE 38.3 Intravenous Lipid Emulsions for Clinical Use 

Intra lipid Liposyn II 

Feature 10% 20% 1 0% 20% 
Calories (kcal/ml) 1 . 1  2 1 . 1 2 

% calories as EFA 50% 50% 66% 66% 
(Linoleic acid) 

Cholesterol (mg/dl) 250-300 250-300 1 3-22 1 3-22 

Osmolarity (mosm/L) 260 260 276 258 

Unit volumes (ml) 50 50 1 00 200 
1 00 1 00 200 500 
250 250 500 
500 500 

Adapted from Reference 5. EFA = Essential fatty acid. 

3. Unlike the hypertonic dextrose solutions, lipid emulsions 
are roughly isotonic to plasma and can be infused through 
peripheral veins. 
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TABLE 38.4 Trace Element Preparations & Daily Requirements 

Trace Daily Parenteralt MTE-5* MTE-6* 
Element Requirement concentrated concentrated 

Chromium 1 0- 1 5  µg 

Copper 0.5- 1 .5 mg 

Iodine 1 50 µg 

Iron 0.5 mg 

Manganese 1 50-800 µg 

Selenium 50-200 µg 

Zinc 2.5-4 mg 

tAdapted from Reference 7 .  

tFrom Reference 5. 

D. Additives 

1 0  µg 

1 mg 

500 µg 

60 µg 

5 mg 

10 µg 

1 mg 

75 µg 

500 µg 

60 µg 

5 mg 

Commercially available mixtures of electrolytes, vitamins, 
and trace elements are added directly to the dextrose-amino 
acid mixtures. 

1. Electrolytes 

There are more than 15 electrolyte mixtures available. 
Most have a volmne of 20 mL and contain sodimn, chlo
ride, potassiwn, and magnesium. Check the mixture used 
at your hospital to determine if additional electrolytes 
must be added. Additional requirements for potassium or 
other electrolytes can be specified in the TPN orders. 

2. Vitamins 

Aqueous multivitamin preparations are designed to pro
vide normal daily requirements (see Chapter 36, Table 
36.4). Enhanced vitamin requirements in hypermetabolic 
patients may not be satisfied. Some vitamins (e.g., thi
amine) are degraded before they are delivered (6). 
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3. Trace Elements 

A variety of trace-element additives are available, and 
Table 38.4 shows two of them, along with the parenteral 
trace-element requirements (7). Most h·ace-element mix
tures do not contain iron, but iron administration is not 
advisable on a routine basis because of its pro-oxidant 
actions (8). 

I I .  CREATING A TPN REGIMEN 

The following stepwise approach demonstrates how to cre
ate a TPN regimen for an individual patient. At each step 
along the way, a sample TPN regimen will be created for a 70 
kg adult patient. 

A. Daily Requirements 

The first step is to estimate the daily protein and calorie 
requirements. The simple predictive equations below should 
suffice in most patients (see Chapter 36). 

Calories (kcal/day) = 25 x wt (kg) (38. 1)  

Protein (g/day) = (1 .2-1 .6) x wt (kg) (38.2) 

The body weight in these equations should be ideal or lean 
body weight. The range (1 .2-1.6) in the protein estimation 
represents the degree of metabolic stress ( 1 .2 is mild, 1 .4 is 
moderate, and 1 .6 is severe sh·ess) .  

1 .  Sample Regimen 

For a 70 kg adult with a moderate degree of metabolic 
stress: 

a. The daily calorie requirement is 25 x 70 = 1750 kcal. 

b .  The daily protein requirement is 1 .4 x 70 = 98 grams. 
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B. Volume ofTPN Mixture 

The next step is to determine the volume of TPN mixture 
(amino acid-dextrose mixture) that will provide the estimat
ed protein requirement. This is a fLmction of the protein con
centration in the TPN mixture (g/L): 

Volume (Uday) = Protein Required (g/day) 

Protein Content (g/L) (38.3) 

Because equal volumes of amino acid solution and dextrose 
solution are mixed together, the final concentration of pro
tein is 50% of the protein concentration in the amino acid 
solution. For example, a mixture of 10% amino acids (500 
mL) and 50% dextrose (500 mL), whjch is designated as A10-
D50, has a protein concentration of 50 grams/liter. 

1 .  Sample Regimen 

For our 70 kg adult with a daily protein requirement of 
98 grams 

a. An equal mixtme of A10-D50 will provide the needed 
protein at a daily volume of: 98/50 = 1.9 liters. 

b.  The infusion rate of this mixture should be 1900 mL/24 
hours = 81 mL/hour (or 81 microdrops/minute). 

C. Carbohydrate Calories 

The next step is to determine the calories provided by carbo
hydrates (CHO). This is equivalent to the product of the 
daily volume of the TPN mixture (in liters), the dextrose con
centration in the amino acid-dextrose mixture (g/L), and the 
caloric yield from dextrose (3.4 kcal per gram). 

CHO calories = Volume x [Dextrose] x 3.4 (38.4) 
(kcal/day) (L) (g/L) (kcal/g) 

The dextrose concentration in the amino acid-dextrose mix
tures is 50% of the dextrose concentration i.n the additive 
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solution; i.e., a TPN mixture of A10-D50 has a dextrose concen
tration of 500/2 = 250 g/L. 

1 .  Sample Regimen 

For the 70 kg adult with a daily protein requirement of 98 
grams who receives a TPN mixtru·e of A10-D50 at  a volume 
of 1 .9 liters daily, 

a.  The calories provided by carbohydrates are 1 .9 x 25 x 
3.4 = 1 615 kcal/ day 

b. The remaining calorie requirement is 1750-1615 = 135 
kcal/day. 

D. Lipid Calories 

A lipid emulsion is used to provide the remainder of the 
daily calorie requirement not provided by dextrose. 

1. Sample Regimen 

For our 70 kg adult who has an estimated daily calorie 
requirement of 1750 calories and will receive 1615 kcal/ day 
from carbohydrates. 

a. The remaining calorie requirement of 1 750-1615= 135 
kcal/  day can be provided by a 10% lipid emulsion 
(1 kcal/ mL) at a volume of 135 ml/ day. Because the 
lipid emulsion is available in unit volumes of 50 mL, 
the volume can be adjusted to 150 mL/day to avoid 
wastage. The maximum infusion rate is 50 mL/lu·. 

E. TPN Orders 

1. Sample Regimen 

The orders for our sample TPN regimen will include the 
following: 

a.  A10-D50 to run at 80 mL/hour. 

b. 10% Intralipid: 150 mL daily to infuse over 4-6 hours. 
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Electrolyte, vitamin, and trace element mixtures are added 
to the amino acid-dextrose mixture in amounts deter
mined by patient needs. 

I I I .  METABOLIC COMPLICATIONS 

A. Hyperglycemia 

Glucose intolerance is one of the most common (and most 
troublesome) complications of TPN, and often requires the 
addition of insulin. It is important to emphasize that insulin 
adsorbs to all plastics and glass used in intravenous infusion sets. 
The amount lost to adsorption varies with the amount of 
insulin added, but an average loss of 20 to 30% should be 
expected (8). The following observations about hyper
glycemia are relevant. 

1. Hyperglycemia is associated with heightened neurologic 
deficits after ischemic stroke (9). 

2. Sh·ict glycemic control to prevent hyperglycemia is asso
ciated with a decreased morbidity and mortality in ICU 
patients (10,11). 

As a result of the latter observation, most ICUs have adopt
ed (or should adopt) protocols for preventing hyperglycemia 
with aggressive use of insulin. (See Reference 12 for a useful 
flow sheet designed for strict glycemic control.) 

B. Hypophosphatemia 

Another common consequence of TPN is a progressive de
cline in serum phosphorus levels (see Chapter 29, Figure 
29.2). This effect is due to enhanced cellular uptake of phos
phorus (which is linked to enhanced glucose uptake). The 
phosphorus is used to form thiamine pyrophosphate, a co
factor in glycolysis. 
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C. Hypercapnia 

Overfeeding (i.e., providing calories in excess of the daily 
energy expenditure) results in excessive production of C02, 
and this can promote C02 retention in patients with respira
tory insufficiency. Although originally attributed to excess 
carbohydrate calories, this effect seems to be a reflection of 
overfeeding in general and not specific overfeeding with car
bohydrates (13). 
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Adrenal and thyroid disorders often act a s  catalysts for seri
ous, life-threatening conditions while escaping notice them
selves. This chapter explains how to unmask an underlying 
or occult disorder of adrenal or thyroid fw1Ction and how to 
treat each disorder appropriately. 

I .  ADRENAL INSUFFICIENCY 

Ad.renal insufficiency can be a primary disorder (caused by 
adrenal dysfm1ction) or a secondary disorder (caused by hypo
thalamic-pituitary dysfunction). The description that follows 
pertains to primary AI, and how it behaves in the critically ill 
patient (1-4). 

A. Prevalence 

1 .  The incidence of AI is about 30% in randomly selected 
ICU patients (1), and up to 60% in patients with septic 
shock (1 ,2). Most of these cases are asymptomatic, and 
the diagnosis is based on biochemical evidence of im
paired adrenal responsiveness. 

2. Several conditions that are common in ICU patients can 
predispose to primary AL These include major surgery, 
circulatory failure, septic shock, severe coagulopathy, and 
hmnan immunodeficiency virus (HIV) infection (1,3). 

603 
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B. Clinical Manifestations 

1. A common manifestation of AI in critically ill patients is 
hypotension that is refractory to vasopressors (1,3). Other fea
tures of AI (e.g., electrolyte abnormalities) are either tm
common or nonspecific. 

2 .  The hemodynamic profile in acute AI is similar to septic 
shock; i .e., low cardiac filling pressures, high cardiac out
put, and low systemic vascular resistance (3,4). 

C. Rapid ACTH Stimulation Test 

1 .  The diagnostic test of choice for primary AI is the rapid 
adrenocorticotropic hormone (ACTH) stinmla tion test 
(2). This test measures the adrenal release of cortisol in 
response to a bolus injection of synthetic ACTH, and it 
can be performed at any time of day or night. 

2. To perform the test, an initial blood sample is obtained for 
a plasma cortisol level. Synthetic ACTH (250 µg) is then 
injected intravenously, and a repeat serum cortisol level is 
measured 30 and 60 minutes later. 

3. The interpretation of the ACTH stimulation test is out
lined in Table 39.1 .  

a .  The diagnosis of  AI  is  supported by a baseline cortisol 
below 15 �tg/dL (415 mnol/L), or an increment in cor
tisol that is less than 9 µg/dL (250 nmol/L).  

4.  CAVEAT Most (90%) of the cortisol in plasma is bound to 
corticosteroid-binding proteins, while only 10% is in the 
free or biologically active form (3,5). The cortisol assay 
used in most clinical laboratories measures total cortisol 
levels in plasma. Since cortisol transport proteins are 
often decreased in critically ill patients (5), abnormally 
low plasma cortisol levels (using standard assays) may 
not represent AI in critically ill patients. 
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TABLE 39.1 Interpreting the ACTH Stimulation Test 

Plasma Cortisol in 119/dLt 

Baseline 

< 1 5  

1 5-34 

1 5-34 

> 34 

Increment 

< 9  

> 9  

Probability of 

Adrenal Insufficiency 

Very High 

High 

Low 

Very Low 

tTo convert µg/dl to nmol/L, multiply by 27.6. 

From Reference 3 .  

D. Steroid Therapy 

For patients with suspected AI and severe or refractory hy
potension, steroids can be started before the ACTH stimulation 
test is pe1forrned. Steroid administration can proceed as fol
lows: 

1. Dexamethasone (Decadron) will not interfere with plas
ma cortisol assay and can be given before or during the 
ACTH stimulation test. The initial dose is 2 mg (as an IV 
bolus), which is equivalent to 54 mg of hydrocortisone 
(see Table 39.2) (6). 

2. After the ACTH stimulation test is completed, empiric ther
apy can begin with hydrocortisone (Solu-Cortef). The dose 
is 50 mg IV every 6 hams until the test results a.re available. 

3. If the ACTH stimulation reveals primary AI, hydrocorti
sone should be continued at 50 mg IV every 6 hours Lmtil 
the patient is no longer in a stressed condition (3). At this 
point, the daily dose of hydrocortisone should be re
duced to 20 mg (equivalent to the amount of cortisol se
creted daily by the adrenal glands). 
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TABLE 39.2 Corticosteroid Comparison Chart 

Equivalent AIA MCA 
Corticosteroid Doses Rankt Rank* 

Hydrocortisone 

Prednisone 

Methylprednisolone 

Dexamethasone 

20 mg 

5 mg 

4 mg 

0.75 mg 

tAntiinflammatory activity (1 = best, 4 = worst). 

�Mineralocorticoid activity (1 = best, 4 = worst). 

From Reference 5 .  

II. HYPOTHYROIDISM 

4 

3 

2 

2 

3 

4 

Laboratory tests of thyroid fw1ction can be abnormal in 70% 
of hospitalized patients and up to 90% of critically ill pa
tients (7). In most cases, this represents an adaptive response 
to systemic i llness and is not a sign of thyroid dysfunction 
(7,8). True hypothyroidism is uncommon in hospitalized pa
tients 

A. Euthyroid Sick 

1 .  Plasma levels of thyroxine (T4) and its biologically active 
form, triiodothyronine (T3), can be abnormally low in 
systemic conditions such as sepsis and mul tisystem trau
ma. The initial abnormality is a decrease in free T3 levels, 
and this is followed by a decrease in free T, levels as the 
illness severity increases. These abnormalities a.re not 
associated with abnormal ftmction of the thyroid gland 
or clinical hypothyroidism, and they disappear when the 
systemic illness subsides (7,8). 

a. When plasma levels of thyroid hormones a.re decreased 
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as a result of nonthyroidal illness, the condition is known 
as euthyroid sick (7). 

b. Inflammatory mediators may be responsible for this con
dition by suppressing the conversion of T, to T3 and en
hancing degradation of T,. 

3. Plasma levels of thyroid-stimulating hormone (TSH) are 
normal or slightly reduced in most patients with non
thyroidal illness (7,9), and this distinguishes the eutl-1y
roid sick condition from primary hypothyroidism, where 
plasma TSH levels are increased (see later). 

TABLE 39.3 Manifestations of Thyroid Dysfunction 

Hyperthyroidism 

Cardiovascular 
Sinus tachycardia 

Atrial fibrillation 

Neurologic 
Agitation 

Lethargy 

Fine tremors (elderly) 

Thyroid Storm 
Fever 

Hyperdynamic shock 

Depressed consciousness 

B. Clinical Manifestations 

Hypothyroidism 

Effusions 
Pericardia! effusion 

Pleural effusion 

Miscellaneous 
Hyponatremia 

Skeletal muscle myopathy 

Elevated creatinine 

Myxedema Coma 
Hypothermia 

Dermal infi ltration 

Depressed consciousness 

The clinical manifestations of hypothyroidism are nonspecif
ic (see Table 39.3). 

1. The most common cardiovascular manifestation is pericar
dial effusion (24), whkh develops in about 30% of cases 
(10). These effusions are exudates caused by increased cap-
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illary permeability. They usually accumulate slowly and do 
not cause tamponade. 

2. Other manifestations include hyponatremia and a skele
tal muscle myopathy. 

3. Advanced cases of hypothyroidism are accompanied by 
hypothermia and depressed consciousness. This condi
tion is called myxedema coma, even though frank coma is 
wKonunon (11) .  

a .  The edematous appearance in myxedema is due to in
tradermal accumulation of proteins and does not rep
resent edema fluid (11) .  

C. Diagnosis 

Hypothyroidism can be the result of thyroid dysfunction (pri
mary hypothyroidism) or hypothalamic-pituitary dysfw1c
tion (secondary hypothyroidism). 

1. Most cases represent primary hypothyroidism (10) and 
are characterized by a decrease in plasma free T4 and an 
increase in plasma TSH levels. The latter abnormality is 
due to enhanced hypothalamic release of thyrotropin
releasing hormone (TRH) in response to the decreased 
thyroid hormone levels in plasma. 

2. Secondary hypothyroidism is characterized by a decrease 
in both free T4 and TSH levels in plasma. These cases can 
be difficult to distinguish from the 30% of euthyroid sick 
patients who have a decrease in plasma TSH (7). 

D. Management 

Thyroid replacement therapy is achieved with levothyrox
ine, which can be given orally or intravenously. 

1 .  Ora/ Therapy 

Mild to moderate hypothyroidism is treated with oral le-
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vothyroxine in a single daily dose of 50 to 200 �Lg (12). The 
initial dose is usually 50 µg/ day, which is increased in 50 
µg/day increments every 3 to 4 weeks w1ti.l the TSH level 
returns to normal (0.5 to 3.5 m U /L). In 90% of cases, this 
occurs with a levothyroxine dose of 100 to 200 µg/ day (12). 

2. Intravenous Therapy 

Intravenous levothyroxine is often used (at least initially) 
for severe cases of hypothyroidism because reduced gas
trointestinal motility can impair drug absorption. The in
travenous regimen can proceed as follows: 250 µg on the 
first day, 100 µg on the second day, and 50 µg daily there
after until oral therapy is possible (12). 

I I I .  HYPERTHYROIDISM 

Most cases of  hyperthyroidism are due to primary thyroid 
disorders (e.g., Graves' disease, autoimmune thyroiditis). 

A. Clinical Manifestations 

Some of the notable manifestations of hyperthyroidism are 
listed in Table 39.3. The following conditions deserve special 
mention. 

1. Apathetic Thyrotoxicosis 

Elderly patients with hyperthyroidism may be lethargic 
rather than agitated (apathetic thyrotoxicosis), and this is a 
source of missed diagnoses. The combination of lethargy 
and unexplained atrial fibrillation is characteristic of apa
thetic thyrotoxicosis in the elderly (13). 

2. Thyroid Storm 

An uncommon but severe form of hyperthyroidism known 
as thyroid storm can be precipitated by acute illness or major 
surgery. This condition, which is characterized by fever, 
severe agitation, and high-output heart failure, can pro-
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gress to hypotension and coma, and is uniformly fatal if 
overlooked and left w1treated. 

B. Diagnosis 

Hyperthyroidism is diagnosed by an elevated free T4 and free 
T3 level in plasma. Because hyperthyroidism is almost always 
caused by primary thyroid disease, the plasma TSH level is 
not necessary for the diagnosis. 

C. Management 

1. fl-Receptor Antagonists 

Inh·avenous propranolol (1 mg every 5 minutes Lmtil de
sired effect is achieved) can be used for troublesome tachy
arrhythmias. Oral maintenance therapy (20 to 120 mg 
every 6 hours) can be used w1til antithyroid drug therapy 
is effective. 

2. Antithyroid Drugs 

Two drugs are available for suppressing thyroxine pro
duction: methin1azole and propylthiouracil (14,15). Both 
are given oral ly. 

a. Methimazole is usually preferred because it causes a 
more rapid decline in serum thyroxine levels and has 
fewer troublesome side effects. The starting dose is 10 
to 30 mg once daily. 

b. Propylthiouracil is given at a starting dose of 75 to 100 
mg every 8 hours. Reports of drug-induced agranulo
cytosis have limited the popularity of this drug. 

c .  The dose of both drugs is reduced by 50% after 4 to 6 
weeks of therapy. 

3. Iodide 

In severe cases of hyperthyroidism, iodide (which blocks 
thyroxine release from the thyroid gland) can be added 
to antithyroid drug therapy. Iodide can be given orally as 
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Lugol's solution (4 drops every 12 hours) or intraven
ously as sodium iodide (500 to 1000 mg every 12 hours). 
If the patient has an iodide allergy, lithium (300 mg oral� 

ly every 8 hours) can be used as a substitute (16). 

4. Thyroid Stol"m 

a. In addition to the above measures, the treatment of  
thyroid storm often requires aggressive volume infu
sion (to replace fluid losses from vomiting, diarrhea, 
and heightened insensible fluid loss). 

b.  Thyroid storm can accelerate glucocorticoid metabo
lism and create a relative adrenal insufficiency. In cases 
of thyroid storm associated with severe or refractory 
hypotension, hydrocortisone (300 mg IV as a loading 
dose, followed by 100 mg IV every 8 hours) is advised 
(16). 
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Abnormal mental fm1ction is one of the most recognizable 
signs of serious illness. This chapter focuses on the following 
disorders of mental function: a ltered consciousness, deliri
um, coma, and brain death. 

I. STATES OF CONSCI OUSNESS 

A. States of Consciousness 

1. Consciousness has two components: nrousnl and aware
ness. Arousal is the ability to recognize your surrow1d
ings (i.e., wakefulness), and awareness is the ability to 
tmderstand your relationship to the surrotmdings (i.e., 
responsiveness). 

2 .  Arousal and awareness can be used to define the differ
ent states of consciousness, as shown in Table 40.1 

B. Altered Consciousness 

Altered consciousness is an abnormality in arousal and / or 
awareness. There are a multitude of conditions that can cause 
altered consciousness, and these can be organized as follows: 

1. Conditions that cause direct brain injury, which can be 
ischernic, traumatic, or infectious in origin. 

2. Conditions that cause a global brain disorder (i.e., enceph
alopathy) and are extrinsic to the brain. These conditions 

6 1 3  



6 1 4  Critical Care Neurology 

can be infectious (e.g., septic encephalopathy), metabolic 
(e.g., uremia), or drug-related in origin. 

3.  One survey of medical ICU patients revealed that is
chemic brain injury was the most common cause of al
tered consciousness on admission to the ICU, and septic 
encephalopathy was the most common cause after ad
mission to the ICU (1) .  

TABLE 40.1 States of Consciousness 

Aroused & Aroused & Unaroused & 
Aware Unaware Unaware 

Anxiety Delirium Sleep 

Lethargy Dementia Coma 

Psychosis Brain Death 

Vegetative State 

II .  DELIRIUM 

Delirium is the most common manifestation of altered con
sciousness in ICU patients (2,3), and as many as two-thirds 
of these cases go unnoticed (4). 

A. Clinical Features 

The clinical features of deliriw11 are summarized in Figure 40.1 (2). 

1. Characteristics 

Delirium is a cognitive disorder d1aracterized by attention 
deficits and either disordered thinking or an altered level 
of consciousness. The most characteristic feahrres of delir
ium are its acute onset and fluch1ating clinical course. 
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DELIRIUM 

Acute change in mental status 
or 

Fluctuating behavior 
over the past 24 hours 

I 
(and) 

� 
Difficulty focusing 

or maintaining attention 

Disordered Thinking 

Illogical, disorganized 

incoherent, or unclear 

(and either) 

I 

Altered Consciousness 

• Hyperactive and hyperalert 

• Hypoactive and hypoalert 

FIGURE 40. t The clinical features of delirium. 

2. Hypoactive Delirium 

There is a tendency to consider delirium as a state of agi
tation (as in delirium h·emens), but there is a hypoactive 
Jann of delirium that is characterized by lethargy (see Figure 
40.1 ) .  In fact, hypoactive delirium is the most common 
form of delirium in the elderly (5). 

3. Delirium vs. Dementia 

Delirium and dementia are distinct disorders that are easily 
confused because of overlapping clinical features (e.g., atten
tion deficits and abnormal thinking). Furthermore, the two 
conditions can co-exist (6), which adds to the confusion. The 
features of delirirnn that distinguish it from dementia are the 
abrupt onset and the fluctuating clinical course. 
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B. Predisposing Factors 

1. Any type of encephalopathy (i.e., infectious, metabolic, 
or drug-related) can produce a state of delirium. 

2.  Drugs are implicated in as many as 40% of cases of delir
ium in the elderly (7). There is a long list of potential of
fenders, but the most common are alcohol (withdrawal), 
benzodiazepines, opioids (particularly meperidine), dig
italis, corticosteroids (high dose), and histamine H2-
receptor antagonists (3,7). 

C. Management 

Removing offending drugs and treating underlying condi
tions are obvious first concerns in managing delirium. Short
term sedation can be used for severe agitation. 

1. For ICU-acquired or postoperative delirimn, the treat
ment of choice is haloperidol (0.5 to 2 mg PO or IV every 
4-6 hours as needed) (3,7). Benzodiazepines should be 
avoided because they can aggravate the delirium (3). 

2. For the delirim11 of alcohol withdrawal, benzodiazepines are 
preferred. (See Table 43.2 for information about benzodi
azepine dosing). Haloperidol should be avoided because it 
can aggravate the delirium and does not prevent the seizures 
associated with alcohol withdrawal (8). 

III .  COMA 

Because of the vast reserves of the brain, extensive brain injury 
is required to produce coma , and less than 10% of patients sur
vive coma without significant disability (9). Persistent coma 
(lasting longer than 6 hours) is most often the result of cardiac 
arrest or conditions that raise intracranial pressure (e.g., intra
cerebral hemorrhage). 
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The bedside evaluation of coma can help to identify the 
underlying cause, locate the area of bra.in injmy, and deter
mine the likelihood of a satisfactory recovery. 

TABLE 40.2 Conditions That Affect the Pupils 

Size 

Dilated 

Reactive 

Amphetamines 
Atropine (low) 
Dopamine 

Mid- Toxic/metabolic 
position encephalopathy 

Sedative overdose 

Constricted Toxic/metabolic 
encephalopathy 
Pontine injury 
Opioids 

1. Pupils 

Nonreactive 

Uncial herniation 
(unilateral) 
Post-CPR 
Brainstem injury 
Ocular trauma 
Hypothermia 
(< 28°C) 

Brain death 

High-Dose Drugs: 
Amphetamines 
Atropine 
Dopamine 
Phenylephrine 
Tricyclic 
antidepressants 

Midbrain lesions 
Barbiturates (high dose) 

Opioids (high dose) 
Pilocarpine eyedrops 

The conditions that affect pupil size and light reactivity 
are shown in Table 40.2 (10). The following observations 
deserve mention. 

a .  Neuromuscular blocking drugs do not affect pupil size 
or reactivity (11). 

b.  Systemic atropine administration during CPR will di
late the pupils, but they usually remain reactive (12). 

c. High-dose dopamine can cause fixed, dilated pupils (13). 
d. If the pupils remain nomeactive for longer than 6-8 hours 

after resuscitation from carruac arrest, the d1a.r1Ces of a sat
isfactory neurologic recovery a.r·e poor (14,15). 
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2. Ocular Reflexes 

The ocular reflexes are used to evaluate the ftmctional in
tegrity of the brainstem (see Figure 40.2) (16). 

a. The oculocephalic reflex is evaluated by rotating the head 
from side-to-side. When the lower brainstem is intact, 
the eyes will deviate away from the direction of rota
tion. When lower brainstem function is impaired, the 
eyes will follow the direction of head rotation. 

b.  The oculovestibular reflex is performed by injecting 50 
ml of cold saline into the external auditory canal. 
When brainstem function is intact, both eyes will devi
ate slowly toward the irrigated ear. This conjugate 
eye movement is lost when brainstem function is 
impaired. 

3. Sensorimotor Exam 

The following findings can have diagnostic or prognostic 
significance in the presence of coma. 

Brainstern Intact Brainstern Not Intact 

Oculocephalic Reflex 

Appropriate Absent 

Oculovestibular Reflex 

Appropriate Absent 

FIGURE 40.2 111e ocular reflexes. 



Disorders of Mcntation 6 1 9  

a .  Clonic movements elicited b y  flexion o f  the hands or 
feet (asterixis) is a sign of metabolic encephalopathy 
(17), but is not specific for any type of metabolic en
cephalopathy. 

b. A focal motor or sensory defect in the extremities sug
gests (but does not prove) the presence of a structural 
lesion. 

c. With injury to the thalamus, painful stimuli provoke 
flexion of the upper extremity. This response is called 
decorticate posturing, and it carries a poor prognosis. 

d.  With injury to the midbrain and upper pons, the arms 
and legs extend and pronate in response to pain. This 
is called decerebrate posturing, and it carries a very poor 
prognosis. 

B. The Glasgow Coma Score 

1. Description 

The Glasgow coma scale, shown in Table 40.3, is a tool for 
evaluating the severity of impaired consciousness (18) .  

a.  Points are awarded for performance in three areas: eye 
opening, verbal corrunmtication, and response to ver
bal and noxious stimuli (18). 

b.  Points awarded in each area are surruned to derive the 
Glasgow coma score. The lowest score is 3 points, and 
the highest score is 15 points. For intubated patients, 
who carn1ot be evaluated for verbal communication, 
the highest score is 11 points. 

2. Clinical Applications 

The Glasgow coma score (GCS) can be used as follows (14,18,19): 

a. To define coma (GCS $;8). 

b.  To stratify the severity of head injury; i .e., mild =13-15, 
moderate =9-12, severe $;8. 

c .  To identify candidates for intubation (GCS $; 8).  

d.  To predict the likelihood of recovery from coma; e.g., in 
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comatose survivors of cardiac arrest, there is virtually 
no chance of a satisfactory neurologic recovery if the 
GCS is less than 6 at 72 hours post-arrest (14). 

TABLE 40.3 The Glasgow Coma Scale and Score 

Eye Opening Points 
Spontaneous 4 

To speech 3 
To pain 2 

None 0 Points 

Verbal Communication 

Oriented 5 
Confused conversation 4 
Inappropriate but recognized words 3 
Incomprehensible sounds 2 

None 0 Points 

Motor response 

Obey commands 6 
Localizes to pain 5 
Withdraws to pain 4 

Abnormal flexion (decorticate response) 3 

Abnormal extension (decerebrate response) 2 
No movement 0 Points 

Glasgow Coma Score (Total points)* 0 Points 

*Lowest score is 3 points, highest score is 1 5  points (or 1 1  points with 
endotracheal intubation). 

IV. BRAIN DEATH 

Brain death is a condition of irreversible cessation of ftmction 
in all areas of the brain, with permanent loss of automatic 
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breathing. This condition is most often the result of traumat
ic head injury, intracerebral hemorrhage, and cardiac arrest. 

A. Diagnosis 

1. Overview 

A checklist for the determination of brain death is shown 
in Table 40.4 (20,21 ) .  The clinical diagnosis of brain death 
requires: 1) irreversible coma, 2) absence of brainstem 
reflexes, and 3) absence of spontaneous breathing efforts. 
Two confirmatory evaluations (6 to 8 hours apart) are 
usually required and additional testing may be necessary 
in certain situations (see later). 

2. The Apnea Test 

The basis for the apnea test is to observe the patient for 
spontaneous breathing efforts in the presence of hyper
capnia (a powerful respiratory stimulant). The test is per
formed as follows: 

a .  After a period of breathing 100% Oz, the patient is sepa
rated from the ventilator, and 02 is insufflated into the 
endoh·acheal tube (to prevent hypoxemia during the 
apnea period). 

b. The patient is observed for spontaneous breathing efforts 
while off the ventilator. If none is evident after 8 to 10 
minutes, an arterial blood gas sample is obtained and 
ventilatory support is resrn11ed. (The arterial PC02 will 
rise an average of 2-3 mm Hg for each minute of apnea.) 

c .  If the arterial PC02 increases by at least 20 mm Hg with
out breathing efforts, the test confirms the diagnosis of 
brain death. 

d. The period of apnea is not without risk. Hypotension is 
reported in 25% of apnea tests (22), and life-threatening 
cardiac arrhytlunias can also appear. The apnea test 
should be aborted if any of iliese complications develops. 

e. Because of the risks involved, the apnea test is usually 
not repeated if it confirms the diagnosis of brain death. 
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TABLE 40.4 Checklist for the Diagnosis of Brain Death 

When Steps 1 ,  2, and 3 are confirmed, the patient is declared brain dead. 

Check (.-") Item 
Step 1 :  Prerequisite to Exam if Confirmed 

Establish that the following conditions are not present, and 
are not contributing to the loss of consciousness. 0 

1 . Hypotension (mean arterial pressure < 60 mm Hg) 
2. Hypothermia (core temperature < 32°C or < 90°F) 
3.  Metabolic disturbances (e.g., hypoglycemia) 
4. Contributory drugs or medications 
5. Confounding conditions (e.g., hypothyroidism) 

Establish that the cause of coma (known or suspected) is sufficient to 
account for brain death, or that neuroimaging tests are consistent 
with brain death. 0 
Step 2: Absence of Brain and Brainstem Function 
Involves 2 exams, usually performed 6 hours apart 

Coma: No cerebral motor response in all extremities 
and face to noxious stimulit 

Absent Brainstem Reflexes: 

1st 2nd 
Exam Exam 

0 0 

Pupils: • Size: midposition to dilated (4-9 mm) 0 0 
• No response to bright light 0 0 

No corneal reflex (touch edge of cornea) 0 0 
No gag reflex (stimulate pharynx) 0 0 
No cough response to tracheal suction 0 0 
Ocular Reflexes: • Absent oculocephalic reflex* 0 0 

• Absent oculovestibular reflex 0 0 
Step 2a: Consider Confirmatory Test 
if Steps 1 or  2 cannot be completed or adequately interpreted. 

Step 3: Absence of Respiratory Effort 
Positive Apnea Test: No breathing efforts when arterial 
PC02 > 20 mm Hg above baseline 0 

Step 3a: Consider Confirmatory Test 
if Step 3 cannot be completed or adequately interpreted. 

Adapted from References 20 & 2 1 .  *Perform only if cervical spine is stable. 

tNail-bed and supraorbital ridge pressure. 
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One source of confusion during the brain death evaluation 
is the appearance of brief, spontaneous movements of the 
head, torso, or upper extremities, particularly during the 
apnea test. These movements (called Lazarus' sign) are the 
resul t  of neuronal bursts from the cervical spine (23) and 
are not manifestations of functional brain activity. 

4. Confirmatory Tests 

A clinical diagnosis of brain death may not be possible in 
patients with the following conditions: 

a .  Severe facial tramna or cervical spinal cord injury. 

b. Pre-existing pupillary abnormalities. 

c. End-stage pulmonary disease with severe hypercapnia. 

d.  Significant levels of drugs that can interfere with the 
clinical evaluation (e.g., neuromuscular blockers). 

The diagnosis of brain death in these conditions may re
quire confirmatory tests such as electroencephalography, 
brain scan with technetium-99m, transcranial doppler, or 
somatosensory evoked potentials (20,21) .  

B. The Potential Organ Donor 

The following measures can enhance organ viability in the 
potential organ donor (24,25). 

1. Hemodynamics 

a. Hypotension or reduced urinary output ( < 1 mL/kg per 
hour) should prompt volume resuscitation to a CVP of 
10-15 mm Hg. 

b. Persistent hypotension can be managed with dopamine, 
preferably in the range of 5-15 µg/kg/min to avoid a.
adrenergic vasoconstriction (which can further compro
mise perfusion of the vital organs). 

c. Hemodynamic instability should prompt an evaluation 
for pituitary failure, as described next. 
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2. Pituitary Failure 

More than 50% of patients with brain death will develop 
pituitary failure with diabetes insipidus and secondary ad
renal insufficiency (25). Both conditions can lead to hemo
dynamic instability and compromised organ perfusion. 

a .  The diagnosis and management of diabetes insipidus 
can proceed as described in Chapter 26, Section IV. 

b. The diagnosis of secondary adrenal insufficiency can 
be difficult because the ACTH stimulation test (for pri
mary adrenal insufficiency) is not useful in this condi
tion. If adrenal insufficiency is suspected because of 
persistent hypotension, intravenous hydrocortisone, 
50 mg every 6 hours, is warranted. 
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There are three movement disorders that you may encmmter 
in the ICU: (1)  involuntary movements (seizures), (2) weak 
or ineffective movements (neuromuscular weakness), and 
(3) no movements (drug-induced paralysis). Each of these 
conditions is described briefly in this chapter. 

I. SEIZURES 

Seizures are second only to metabolic encephalopathy as the 
most common neurologic complication that follows admis
sion to the ICU (1) .  The incidence of new-onset seizures in 
ICU patients is 0.8 to 3.5% (1, 2). 

A. Types of Seizures 

Seizures are classified by the extent of brain involvement (gen
eralized vs. partial seizures), the presence or absence of abnor
mal movements (convulsive vs. nonconvulsive seizures), ru1d 
the type of movement abnormality (tonic, clonic, or myoclonic 
movements). 

1. Abnormal Movements 

The movements associated with seizures can be tonic (caused 
by sustained muscle contraction), clonic (rhythmic move
ments with a regular amplitude and frequency) or myoclonic 
(irregular movements that vary in amplitude and frequency) 
(3). Some movements are familiar (e.g., cl1ewing) but repeti
tive; these are called automatisms. 

627 
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2. Genemlized Seizures 

Generalized seizmes arise from synchronous elech·ical 
discharges that involve the entire cerebral cortex, and 
they are always associated with loss of consciousness (3) . 
The following statements pertain to generalized seizures 
in the ICU patient population. 

a .  Most generalized seizures produce abnormal move
ments (convulsive seizmes), and include both tonic 
and clonic movements (4). 

b. Generalized seizures associated with myoclonic move
ments have been reported in comatose survivors of 
cardiac arrest (5), and these seizures carry a poor prog
nosis for recovery if they persist for longer than 24 
hours post-resuscitation (6). 

b. As many as 25% of generalized seizures are noncon
vulsive; i .e., are not accompanied by abnormal move
ments (4). According to one clinical study, nonconvul
sive seizures are responsible for 1 0% of cases of unexplained 
coma (7). An EEG is required to uncover nonconvulsive 
seizures. 

3. Partial (Focal) Seizures 

Partial seizures arise from localized areas of electrical dis
charge, and they produce abnormal motor activity in areas 
served by the involved region of the brain. These seizures 
may or may not result in impaired consciousness, and the 
abnormal movements can be tonic-clonic, myoclonic, or 
automatisms. The following partial seizures deserve men
tion: 

a .  Temporal lobe seizures often produce a motionless stare, 
accompanied by repetitive chewing or lip smacking 
(automatisms). 

b.  Epilepsia partialis continua is characterized by persistent 
tonic-clonic movements of the facial and limb muscles 
on one side of the body. 
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Status epilepticus is defined as more than 30 minutes of 
continuous seizme activity or recurrent seizure activity 
without an intervening period of consciousness (4). Any 
variety of seizure can be involved, and 10% of the convul
sive seizures can be refractory to conventional therapy (8). 

B. Predisposing Conditions 

A variety of condjtions can produce seizures in critically ill 
patients (see Table 41 .1) .  In one survey of seizures in the ICU 
setting, the most common predisposing conditions were 
drug intoxication, drug withdrawal, and metabolic abnor
malities (e.g., hypoglycemia) (2). 

TABLE 41 .1 Possible Causes of Seizures in the ICU 

lschemic 
Acute stroke 
Cardiac arrest 
Circulatory shock 

Infectious 
Abscess 
Meningoencephalitis 
Septic emboli 
Toxoplasmosis 

Metabolic 
Hypoglycemia 
Hyponatremia 
Hypoxia 
Uremia 
Liver failure 

Hematologic 
DIC 
TIP 

Traumatic 
Contusion 
lntracerebral hemorrhage 
lntracranial hypertension 
Subdural hematoma 

Drug Toxicity 
Amphetamines 
Cocaine 
lmipenem 
lsoniazid 
Meperidine 
Theophylline 
Tricyclics 

Drug Withdrawal 
Barbiturates 
Benzodiazepines 
Ethanol 
Opiates 

D I C  = disseminated intravascular coagulopathy. 

TIP = thrombotic thrombocytopenia purpura. 
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C. Acute Management 

Treating and removing the cause of seizures is the obvious 
treatment of choice. The acute management of convulsive 
seizures can proceed as summarized in Figure 41 .1  (9-13). 

0 
(Start a 
Seizure 

1 0  

-

f 
) 

-

Step 1 

Lorazepam 0.1 mg/kg @ 2 mg/min, or 

Diazepam 0. 1 5  mg/kg 

I 
Step 2 J t Seizures Continue 

v 
Fosphenytoin 20 mg/kg @ 5 1 50 mg/min, or 

Phenytoin 20 mg/kg PE @ 550 mg/min 

Step 3 J l Seizures Continue 

.., 
Options (one or more may be used): 

1 .  Phenobarbital 20 mg/kg @ 50 mg/min 

Drugs below require intubation & mechanical ventilation: 
2. Propofol 3-5 mg/kg load, then 1 - 1 5  mg/kg/hr 
3. Midazolam 0.2 mg/kg load, then 0.05-2 mg/kg/hr 
4. Pentobarbital 5-1 5 mg/kg load, then 0.5-10 mg/kg/hr 

FIGURE 4 1 . 1  A stepwise approach to the acute management of convul
sive seizures. PE = phenytoin equivalents. 

1 .  Benzodiazepines 

Intravenous benzodiazepines will terminate 65-80% of 
convulsive seizures within 2 to 3 minutes (10,11) . 

a .  Lorazepam (Ativan) is currently the agent of choice. A 
single intravenous dose of 0.1 mg/kg N is effective for 
12 to 24 hours (9,11) .  

b.  Diazepam (Valium) in an inh·avenous dose of 0.15 mg/kg 
is as effective as lorazepam for aborting convulsive sei-
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zures, but the effects last only 15  to 30 minutes (9,11), so 
there is a risk of recurrence. Diazepam should be fol
lowed immediately by phenytoin to prevent seizure re
currence. 

2. Phenytoin 

Phenytoin is used for seizures that are refractory to ben
zodiazepines or likely to recur. 

a. The standard intravenous dose is 20 mg/kg in adults; 
a smaller dose of 15 mg/kg is recommended in the 
elderly (12). If the initial dose of phenytoin is unsuc
cessful, additional doses can be given to a total cumu
lative dose of 30 mg/kg (11) .  

b .  A maximum infusion rate of 50 mg/min is advised to 
reduce the risk of cardiovascular depression (caused 
by the drug and the propylene glycol used as a solubiliz
er) (11) .  

3 .  Fosphenytoin 

Fosphenytoin (Cerebyx) is a water-soluble phenytoin 
surrogate that produces less cardiovascular depression 
than phenytoin because it does not contain propylene 
glycol. As a result, fosphenytoin can be infused three 
times faster than phenytoin (150 mg/min vs. 50 mg/min) 
(14). Fosphenytoin is a prodrug (must be converted to 
phenytoin), and is given in the same doses as phenytoin. 

4. Refracto1y Status Epilepticus 

Ten percent of patients with convulsive status epilepticus 
are refractory to first- and second-line anticonvulsants (8). 
The options for these patients are shown in Figure 41 .1 .  

a. Pentobarbital is  the most effective agent for this con
dition (15). Hypotension is common but often re
sponds to volume resuscitation. 

b. At this stage, consulting a neurologist is probably the 
best option. 
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TABLE 41 .2 Comparative Features of Myasthenia Gravis 
and Guillain-Barre Syndrome 

Myasthenia Guillain-Barre 
Features Gravis Syndrome 

Ocular weakness Yes No 

Fluctuating weakness Yes No 

Bulbar weakness Yes Yes 

Deep tendon reflexes Intact Depressed 

Autonomic instabil ity No Yes 

Nerve conduction Normal Slowed 

I I .  NEUROMUSCULAR WEAKNESS 

The following is a description of clinical disorders that can 
produce life-threatening muscle weakness. 

A. M yasthenia Gravis 

Myasthenia gravis (MG) is an autoimmune disease produced 
by antibody-mediated destruction of acetylcholine receptors 
on the postsynaptic side of neuromuscular jLmctions ( 16). 

1. Predisposin9 Conditions 

a. MG can be triggered by major surgery or a concurrent 
illness. Thymic h1mors are responsible for up to 20% of 
cases, and hyperthyroidism is the culprit in 5% of cases. 

b. Several drugs can precipitate or aggravate MG (17). The 
principal offenders are antibiotics (e.g., arninoglyco
sides, ciprofloxacin) and cardiac drugs (e.g., beta-adren
ergic blockers, lidocaine, procainamide, quinidine). 

2. Clinical Features 

The weakness in MG typically worsens with activity and 
improves with rest. 
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a. Weakness i s  first apparent in the eyelids and extraocular 
muscles, and limb weakness follows in 85% of cases (18). 

b. Progressive weakness often involves the cl1est wall and 
diaphragm, and rapid progression to respiratory failure, 
called myastilenic crisis, occurs in 15-20% of patients (18). 

c. The defici t  in myasthenia is purely motor, and deep 
tendon reflexes are preserved (see Table 41 .2). 

3. Dia9nosis 

The diagnosis of MG is based on the following findings: 

a .  The characteristic pattern of muscle weakness; i.e., 
eyelid or extraocular muscle weakness made worse by 
repeated use. 

b.  Increased muscle sh·ength after the administration of 
edrophonium (Tensilon), an acetylchobnesterase inhib
itor. 

c. The presence of acetylcholine receptor antibodies in 
the blood. These antibodies are fow1d in 85% of cases 
of MG (16), and their presence secures the diagnosis. 

4 .  Ii·eatment 

a. The first line of therapy is an acetylcholinesterase in
hibitor like pyridostigmine (Mestinon), whicl1 is start
ed at an oral dose of 60 mg every 6 hours and can be 
increased to 120 mg every 6 hours if necessary. Py
ridostigmine can be given intravenously to treat myas
thenic crisis: the IV dose is 1 /30th of the oral dose 
(19,20). 

b. lmmunotherapy is added if needed using either prednisone 
(1-1.5 mg/kg/day), azathioprine (1 to 3 mg/kg/day), or 
cyclosporine (2.5 mg/kg twice per day) (20). 

c. Surgical thymectomy is often advised in patients w1-
der 60 years of age to reduce the need for long-term 
immw10suppressive therapy (20). 

5 .  Advanced Cases 

In advanced cases requiring mechanical ventilation, clear-
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ing pathologic antibodies from the bloodstream by plas
mapheresis or neutralizing the antibodies with im
munoglobulin G (0.4 or 2 g/kg/ day N for 2 to 5 days) are 
equally effective therapies (18,20). However, plasmaphere
sis produces a more rapid response (20). 

B. Guillain-Barre Syndrome 

The Guillain-Barre syndrome is an acute inflammatory demy
elinating polyneuropathy that often follows an acute infectious 
illness (by 1 to 3 weeks) (21,22). An immune etiology is sus
pected. 

1. Clinical Features 

a. The presenting features include paresthesias and sym
metric limb weakness that evolves over a period of a 
few days to a few weeks. 

b. Progression to respiratory failure occurs in 25% of cases 
(21), and autonomic instability can be a feature in ad
vanced cases (23). 

c. The condition resolves spontaneously in about 80% of 
cases, but residual neurologic deficits are common (21) .  

2 .  Diagnosis 

Some distinguishing features of Guillain-Barre syndrome 
are shown in Table 41.2. The diagnosis is based on clini
cal presentation, nerve conduction studies (evidence of 
neuropathy), and cerebrospinal fluid aDalysis (elevated 
protein in 80% of cases) (21). 

3 .  1i·eatment 

Treatment is mostly supportive, but in cases with respira
tory failure, plasmapheresis and intravenous immuno
globulin G (0.4 g/kg/ day for 5 days) are equally effective 
in producing short-term improvement. Immm1oglobulin 
G is often preferred because it is easiest to administer. 
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C. Critical Illness Polyneuropathy & Myopathy 

Critical ilh1ess polynemopathy (CIP) and critical i lhwss my
opathy (CIM) are secondary disorders and most often ac
company severe sepsis and other conditions that trigger pro
gressive systemic inflammation (see Chapter 33, Table 33.2) 
(24). Both disorders can occur in the same patient, and they 
usually become apparent when patients fail to wean from 
mechanical ventilation. 

1. Critical Illness Polyneuropathy 

a. CIP is a diffuse sensory and motor axonal neuropathy 
that is reported in at least 50% of patients with severe 
sepsis (24,25). The onset is variable, occmring from 2 
days to a few weeks after the onset of the inciting ill
ness. 

b.  Nerve conduction studies are necessary to establish the 
diagnosis. 

c. There is no specific treatment. Complete recovery is 
expected in 50% of cases (26) and can take months. 

2 .  Critical Illness Myopathy 

a. CIM is a spectnun of muscle disorders. Predisposing 
conditions include systemic inflammation and pro
longed treatment with steroids and neuromuscular 
blocking agents (25,27). CIM has also been reported in 
one-third of patients with status astlunaticus, particu
larly those receiving high-dose steroids (27). 

b. The diagnosis of CIM is supported by electromyogra
phy (shows evidence of myopathy) and muscle biopsy 
(shows atrophy and loss of myosin filaments) (27). 

c .  There is no treatment for CIM. If the precipitating con
dition has resolved, most patients with CPM recover 
fully within a few months (27). 
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I I I .  NEUROMUSCULAR BLOCKERS 

A. General Features 

Drug-induced paralysis is occasionally needed to manage 
ventilator-dependent patients who are agitated and difficult 
to ventilate (28,29). However, this practice is frowned upon 
for reasons stated later. 

1 .  Mechanisms 

Neuromuscular blocking agents act by binding to acetyl
choline receptors on the postsynaptic side of the neuro
muscular junction. Once bound, there are two different 
modes of action. 

a. The depolarizing agents act like acetylcholine and pro
duce a sustained depolarization of the postsynaptic 
membrane. 

b.  The nondepolarizing agents act by inlubiting depolariza
tion of the postsynaptic membrane. 

B. Drugs 

A comparison of neuromuscular blocking drugs is shown in 
Table 41.3. All three agents in this table are nondepolarizing 
blockers. 

1. Pancuronium (Pavulon) has over 35 years of clinical use, 
but its popularity has dwindled because of its relatively 
long duration of action (1 to 2 hours) and its tendency to 
produce tachycardia. Although it can be given by contin
uous infusion, pancuronium is usually given as intermit
tent bolus doses (0.1 mg/kg every 1-2  hrs) to decrease 
the risk of drug accumulation. Dose adjustments are nec
essary in renal failure. 

2. Rocuronium (Zemuron) is shorter acting than pancuro-
11ium and does not produce tachycardia in usual doses. 
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Dose reductions are necessary in liver failure. 

3. Cisatracurium (Nimbex) is also short acting and devoid 
of cardiovascular side effects. It is considered an im
proved version of its parent drug atracurium because it 
generates less laudanosi.ne, a metabolite that can cause 
neuroexcitation (30). Dose adjustments are not necessary 
in renal and hepatic failure. 

TABLE 41 .3 Comparison of Neuromuscular Blocking Agents 

Pancuronium Rocuronium Cisatracurium 

Initial dose 0.1 0.6-1 .0 0.1 -2.0 
(mg/kg) 

Duration of effect 60- 1 00 30-40 35-50 
(min) 

Infusion 1 -2 1 0 - 1 2  2.5-3 
(µg/kg/min) 

Risk of tachycardia Yes Min imal No 

Dose adjustment in Yes No No 
renal failure 

Dose adjustment in No Yes No 
hepatic failure 

4. Succinylcholine (Anectine) is an ultra-short acting depo
larizing agent, and is used only to facilitate endotracheal 
intubation. An intravenous dose of 1 -2 mg/kg produces 
paralysis within 60 seconds, and the effect lasts for about 
5 minutes. 

a. The depolarization of muscle cells leads to potassium ef
flux, and this can raise the senun K• by about 0.5 mEq/L 
(31). 

b. Life-threatening hyperkalemia can occur when succinyl
choline is given in the presence of denervation injmy 
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(e.g., head or spinal cord injury), rhabdomyolysis, hem
orrhagic shock, thermal injury, and chronic immobility. 

C. Monitoring 

The standard method of monitoring drug-induced paralysis 
is to apply a series of four low-frequency (2 Hz) electrical 
pulses to the ulnar nerve at the forearm and observe for ad
duction of the thumb. Total absence of thumb adduction is 
evidence of excessive block. The desired goal is 1 or 2 percep
tible twitches, and the drug infusion is adjusted to achieve 
that endpoint (28). 

D. Disadvantages 

1. Paralysis is an extremely frightening and even painful 
experience, and it is imperative to keep patients heavily 
sedated during the entire period of paralysis. However, it 
is not possible to evaluate the adequacy of sedation while 
a patient is paralyzed. Patients often awaken while para
lyzed (32), and this alone is reason enough to avoid pa
ralysis whenever possible. 

2. Prolonged periods of paralysis can be associated with the 
following complications: 

a. Critical illness myopathy (described earlier). 

b.  Pneumonia (due to pooling of respiratory secretions in 
dependent lw1g regions). 

c. Venous thromboembolism (due to prolonged immobi
lization). 

d. Pressure ulcers on the skin (also due to prolonged im
mobilization). 
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The focus of this chapter is a cerebrovascular disorder that 
has suffered through a variety of poorly descriptive names 
like apoplexy, cerebrovascular accident (what accident?), 
stroke, and brain attack. Considering that this disorder is the 
third leading cause of death in the United States, and the 
leading cause of long-term disability (1 ,  2), it deserves a bet
ter name. 

I. DEFINITIONS 

According to the National Institute of Neurological Dis
orders and Stroke, stroke is "an acute brain disorder of vas
cular origin accompanied by neurological dysfunction that 
persists for longer than 24 hours" (3). 

A. Types of Stroke 

Stroke is classified according to the immediate cause of brain 
injury; i .e . ,  ischemia or hemorrhage (1,3) . 

1 .  Ischemic stroke accounts for 80 to 88% of all strokes. 

a .  Throm.botic stroke accotmts for 80% of ischemic strokes 
and is caused by atherosclerotic disease. 

b. Embolic stroke accounts for 20% of ischemic strokes. 
Most emboli originate from thrombi in the left atrium 
(from atrial fibrillation) or left ventricle (from acute MI), 
but some originate from venous thrombi in the legs that 
reach the brain through a patent fora.men ovale (4). 

2. Hemorrhagic stroke accounts for 12-20% of all strokes. 

a .  Intracerebral hemorrhage accotmts for 75% of hemor-
641 



642 Critical Care Neurology 

rhagic strokes, and subaraclrnoid hemorrhage accow1ts 
for the remaining 25%. 

b. Epidural and subdural hematomas are not classified 
as strokes (3). 

B. Transient Ischemic Attack 

1 .  A transient ischemic attack (TIA) is an acute episode of 
focal loss of brain function that is caused by ischemia and 
lasts less than 24 hours (3). 

2. The one feature that distinguishes TIA from stroke is the 
reversibility of clinical symptoms. Reversibility of cerebral 
injury is not a distinguishing feature because one-third of 
TIAs are associated with cerebral infarction (5,6). 

II .  THE EVALUATION 

A. Avoiding Delays 

Prompt recognition of acute stroke is mandatory for the fol
lowing reasons: 

1. Each minute of ongoing infarction causes the destruction 
of 1 .9 million neurons and 7.5 m.iles of myelinated nerves 
(7). 

2 .  The benefit of thrombolytic therapy in ischemic stroke is 
confined to the first 3 hours after symptom onset (Sa,Sb). 

B. Bedside Evaluation 

Stroke is primarily a clinical diagnosis (9). The presentation 
is characterized by one or more focal neurologic deficits 
corresponding to the region of brain injury. The clinical find-
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ings and corresponding regions of ischemic brain injury are 
shown in Figure 42. l .  

Cerebral Hemisphere 

Aphasia (left hemisphere, 90%) 
Contralateral: 

Hemiparesis 
Sensory Loss 
Spatial Neglect 
Homonymous Hemianopia 
Impaired Conjugate Gaze 

Subcortex 

Hemiparesis 
Dysarthria 
Ataxic hemiparesis 
Normal Cognition, 

Language, and Vision 

Cerebellum 

lpsilateral Limb Ataxia 
Gait Ataxia 

Brainstem 

Motor/Sensory Loss (all limbs) 
Crossed Signst 
Oysconjugate Gaze 
Nystagmus 
Ataxia 
Dysarthria 
Dysphagia 

FIGURE 42. 1 Nemologic abnormalities and corresponding areas of 
isd1emic brain injury. tSigns on same side of face and other side of body. 

1 .  Consciousness 

Most cerebral infarctions are lmilateral, and thus loss of 
consciousness is not a common finding (10). When focal 
neurologic deficits are accompanied by coma, the most 
likely diagnoses are intra.cerebral hemorrhage, massive 
cerebral infarction with cerebral edema, brai.nstem infarc
tion, or nonconvulsive seizures. 
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2. Aphasia 

The left cerebral hemisphere is the dominant hemisphere 
for speech in 90% of subjects. 

a. Injury in the left cerebral hemisphere produces a condi
tion known as aphasia, which is defined as a disturbance 
in the comprehension and/ or formulation of language. 

b. Patients with aphasia can have difficulty in verbal com
prehension (receptive aphasia), difficulty in verbal ex
pression (expressive aphasia), or both (global aphasia). 

3. Sensorimotor Function 

The hallmark of injury involving one cerebral hemisphere 
is weakness and sensory loss on the conh·alateral side of 
the face and body. 

a. The presence of hemiparesis supports the diagnosis of 
TIA or stroke, but is not specific for these conditions. 

b. Hemiparesis has also been described in metabolic en
cephalopathy (11) and septic encephalopathy (12) .  

4. Other Findings 

a. As many as 50% of patients admitted for stroke will  
have swallowing dysfw1ction (13). 

b.  Fever (> 37.5°C) develops in 40% cases of acute stroke 
and usually appears in the first 24 hours after symp
tom onset (14,15). 

c. Seizures are uncommon (5%) in the first 2 weeks after 
ischemic sh·oke (16). 

B. Diagnostic Evaluation 

1. Candidates for Thrombolytic Therapy 

If a stroke is suspected based on the bedside evaluation, 
further diagnostic evaluation is influenced by whether the 
patient is a candidate for thrombolytic therapy. Table 42.1 
shows a checklist that can be used to determine if throm
bolytic therapy is appropriate for an individual patient. 
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TABLE 42.1 Checklist for Thrombolytic Therapy 

1 .  Check the indications below that apply: 
O Patient is 1 8  years of age or older 
O Time of symptom onset can be identified accurately 
0 Thrombolytic therapy can be started within 3 hrs of symptom onset 

2. If all the boxes in Step 1 are checked, then review the absolute 
contraindications below and check t11e ones that apply: 
O Head CT scan today shows intracranial bleeding 
O Head CT scan today shows no intracranial bleeding, but the 

clinical presentation is suspicious for subarachnoid hemorrhage 
O Head CT scan today shows multilobar infarction (hypodense area 

> 1 /3 the area of the cerebral hemisphere) 
O Any of the following within the past 3 months: intracranial or 

intraspinal surgery, serious head trauma, or a witnessed seizure 
O Witnessed seizure since the onset of symptoms 
O Blood pressure > 1 86 mm Hg (systolic or > 1 1 0  mm Hg (diastolic) 
O Arterial puncture at noncompressible site within past 7 days 

Risk of Hemorrhage 
O Evidence of active internal bleeding 
O Patient has arteriovenous malformation, aneurysm, or neoplasm 
O Prior history of intracranial bleeding 
O Laboratory evidence of a coagulopathy (e.g. ,  platelet count < 100,000/µL) 
O Patient on coumadin and INR � 1 .  7, or patient received heparin in 

past 48 hr and aPTI above normal range 

3. If none of the boxes in Step 2 is checked, review the relative con
traindications below and check any that represent an unacceptable 
risk: 
0 Major surgery or serious trauma in past 14  days 
O Gastrointestinal or urinary tract bleeding within past 21 days 
O Acute Ml in past 3 months or post-Ml pericarditis 

0 Blood glucose <50 mg/dl or >400 mg/dl 
If all boxes in Step 1 are checked, and no boxes in Steps 2 and 3 
are checked, then give thrombolytic therapy. 
From 2005 American Heart Association Guidelines for Cardiopulmo
nary Resuscitation and Emergency Cardiovascular Care. Part, Adult 
Stroke. Circulation 2005; 1 1 2 : 1V1 1 1 - 1 20. 
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1 .  Computed Tomo9rnphy 

a. The principal role of CT imaging in suspected sh·oke is 
to identify hemorrhage, which is an absolute con
traindication to thrombolytic therapy (see Table 42.1 ) .  
The sensitivity of  CT scans for intracerebral hemor
rhage is almost 100% (5) . 

b. CT imaging should not be used to confirm the diagno
sis of ischemic stroke because one-half of cerebral 
infarcts are not apparent on CT scan (13), and the diag
nostic yield is even less in the first 24 hours after 
symptom onset (5). Figure 42.2 demonstrates the non
value of CT imaging in the early diagnosis of ischemic 
stroke (17) .  

2 .  Ma9netic Resonance Ima9in9 

Magnetic resonance imaging (MRI) can detect 90% of is-

FJGURE 42.2 The diagnostic yield from CT scans in acute isd1emic stroke. 
The CT image on the left was obtained within 24 homs after symptom 
onset and is unrevealing. The CT image on the right was obtained 3 days 
later in the same patient, and shows a large hypodense area (infarction) 
with mass effect in the left cerebral hemisphere. From Reference 17. 
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chemic strokes in the first 24 hours after symptom onset 
(5). Because of the superior diagnostic yield, MRI is like
ly to replace CT imaging for the early evaluation of sus
pected stroke. 

3. Echocardiography 

Echocardiography is useful in the following situations: 

a. When stroke is associated with atrial fibri l lation, acute 
MI, or left-sided endocarditis (to identify a source of 
cerebral embolism). 

b. When stroke occurs in patients with no risk factors, or 
in patients with venous thromboembolism (to identify 
a patent foramen ovale). 

III .  ANTITHROMBOTIC THERAPY 

A. ThrombolyticTherapy 

1 .  Thrombolytic therapy is indicated if it can be started 
within 3 hours of symptom onset and there are no con
traindications (Sa,Sb). The absolute and relative contra
indications for thrombolytic therapy are included in the 
checklist in Table 42.1 

2. Tissue plasminogen activator (tPA) is the only throm
bolytic agent approved for use in acute stroke. The dose 
is 0.9 mg/kg infused over 1 hr, with a maximum dose of 
90 mg (lS) .  

B. Aspirin 

Aspirin is recommended for all cases of acute ischemic stroke 
(ml.less there are conh·aindications) (Sa, Sb, 1 3). 

a. When thrombolytic therapy is given, aspirin should be 
started on the following day. Otherwise, the first dose 
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of aspirin should be given after intracranial hemor
rhage is ruled out by neuroimaging. 

b.  The recommended dose of aspirin is 160-300 mg ini
tially (orally or per rectum), followed by 75-150 mg 
daily. 

C. Heparin 

1. Anticoagulation with heparin has been a traditional prac
tice for patients with acute ischemic stroke who show pro
gression of symptoms. Howeve1� the results of clinical tri
als do not support this practice (19). 

2. The only role for heparin in acute ischernic stroke is for 
prophylaxis of venous thromboembolism (see Chapter 3). 

IV. MEDICAL MANAGEMENT 

The importance of medical management in acute ischernic 
sh·oke is demonstrated by reports showing that medical 
complications are responsible for close to 50% of deaths fol
lowing acute stroke (2). The following is a brief description 
of the most troublesome medical problems in stroke victims. 

A. Hypertension 

1. An increase in blood pressure is common in acute stroke, 
but the pressure usually returns to baseline within a few 
days (20). 

2. Despite the transient nature of the rise in blood pressure, 
the American Stroke Association reconunends antihyper
tensive h·eahnent in acute sh·oke if the systolic pressure is 
above 220 nun Hg or the diastolic blood pressure is above 
140 mm Hg (Sa, Sb). 
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3. The acute decrease in blood pressure should not exceed 
10-15% to avoid troublesome decreases in cerebral blood 
flow (cerebral autoregulation is impaired in acute stroke, 
so cerebral blood flow will vary directly with changes in 
cerebral perfusion pressure). 

4. For acute control, intravenous labetalol (10-20 mg) or 
nicardipine (5 mg/hr) is preferred because these agents 
tend to preserve cerebral blood flow (Sa, Sb) .  Sublingual 
nifedipine can produce a rapid fall in blood pressure, and 
should be avoided. 

B. Hyperglycemia 

1. Hyperglycemia is common li1 severe stroke and is as
sociated with a poor neurologic outcome (21,22). 

2. Current guidelll1es recommend that blood glucose be 
kept below 300 mg/dL (Sa, Sb) .  Tighter glycemic control 
has been advocated (22), but care must be taken to avoid 
hypoglycemia, which can also worsen the neurologic 
outcome (Sa). 

C. Fever 

1 .  Patients who develop a fever li1 association with acute 
stroke have greater neurologic deficits and a higher mor
tality (23,24). 

2. Current guidelll1es recommend antipyretic therapy for 
all patients with fever li1 the early period following acute 
sh·oke (Sa, Sb) .  

3. Acetaminophen is favored for antipyretic therapy (Sa, 
Sb, 25), but it can only be given orally or by rectal sup
pository. The antipyretic dose is 325 to 650 mg every 4 to 
6 hours. 
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4. Intravenous antipyretic therapy is possible with ibupro
fen (a nonsteroidal anti.inflammatory agent). An intra
venous dose of 10 mg/kg (up to 800 mg) every 6 hours 
has been used in ICU patients with sepsis (26). 

5 .  Fever in the early period after ischemic stroke can be in
fectious in origin (27), so the concern about fever should 
not end with antipyretic therapy. 
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ANALGESIA AND 
SEDATION 
Our principal role in caring for the sick is not to save lives 
(since this is impossible on a consistent basis) but to relieve 
pain and suffering. The analgesic and sedative drug regimens 
described in this chapter will allow you to serve in this role. 

I. OPIOIDS 

A. Overview 

Pain relief in ICU patients is achieved almost exclusively 
with opioids, which are natural derivatives of opium that pro
duce their effects by stimulating discrete opioid receptors in 
the central nervous system (1,2) 

1. Stimulation of opioid receptors can produce a variety of 
beneficial and adverse effects (3) . 

a. The beneficial effects include analgesia, sedation, and 
euphoria. 

b. The adverse effects include respiratory depression, bra
dycardia, hypotension, ru1d reduced bowel motility. 

2. The analgesic effects of opioids are accompanied by mild 
sedation but no amnesia (4). 

B. Intravenous Opioids 

The most frequently used intravenous opioids are morphine, 
fentanyl, and hydromorphone. A comparison of these agents 
is shown in Table 43. 1  (1,2,5). 

65 3 
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TABLE 43.1 Comparative Features of Intravenous Opioids 

Morphine Hydromorphone Fentanyl 

Loading dose 5 - 1 0  mg 1 - 1 .5 mg 50- 1 00 µg  

Onset of  action 1 0-20 min 5 - 1 5  min 1 -2 min 

Duration 2-3.5 hrs 2-3 hrs 30-60 min 
(after bolus) 

Infusion ratet 1 -5 mg/hr 0.2-0.5 mg/hr 50-350 µg/hr 

PCA 
Demand (bolus) 0.5-3 mg 0.1 -0.5 mg 1 5-75 µg 
Lockout interval 1 0-20 min 5-1 5 min 3-1 0 min 

Lipid solubi l ity x 0.2x 600x 

Active metabolites Yes Yes No 

Histamine release Yes No No 

Dose adjustment Decrease None Decrease 
in renal failure* 50% 50% 

tlnitial infusion rate. May need further adjustment. 

•From Aronoff GR, Bennet WM, Berns JS, et al., eds. Drug pre
scribing in renal failure. 5th ed. Philadelphia: American College of 
Physicians, 2007:1 8-1 9. 

1. Morphine vs. Fentanyl 

Morphine is the most frequently used opioid in ICUs (6), 
but fentanyl may be preferred for the following reasons: 

a. Fentanyl is faster acting than morphine (because it is 
much more lipid soluble), which allows more rapid 
dose titration. 

b.  Morphine promotes the release of histamine, which can 
cause vasodilation and hypotension, but fentanyl is 
devoid of tlus effect (7). This makes fentanyl the better 
choice for patients with hemodynam.ic compromise. 

c. Opioids are metabolized in t11e liver, and their metabo-
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lites are excreted in the urine. Morphine has active me
tabolites that can accwnu.late in patients with renal dys
function (8), while fentanyJ has no active metabolites. 

2. Fentanyl Accumulation 

The only caveat for fentanyl is the tendency for the drug 
to accumulate in the brain (because of its high lipid solu
bility), which can result in prolonged drug effects after 
just 4 hours of continuous infusion. For this reason, fen
tanyl infusions may be less appealing for long-term pain 
control. Fentanyl dosing in renal failure may need adjust
ment because of increased sensitivity to opioids. 

B. Meperidine 

1 .  Meperidine (Demerol, Pethidine) is an opioid analgesic 
with a significant risk of toxici ty. One of the products of 
meperidine metabolism (normeperidine) is slowly excret
ed by the kidneys, and accwnulation of this metabolite 
produces neuroexcitation with agitation, deliriLun, and 
seizures (9). 

2 .  Accumulation of the toxic metabolite occurs with repeat
ed dosing and is more likely to occur in ICU patients who 
often have renal dysfunction. As a result, the routine use 
of meperidine is not advised in ICU patients. 

3. Although meperidine has been favored over other opi
oids for pain relief in cholecystitis a11d pancreatitis, ex
perimental studies show that meperidine and morphine 
are equivalent in their ability to promote spasm of the 
sphincter of Oddi and increased intrabiliary pressure (10). 

4. Meperidine is still preferred for conh·ol of shivering. In the 
rewarming period following cardiac surgery, low doses of 
meperidine (25 mg IV) can stop shivering within minutes. 
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C. Patient-Controlled Analgesia 

For patients who are awake and aware of their surrolmd
ings, patient-controlled analgesia (PCA) can achieve more ef
fective pain control and greater patient satisfaction than tra
ditional methods of opioid administration (11) .  

1 .  Method 

The PCA method uses an electronic infusion pump that 
can be activated by the patient. At the first sense of dis
comfort, the patient presses a button cmmected to the 
pump and receives a bolus dose of the opioid. After each 
bolus, the pump is disabled for a mandatory time period 
called the lockout interval, to prevent overdosing. This 
interval is a flmction of the time to achieve peak drug 
effect (11) .  

2 .  PCA Regimens 

Table 43.l includes recommendations for PCA dosing, 
including the bolus drug doses and lockout intervals for 
each opioid. A loading dose may be needed at the start of 
PCA if the patient has not been receiving opioids. 

C. Adverse Effects 

There are a variety of adverse effects attributed to opioids, 
The following are the ones of most concern in the ICU. 

1. Respiratory Depression 

Opioids produce a centrally-mediated, dose-dependent 
decrease in both respiratory rate and tidal volLltne (12,13), 
but clinically significant respiratory depression and hy
poxemia are surprisingly w1common (14). Troublesome 
respiratory depression is more likely in patients with sleep 
apnea syndrome or clu·onic hypercapnia (13). 

2. Cardiovascular F:ffects 

a. Opioids can cause a mild decrease in blood pressure 
and heart rate from reduced sympathetic activity (sed-
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ative effect) a11d increased parasympathetic activity, 
but these effects are usually mild and well tolerated, at 
least in the supine position (13). Some opioids (e.g., 
morphine) release histamine, and this can add to the 
hypotensive effect. 

b. Decreases in blood pressure can be pronoLmced in con
ditions like hypovolemia or heart failure, where in
creased sympathetic activity plays an important role in 
blood pressure support. 

c .  Opioid-induced hypotension usually responds to volume 
infusion and placing the patient in a supine position. 

3. Bowel Motility 

a. Reduced peristalsis from stimulation of opioid receptors 
in the bowel can lead to problems such as impaired tol
erance to enteral feedings and postoperative ileus (15). 

b .  Opioid-induced bowel dysfunction might benefit from 
drugs that block opioid receptors in the bowel. One 
such drug is alvimopan, which has been shown to re
duce the incidence of postoperative ileus when given 
orally in a dose of 6 to 12 mg tv-rice daily (beginning 2 
hours before surgery) (16). 

II. NON-OPIOID ANALGESIA 

The only non-opioid analgesic approved for parenteral use 
in the United States is ketorolac. 

A. Ketorolac 

Ketorolac is a nonsteroidal antiinflammatory drug (NSAID) 
that is 350 times more potent than aspirin as an analgesic 
(17). It does not cause resp.iratory depression, but other toxic 
effects limit its use (see later). It is usually given as an ad
junct to opioids for postoperative analgesia and has an opi
oid-sparing effect. 
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1 .  Dose Regimens 

Ketorolac can be given intravenously or by IM injection. 

a .  For patients 1mder 65 years of age, the initial dose is 30 
mg IV or 60 mg IM, followed by 30 mg (IM or IV) every 
6 hours (maxi.mum of 120 mg/day) for up to 5 days. 

b.  For patients 2". 65 years of age, under 50 kg, or with 
renal dysftmction, the initial dose is 15 mg IV or 30 mg 
IM, followed by 15 mg (IM or IV) every 6 homs (max
i.mum of 60 mg/ day) for up to 5 days. 

c. Int::ramuscular injection of ketorolac can cause hematoma 
formation, and the IV route is preferred (18). Continuous 
IV infusion (5 mg/hr) produces the best results (18). 

d. Drug use should be limited to 5 days (see below). 

2.  Adverse Effects 

Ketorolac inhibits platelet aggregation and should not be 
used in patients with a high risk of bleeding (18). 

a .  When ketorolac is given for more than 5 days, there is an 
increased risk of bleeding (GI and operative site) (19). 

b.  Ketorolac inhibits renal prostaglandin synthesis and 
can impair renal ftmction, but the risk of renal toxicity 
is minimal if drug therapy does not exceed 5 days. 

III .  SEDATION WITH BENZODIAZEPINES 

Benzodiazepi.nes are popular sedatives in the ICU because 
they are generally safe to use, and the sedation is accompa
nied by amnesia (20). 

A. General Features 

The following characteristics of benzodiazepines deserve men
tion. 

1. All benzodiazepines are lipid soluble and will accumulate 
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in the brain with continued use. This produces prolonged 
(and unwanted) sedation after the drug is discontinued. 

2. The effective dose of benzodiazepines is lower in elderly 
patients and in patients with heart failure and hepatic in
sufficiency. 

TABLE 43.2 Comparative Features of Intravenous 
Benzodiazepines 

Midazolam Lorazepam1 Diazepam2 

Loading dose (IV) 0.02-0.1  0.02-0.06 0.05-0.2 
(mg/kg) 

Onset of action 1 -5 min 5-20 min 2-5 min 

Duration 1 -2 hrs 2-6 hrs 2-4 hrs 
(after bolus) 

Maintenancet 0.04-0.2 0.01 -0.1 Rarely used 
infusion 
(mg/kg/hr) 

Dose adjustment Decrease None None 
in renal fai lure* 50% 

Use ideal body weight for dose calculations. 

1 Lorazepam (Abbott Labs) contains propylene glycol (830 mg/ml) 
2Diazepam (Abbott Labs) contains propylene glycol (400 mg/ml) 

Adapted from References 1 ,20-23. 

B. Drug Comparisons 

Three (of 13) benzodiazepines can be given intravenously: 
midazolam, lorazepam, and diazepam. The comparative prop
erties of these agents are shown in Table 43.2. Because of the 
tendency to accumulate in fatty tissues, benzodiazepine dos
ing should be based on ideal body weight (21) .  

1 .  Midazolam (Versed) is the benzodiazepine of choice for 
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short-term sedation because it has the fastest onset and 
shortest duration of action (21-23). Because of its short 
duration of action, midazolam is usually given by contin
uous infusion. However, infusions of midazolam lasting 
longer than a few hours can produce prolonged sedation 
(because of rapid accumulation in the brain) (21 ) . 

2. Lorazepam (Ativan) has the slowest onset of action of the 
IV benzodiazepines. Because of its long duration of ac
tion, lorazepam is used for prolonged sedation (e.g., ven
tilator-dependent patients) (1) .  However, prolonged use 
of lorazepam carries a risk of propylene glycol toxicity 
(see next section). 

3. Diazepam (Valium) is the least favored of the IV benzo
diazepines because of the risk for oversedation and pro
pylene glycol toxicity (see next section). 

C. Adverse Effects 

Excessive dosing and accumulation of benzodiazepines can 
lead to hypotension, respiratory depression and excessive 
sedation (24). (See Chapter 46, Section II for more on benzo
diazepine toxicity). The following are some additional con
cerns. 

1. Propylene Glycol Toxicity 

Intravenous preparations of lorazepam and diazepam 
contain the solvent propylene glycol to enhance drug sol
ubility. Prolonged administration of propylene glycol can 
produce a toxidrome characterized by agitation, meta
bolic acidosis, hypotension, and seizures. 

a .  Propylene glycol toxicity has been reported in 19% to 
66% of ICU patients receiving high-dose lorazepam or 
diazepam for more than 2 days (25,26). 

b. Switching to midazolam will eliminate the risk of pro
pylene glycol toxicity. 
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Abrupt termination following prolonged benzodiazepine 
administration can produce a withdrawal syndrome con
sisting of agitation, disorientation, hallucinations, and sei
zures (27). The risk of withdrawal is difficult to predict. 

3. Dru9 Interactions 

a. Several drugs can inhibit the metabolism of diazeparn 
and midazolam, including erythromycin, fluconazole, 
diltiazem, verapamil., and omeprazole (28). However, 
the only significant interaction may be the one between 
erythromycin and midazolam: these two drugs should 
not be used in combination. The metabolism of loraze
pam is w1affected by other drugs (28). 

b. Theophylline antagonizes the sedative effect of benzo
diazepines (possibly by blocking adenosine receptors), 
and IV aminophylline (110 mg over 5 min) has been 
used to promote awakening from benzodiazepine se
dation (29). 

IV. OTHER SEDATIVES 

A. Propofol 

Propofol (Deprivan) is a rapidly-acting sedative that is used 
for induction and maintenance of general anesthesia. In the 
ICU, it can be used for short-term sedation (i.e., for proce
dures), but more widespread use is not advised because of 
adverse effects. 

1 .  Preparation and Dosa9e 

a. Propofol is suspended in a 10% lipid emulsion that is 
almost identical to 10% lntralipid used in pa1·enteral 
nutrition formulas (and has the same energy yield of 
1 . 1  kcal/mL). 
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b. The bolus and inJusion doses of propofol are shown in 
Table 43.3 (30,31) .  Propofol should be dosed according 
to ideal body weight, and no dose adjusbnent is needed 
for renal failure or hepatic insufficiency (31 ) .  

2. Adverse Ejfects 

a. Propofol is well known for producing respiratory de
pression, and the drug should be used only during 
controlled ventilation. 

b.  Decreased blood pressure is frequently observed fol
lowing a bolus dose of propofol, and hypotension is 
most likely to occur in patients who are elderly, have 
heart failure, or are hypovolemic (31 ) .  

c. Anaphylactoid reactions to propofol are w1conunon but 
can be severe (31). 

d. The lipid emulsion can cause hypertriglyceridemia af
ter prolonged use (>72 hrs). 

3. Prnpojol Infusion Syndrome 

Propofol can cause a rare but often lethal idiosyncratic re
action characterized by the abrupt onset of bradycardia, 
heart failure lactic acidosis, hyperlipidemia, and rhab
domyolysis (32). This is called tl1e propofol infusion syn
drome, and it is usually associated with prolonged, high
dose propofol infusions (>4-6 mg/kg/lu· for longer than 
24 to 48 hrs) .  The mortality is high (> 80%), even when 
the drug is discontinued. 

B. Dexmedetomidine 

Dexmedetomidine is a highly-selective exi-adrenergic agonist 
t11at produces sedation witl1out respiratory depression (33). 
The properties of this drug are shown in Table 43.3. Because 
of the short duration of action, dexmedetomidine is usually 
given by continuous infusion. 

1. Clinical Uses 

Due to the lack of respiratory depression, dexmetomidine 
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has been rec01mnended for sedation during weaning from 
mechanical ventilation (34). However, the 24-hour limit on 
drug use (see next section) limits the utility of this drug. 

2.  Adverse Effects 

Dexmedetomidine infusions can produce hypotension 
(30%), and bradycardia (8%) (33). There is also a risk for 
agitation and "sympathetic rebow1d" following drug with
drawal. To minimize this risk, in£usions should not be con
tinued for longer than 24 hours. 

TABLE 43.3 Intravenous Nonbenzodiazepine Sedatives 

Propofol1 Dexmedetomidine 

Loading dose 0.25-1  mg/kg 1 µg/kg over 1 O min 

Onset of action < 1  min 1 -3 min 

Time to arousal 1 0 - 1 5  min 6- 10  min 

Maintenance infusion 25-75 0.2-0.7 
(µg/kg/min) 
Respiratory depression Yes No 

Adverse effects Hypotension Hypotension 
Hyperl ipidemia Bradycardia 
Contamination/ Sympathetic 
Sepsis rebound 
Propofol Infusion 
syndrome 

1 Propofol dosage should be based on ideal body weight. 

Adapted from References 1 ,30-33. 

C. Haloperidol 

The advantage of haloperidol (Haldol) as a sedative is lack of 
cardiorespiratory depression. Intravenous delivery is not ap
proved by the FDA, but IV haloperidol is safe and effective 
(35) and is recommended in the practice guidelines of the 
Society of Critical Care Medicine (1) .  
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TABLE 43.4 Intravenous Haloperidol for Sedation 

Severity of Anxiety 

Mild 

Moderate 

Severe 

1 .  Administer dose by IV push. 

2 .  Allow 1 0-20 minutes for response: 
a. If no response, double the drug dose, or 
b. Add lorazepam (1 mg) 

3. If still no response, switch to another sedative. 

Dose 

0.5-2 mg 

5 - 1 0  mg 

1 0-20 mg 

4. Give 25% of the initial dose every 6 hours to maintain seda
tion. 

Adapted from References 1 ,35. 

Table 43.4 contains recorrm1endations on the N adminish·a
tion of haloperidol. 

1. Clinical Uses 

a. Because of the delayed onset of action (10 to 20 min), 
haloperidol is not suitable for immediate control of anxiety. 

b. Haloperidol is preferred for sedation of the patient with 
delirium. 

c .  The lack of respiratory depression makes haloperidol 
well suited for sedation during weaning from mechan
ical ventilation (35). 

2. Adverse Effects 

a. Exh·apyrnmidal reactions are a well-known side effect of 
haloperidol, but these reactions are uncommon when 
the drug is given intravenously (36). Haloperidol should 
not be used in patients with Parkinson's disease. 

b. Haloperidol prolongs the QT interval and can precipi
tate a polymorphic ventricular tachycardia known as 
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torsades de pointes (see Chapter 15, Section VI). This ar
rhytlm1 ia  has been reported in 3-4% of patients receiv
ing intravenous haloperidol (37). As a result, haloperi
dol should never be used in patients with a prolonged 
QT interval. 

c .  Another adverse effect of haloperidol is the neuroleptic 
malignant syndrome (38), ai1 idiosyncratic reaction that 
is described in Chapter 32, Section II-E. Unexplained 
fever in a patient receiving haloperidol should always 
raise suspicion for this disorder. 

V. INTERRUPTING SEDATIVE INFUS IONS 

Prolonged infusions of sedatives (and opioids) results in pro
gressive drug accumulation and persistent sedation after the 
drug infusion is discontinued. This can delay weaning from 
mechanical ventilation and prolong the ICU stay. When pa
tients have been maintained on sedative drug infusions for 
longer than 24 hours and are beginning to recover, daily 
interruptions of drug infusions until the patient begins to 
awaken are advised (39). 

TABLE 43.5 Modified Ramsay Scale for Scoring Sedation 

Score Description 

Anxious and agitated, or restless, or both 
2 Cooperative, orientated and tranqu i l  

3 Drowsy, but responds to commands 

4 Asleep, brisk response to light glabellar tap or loud 
auditory stimulus 

5 Asleep, sluggish response to light glabellar tap or loud 
auditory stimulus 

6 Asleep and unarousable 

Adapted from Reference 40. 
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A. Monitoring Sedation 

1 .  Current guidelines recommend routine monitoring of se
dation (1), which reduces the risk of oversedation. 

2. The original scoring system for sedation, the Ramsay scale, 
is shown in Table 43.5 (40). This scale is well suited for eval
uating oversedation because it has £om levels of sedation 
(score 3 to 6) but only one level of agitation (score = 1) .  

3. There are other more elaborate scoring systems for seda
tion (41), but there is no evidence that they perform any 
better that the simple scoring system in Table 43.5. 

BEDSIDE APPROACH TO THE AGITATED PATIENT 

STEPWISE EVALUATION 

Step 1: Assess for Immediate 

Threat to Life 

Step 2: Assess Pain 

• Query patient about pain and 
assess for noxious stimuli. 

Step 3: Assess Anxiety 

• Query patient and assess for 
fear and anxiety. 

• If patient unable to communicate, 
go to Step 4. 

MANAGEMENT 

• ABC (Airway, Breathing, Circulation), etc. 

• Correct any identified causes. 

• If hemodynamically unstable: 

Fentanyl: 25-100 µg IV q 5-15 min 

Hydromorphone: 0.25-0. 75 mg IVP 
q 5-15 min 

• If hemodynamically stable: 

Morphine: 2-5 mg IV every 5-15 min 

I� 
• Correct any identified causes. 

• Provide verbal reassurance. 

• For acute agitation: 

Midazolam: 2-5 mg IV q 5-15 min 

Lorazepam: 1-4 mg IV q 1 0-20 min 

Propofol: 5 µg/kg/min and titrate 
q 5 min PRN 

FIGURE 43. I An organized approach to the patient with acute agitation. 
Adapted from Reference 1 .  
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VI.  THE AGITATED PATIENT 

A common scenario in the ICU is a nurse informing you that 
your patient has suddenly become agitated. The stepwise 
approach in Figure 43. 1  might prove useful in this situation. 
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1;1,�hapter 

ANTIMICROBIAL 
THERAPY 

44 

This chapter presents the intravenous antibiotics you are most 
likely to use in the ICU. Each is presented in the order shown 
below. 

1 .  Aminoglycosides (gentamicin, tobramycin, amikacin) 

2. Anti£ungal agents (amphotericin B, fluconazole, capso
fungin) 

3. Carbapenems (imipenem, meropenem) 

4. Cephalosporins (ceftriaxone, ceftazidime, cefepime) 

5. Fluoroquinolones (ciprofloxacin, levofloxacin, gatifloxa
cin, moxifloxacin) 

6. Penicillins (pipericillin-tazobactam) 

7. Vancomycin and its replacements (linezolid, daptomycin) 

I. AMINOGLYCOSIDES 

The aminoglycosides include gentamicin (introduced in 
1966), tobramycin (introduced in 1975), and amikacin (intro
duced in 1981). These drugs were once the antibiotics of 
choice for serious gram-negative infections, but their popu
larity has waned because of renal toxicity (1) .  

A. Activity & Clinical Uses 

1. The aminoglycosides are active against aerobic gram-neg-
67 1 



672 Parenteral Drug Therapies in the ICU 

ative bacilli, and amikacin has the greatest activity (see 
Figme 44.1) (2). 

2. Aminoglycosides can be used to treat any serious infec
tion caused by gram-negative bacilli, but their use is gen
erally reserved for infections caused by Pseudomonas spe
cies. 

Susceptibility Rate for Aerobic Gram-Negative Bacil l i 

70% 80% 90% 

Amikacin 90% 

lmipenem 89% 

Tobramycin 83% 

Ciprofloxacin 81 % 

Ceftazidime/Cefepime 78% 

Gentamicin 78% 

Pipericillin/tazobactam 78% 

FIGURE 44. 1 Antibiotic susceptibilities of aerobic gram-negative bacilli 
isolated from 35,790 culture specimens obtained from ICU patients. 
Adapted from Reference 2. 

B. Dosing 

1. Arn.inoglycoside dosing is based on body weight and renal 
function (see Table 44.1) (1,3). These drugs are poorly dis
tributed in adipose tissue, so ideal body weight should be 
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used for normal or overweight patients, while actual body 
weight is more appropriate for underweight patients (1 ) .  

2. Once-daily dosil1g is preferred for aminoglycosides be
cause these antibiotics have a concenh·ation-dependent 
bactericidal effect (1), so one large daily dose will pro
duce more effective tissue concentrations than multiple 
smaller doses. 

3. The dose adjushnent in renal failure is achieved by in
creasing the dosing il1terval (see Table 44.1), which pre
serves the concentration-dependent bactericidal effects 
of these antibiotics. 

TABLE 44.1 Aminoglycoside Dose Recommendations 

Drug Usual Dose Renal Failuret HDt 

Amikacin 

Gentamicin 

Tobramycin 

1 5  mg/kg q24 h l 
5 mg/kg q24 h q48-72 h 

5 mg/kg q 24 h 

HD = hemodialysis. tFrom Reference 3.  

C. Adverse Effects 

1 /2 the normal 
dose after each 
dialysis 

1. Arnil1oglycosides are referred to as obligate nephrotoxins 
because renal impairment will eventually develop in all 
patients (1 ) .  The serum creatinine usually begil1s to rise 
after one week of drug therapy. 

a. Nephrotoxic effects are enhanced by hypovolemia, ad
vanced age, renal ilnpafrment, hypokalernia, and concur
rent therapy with loop diuretics and vancomycil1 (1,4). 

2. Amil1oglycoside-il1duced ototoxicity can produce irre
versible hearil1g loss and vestibular damage, but these 
effects are almost never apparent clinically (1) .  
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3. Aminoglycosides can block acetylcholine release from 
presynaptic nerve terminals. This effect almost never 
produces muscle weakness de nova (5), but it can aggra
vate the muscle weakness in myasthenia gravis (6). 

D. Comment 

Because of the substantial risk of renal damage, it's always 
wise to avoid using aminoglycosides whenever possible. Other 
less toxic antibiotics are available for effective gram-negative 
coverage (e.g., the carbapenems). 

I I .  ANTIFUNGAL AGENTS 

A. Amphotericin B 

Amphotericin B (AmB) is the most effective antifungal agent in 
clinical use, but is also the most toxic antiftmgal agent as well. 

1. Clinical Uses 

AmB is the drug of choice for all life-threatening fw1gal 
infections and for empiric antimicrobial therapy in neu
tropenic patients with persistent fever. 

2. Dosage and Administration 

AmB is given once daily in an intravenous dose of 0.5 to 
1 mg/kg. The dose is initially delivered over a 4-hour 
time period, but this can be reduced to a one-hour infu
sion if tolerated. The total AmB dose is 0.5 to 4 grams 
and is determined by the type and severity of the fungal 
infection. 

a. Central venous cannulation is preferred for AmB infu
sions to reduce the risk of infusion-related phlebitis (7) . 

3. Irifusion-Related Injlammato1y Response 

Infusions of AmB are accompanied by fever, chills, nau
sea, vomiting, and rigors in about 70% of instances (8) . 
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This reaction is most pronounced with the initial infu
sion, and often diminishes in intensity with repeated in
fusions. The following measures can reduce the intensity 
of this reaction (8) : 

a. Thirty minutes before the infusion, give acetamino
phen (10 to 15 mg/kg orally) and diphenhydramine 
(25 mg orally or IV). If rigors are a problem, premed
icate with meperidine (25 mg IV) . 

b. If the above regin1en does not give full relief, add hy
drocortisone to the AmB infusate (0.1 mg/mL). 

4. Nephmtoxicity 

a. AmB produces an injury in the renal tubules that clini
cally resembles a renal tubular acidosis (distal type), 
with increased urinary excretion of potassium and mag
nesiwn (9). Hypokalemia and hypomagnesemia are 
common consequences. 

b.  Azotemia is reported in 30 to 40% of patients during 
daily infusions of ArnB (9). An increase in serum crea
tinine above 3.0 mg/dL should prompt cessation of 
AmB infusions for a few days or a switch to the lipo
somal AmB preparation, described next (8). 

5. Liposomal Amphotericin B 

Specialized lipid preparations of AmB have been devel
oped to reduce binding to mamrnaliai1 cells (thereby re
ducing the risk of renal injury). 

a. Clinical trials have shown that liposomal AmB (ArnBi
some) is as effective as standard AmB but causes fewer 
cases of renal dysfunction (7,10). 

b. The daily dose of liposomal AmB is 5 mg/kg, which is 
5 times higher than the dose of standard ArnB (7). 

B. Fluconazole 

Fluconazole is a less toxic alternative to AmB for Candida in
fections. 
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1 .  Activity &_ Clinical Uses 

a. Fluconazole is used to treat invasive candidiasis. (11 ) .  
It does not adequately cover Candida krusei, but this or
ganism is involved in only 5 to 10% of cases of invasive 
candidiasis (12). 

b .  Fluconazole can be used alone in immw1ocompetent 
patients (10), and it can be used after an initial course 
of AmB in immunocompromised patients (12) .  

2. Dosing 

Fluconazole can be given orally or IV in a single daily 
dose of 400 to 800 mg (the same dose is used for oral and 
IV delivery). If the creatinine clearance is less than 50 
mL/min, the dose should be reduced by 50% (7) . 

3. Adverse Effects 

a. Fluconazole can impair the hep a tic metabolism of phe
nytoin, cisapride (Propulsid), and the statins (lovas
tatin, atorvastatin) (7). It should not be used with cis
apride and the statins, and phenytoin doses should be 
adjusted according to serum phenytoin levels (7). 

b. Fluconazole is safe to use in most patients, but it has 
been implicated in cases of severe and even fatal he
patic injury in HIV patients (13). 

C. Capsofungin 

1. Capsofungin may be superior to fluconazole for treating 
invasive candidiasis because it is active against all Can
dida species, has fewer drug interactions, and does not 
require dose modification in renal failure (12). It has 
proven comparable to AmB for treating invasive candidi
asis (14) and for empiric therapy of neutropenic patients 
with fever (12). 

2. For invasive candidiasis, the IV dose of capsofungin is 70 
mg initially, then 50 mg daily thereafter. 
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The carbapenems (im.ipenem and meropenem) have the broad
est spectrum of activity of any antibiotics currently available (16). 

A. Imipenem 

Im.ipenem is the original carbapenem (introduced in 1985) 
and the one that has been studied the most. 

1. Activity &.. Clinical Uses 

a. Im.ipenem is active against all common bacterial path
ogens except methicillin-resistant Staph. aureus (MRSA). 

b.  As demonstrated in Figure 44.1 ,  inupenem is one of the 
most active agents for aerobic gram-negative bacilli. It 
also provides good coverage for gram-positive cocci 
(including pneumococci, methicillin-sensitive Staph. 
aureus, and Staph. epiderrnidis), and anaerobes (includ
ing Bacteroides fragilis and Enterococcus faecnlis). 

c. Irn.ipenem can be used for virtually any infection that 
does not involve MRSA. It can also be used as a single 
agent for empiric antibiotic coverage in neutropen.ic 
patients with fever (16) . 

2. Preparntion &.. Dosing 

a. Im.ipenem is inactivated by enzymes on proximal re
nal tubules, so it is not possible to achieve high drug 
levels in urine. To overcome this problem, the com
mercial preparation of imipenem (Prirnaxin) contains 
an enzyme inhibitor, cilastatin. 

b. The recommended dose of im.ipenem is 500 mg every 
6 hours (15) . The daily dose should be reduced 50% in 
renal insufficiency and 75% in renal failure (3). 

3. Adverse Effects 

The major adverse effect is generalized seizures, which 
occur in 1 .5% of patients (15). Contributing factors in-
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elude a history of seizure disorder, an intracranial mass, 
or renal failure. With appropriate dose adjustments in 
renal insufficiency, the incidence of imipenem-induced 
seizures is less than 1% (15). 

B. Meropenem 

1. Meropenem (introduced in 1996) is similar to imipenem 
in spectrum of antibacterial activity, but i t  does not produce 
seizures (15). 

2. The usual intravenous dose is 500 mg to 1 gram every 8 
hours, and a 50% daily dose reduction is required in re
nal failure (3). 

C. Comment 

The carbapenems are ideal antibiotics because they are rela
tively safe to use and they cover most ICU-associated pathogens 
except MRSA. Meropenem is favored by many because of the 
reduced seizure risk, but there is little risk of seizures with 
imipenem if the dose is adjusted for renal dysfunction. 

IV. CEPHALOSPORINS 

There are more tl1ai1 25 cephalosporins available for clinical 
use (17), but only a few are useful for treating serious infec
tions in ICU patients. 

A. Useful Cephalosporins 

The cephalosporins that are used most often in the ICU are 
listed in Table 44.2, along with dosing recommendations for 
each drug. 

1. Cefazolin (Ancef) can be used to treat infections caused 
by susceptible strains of staphylococci. However, this 
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agent is not active against MRSA or Staph. epidermidis, 
and this limits its use in the ICU. 

2. Ceftriaxone (Rocephin) is used to treat serious communi
ty-acquired pneumonias because it is active against peni
cillin-resistant pneumococci and Hemophilus influenza. 

3 .  Ceftazidime (Fortaz) and cefepime (Maxipime) are used 
to treat infections caused by aerobic gram-negative bacil
li, including Pseudomonas aeruginosa. Both of these agents 
have been recommended for empiric antibiotic coverage 
in neutropenic patients with fever (18). However, these 
agents are not the most active against common gram
negative isolates (see Figure 44.1) .  

TABLE 44.2 Cephalosporin Dose Recommendations 

Drug Serious Infections Renal Failure* 

Cefazol in  

Ceftriaxone 

Ceftazid ime 

Cefepime 

'From Reference 3. 

B.Toxicity 

1 g every 6 h 

2 g every 1 2  h 

2 g every 8 h 

2 g every 8 h 

1 g every 24 h 

2 g every 1 2  h 

2 g every 48 h 

2 g every 24 h 

Cephalosporins are relatively free of serious adverse effects. 
There is a 5 to 15% incidence of cross antigenicity with penj
cillin, so these agents should not be used in patients with a 
history of anaphylactic reactions to penicillin. 

V. FLUORO QUINOLONES 

The fluoroquinolones can be separated into early generations 
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(e.g., ciprofloxacin) and later generations (e.g., levofloxacin, 
gatifloxacin, and moxifloxacin) (19). 

A. Activity & Clinical Uses 

1. Ciprofloxacin was extremely popular when first intro
duced (in 1987) because of its activity against aerobic 
gram-negative bacilli, including Pseudomonas aeruginosa. 
However, this activity has diminished over the years (see 
Figure 44.1), and ciprofloxacin is no longer considered a 
first-line agent for serious gram-negative infections. 

2. The newer fluoroquinolones (e.g., levofloxacin, gatiflox
acin, moxifloxacin) retain the gram-negative coverage of 
ciprofloxacin (except less activity against P. aeruginosa), 
but provide added coverage for streptococci, pneumo
cocci (including penicillin-resistant strains) and "atypi
cal" organisms like Mycoplasma pneumoniae and Hemoph
ilus influenza. 

a. These agents are used primarily for community-ac
quired pneumonias and w1complicated urinary tract 
infections. 

b.  They can also be used for early-onset (within 5 days of 
admission) ventilator-associated pnewnonias in selected 
patients (see Chapter 34, Section III-A, and Table 34.3). 

c.  More widespread use of these antibiotics in the ICU is 
limited by the lack of activity against MRSA and the 
limited activity against P. aeruginosa. 

B. Dosing 

1. Table 44.3 shows the recommended intravenous doses 
for four fluoroquinolones. The newer agents have longer 
half-lives than ciprofloxacin and require only once-daily 
dosing. 
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2. Dose adjustments are required in renal failure for all the 
agents except moxifloxacin, which is metabolized in the 
liver. 

TABLE 44.3 Fluoroquinolone Dose Recommendations 

Drug Serious Infections Renal Failure* 

Ciprofloxacin 

Levofloxacin 

Gatifloxacin 

Moxifloxacin 

'From Reference 3. 

400 mg every 8 h 

500 mg every 24 h 

400 mg every 24 h 

400 mg every 24 h 

C. Adverse Effects 

400 mg every 1 8  h 

250 mg every 48 h 
200 mg every 24 h 

400 mg every 24 h 

1 .  Ciprofloxacin interferes with the hepatic metabolism of 
theophylline and warfari.n and can potentiate the actions 
of both drugs. The newer fluoroquinolones do not share 
these drug interactions (20). 

2. Neurotoxic reactions (confusion, hallucinations, sei
zures) have been reported in 1 to 2% of patients receiving 
quinolones (21 ) .  

3. Prolongation of  the QT interval and polymorphic ventric
ular tachycardia (torsades de pointes) have been reported in 
association with all quinolones except moxifloxacin (22). 

VI. THE PENICILLINS 

Penicillin use in the ICU is resh·icted mostly to the extended
spectrum penicillins. 
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A. Extended-Spectrum Penicillins 

The penicillin analogues that are active against aerobic gram
negative bacilli include the aminopenicillins (ampicillin and 
amoxicillin), the carboxypenicillins (carbenicillin and ticar
cillin), and the ureidopenicillins (azlocillin, mezlocillin, and 
pipericillin). The latter two groups are active against P. aerug
inosa (23) and are called antipseudomonal penicillins. The most 
widely used antipseudomonal penicillin is pipericillin, which 
is available in a combination product (see next). 

1. Pipericillin- Tazobactam 

Pipericillin is usually given in combination with tazobactam, 
a �-lactamase inhibitor that is synergistic with pipericillin. 
The pipericillin-tazobactam preparation (Zosy:n) contains pi
pericillin in an 8:1 ratio with tazobactam. 

a. The recommended dose of pipericillin-tazobactam is 
3.375 grams (3 grams pipericillin and 375 mg tazobac
tam) IV every 4 to 6 hours. In patients with renal im
pairment, the dose should be reduced to 2.25 grams 
every 8 hours (24). 

c. Pipericillin-tazobactam is used mostly for urinaiy tract 
infections and intraabdorninal sepsis. It has also been rec
ommended for empiric therapy of febrile neutropenia (18). 

VII. VANCOMYCIN 

Vancomycin is the most frequently used antibiotic in the 
ICU, but concerns about emerging resistance have prompted 
a general mandate to curtail its use. 

A. Activity & Clinical Uses 

1. Vancomycin is active against all grai11-positive cocci, in
cluding all strains of Staphylococcus aureus (coagulase
positive, coagulase-negative, methicillin-sensitive, meth-
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icillin-resistant) as well as aerobic and anaerobic strepto
cocci (including pneumococcus and enterococcus) (25) .  

2. Vancomycin is the drug of choice for iniections caused by 
methicillin-resistant Staphylococcus aureus (MRSA), Staph
ylococcus epidermidis, Enterococcus faecalis, and penicillin
resistant pneumococci. 

3. As much as 2/3 of the vancomycin use in ICUs is not di
rected at a specific pathogen, but is used for empiric an
tibiotic coverage of gram-positive pathogens (26). 

B. Dosing 

1 .  The usual intravenous dose of vancomycin is 1 gram 
every 12 hours (29). Each dose must be infused slowly 
(no faster than 10 mg/ min) to prevent infusion reactions 
(see below). 

2. Dose reduction is necessary with impaired renal function 
and is accomplished by increasing the dosing interval. In 
renal insufficiency (creatinine clearance= 10 to 50 mL/min), 
the dosing interval is 1 to 3 days, and in renal failure (crea
tinine clearance <10 mL/ rnin), the dosing interval is 4 to 7 
days (3). A supplemental dose after hemodialysis is not nec
essary (3). 

3 .  Serum drug levels can be monitored to limit toxicity and 
maintain efficacy. Peak levels should be below 40 mg/L 
to reduce the risk of ototoxicity, and trough levels should 
be above 5 mg/L to maintain antibacterial activity (27). 

C. Adverse Effects 

1. Red Man Syndrome 

Rapid infusions of vancomycin can be accompanied by 
vasodilation, flushing, and hypotension (red man sydrome) 
as a result of histamine release from mast cells (25). Slow-
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ing the infusion rate to less than 10 mg/min usually cor
rects the problem. 

2. Ototoxicity 

Va.neomycin can cause reversible hearing loss for high-fre
quency sounds when serum drug levels exceed 40 mg/L 
(27). Permanent deafness has been reported when senun 
levels exceed 80 mg/L (26). 

3 .  Nephrotoxicity 

Renal insufficiency is reported in 5% of patients receiving 
vancomycin (27). There is no apparent relationship to the 
dose of vancomycin, but the incidence is higher when 
aminoglycosides are given concurrently. Renal function 
usually returns to normal after stopping the drug. 

D. Vancomycin Replacements 

Over the last decade, there has been a steady rise in the pre
valence of va.ncomycin-resistant stains of enterococci and 
staphylococci (particularly MRSA) (28). This has led to a 
search for antibiotics to replace vancomycin, particularly for 
the treatment of multidrug-resistant gram-positive organ
isms. Two possible replacements a.re described next. 

1 .  Linezolid 

Linezolid (Zyvox) was introduced in 2000 to treat infec
tions caused by multidrug-resista.nt gram-positive organ
isms (29). It is intended for cases where vancomycin is 
ineffective or not tolerated but may become a replacement 
for vancomycin. One study comparing vancomycin and 
linezolid for tl1e treatment of MRSA pnewnonia showed 
better results with linezolid (30), probably because linezol
id penetrates into respiratory secretions, while vanco
mycin does not. 

a .  The intravenous dose is 600 mg every 12 hams, and no 
dose adjustment is needed in renal fa.ilme. 
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b. Linezolid can cause a pancytopenia i£ given for more 
than 2 weeks (29), and an optic neuropathy can appear 
(rarely) after one month of drug therapy (31) . 

2. Daptomycin 

Daptomycin (Cubicin) has proven successful in treating 
bacteremias caused by MRSA and coagulase-negative 
staphylococci (32). 

a. The intravenous dose is 4 to 6 mg/kg once daily (the 
higher dose is for bacterem.ias). The dosing interval 
should be increased to 48 homs in patients with im
paired renal fwKtion (3). 

b. No serious side effects have been reported, but drug use 
has been limited. 
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HEMODYNAMIC 
DRUGS 
This chapter describes five drugs that are used for circulato
ry support: dobutamine, dopamine, nitroglycerin, nitroprus
side, and norepineplu"ine. Each is presented in alphabetical 
order. 

I. DOBUTAMINE 

Dobutamine is a synthetic catecholamine that is used to aug
ment cardiac output. 

A. Actions 

1. Dobutamine is a potent �,-receptor agonist and a weak 
�i-receptor agonist: the �' stimulation produces positive 
i.notropic ru1d chronotropic effects, and the �1 stimulation 
produces peripheral vasodilation (1-3). 

2. As demonstrated in Figure 45.1 , dobutamine causes a 
dose-dependent increase in stroke volume (upper graph) 
accompru1ied by a decrease in cardiac filling pressure 
(lower graph) (4). Heart rate may be increased, decreased, 
or w1Chru1ged. 

3. Dobutamine-i.nduced increases in stroke output are ac
compru1ied by proportional decreases in systemic vascu
lar resistance; as a result, the arterial blood pressure usu
ally remains unchanged (1,3). 

689 
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FIGURE 45.1 Effects of dobutamine and dopamine on stroke volume 
(upper graph) and left ventricular filling pressure (lower graph) in 
patients with severe heart failure. Adapted from Reference 4. 

B. Clinical Uses 

1 .  Dobutamine is used primarily for cases of decompensat
ed systolic heart failure associated with a normal blood 
pressure. The drug is effective in both right-sided and 
left-sided systolic failure. 

2.  Because dobutamine does not raise the blood pressure, it 
is not recommended (at least as monotherapy) in cardio
genic shock. 

3. Like all positive inotropic agents, dobutarnine is contra
indicated in patients with hypertrophic cardiomyopathy (1) . 
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1. Dobutamine dosing is weight-based (there is no clear 
preference for ideal or actual body weight). The initial 
dose rate is 3 to 5 µg/kg/min, which is then titrated to 
achieve the desired cardiac output or stroke volume. 
(Dobutamine infusions require a pulmonary artery cath
eter to monitor the desired endpoints). 

2. The usual dose range is 5 to 15 µg/kg/min (1), but high
er dose rates may be needed, particularly in elderly pa
tients (5). Dose rates as high as 200 µg/kg/min have been 
used safely (6). 

D. Adverse Effects 

The principal side effects of dobutamine are tachycardia and 
ventricular ectopic beats (1) .  

1 .  The tachycardia is usually mild. 

2. Malignant tachyarrhythmias are rare. 

I I .  DOPAMINE 

Dopamine is an endogenous catecholamine that serves as a 
neurotransmitter and a precursor for norepineplu·ine synthe
sis. When given as an exogenous agent, dopamine activates 
a variety of receptors in a dose-dependent manner (see next) 
(7). 

A. Actions 

1. Low Dose Rates 

At low dose rates (:::; 3 �Lg/kg/min), dopamine selectively 
activates dopamine-specific receptors in the renal and 
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splanchnic circulations, resulting in increased blood flow 
in these regions (2). 

2. Intermediate Dose Rates 

At intermediate dose rates (3 to 10 µ.g/kg/min), dopa
mine stimulates �-receptors in the heart and peripheral 
circulation, producing an increase in myocardial contrac
tility, an increase in heart rate, and peripheral vasodila
tion. The overall result is an increase in cardiac stroke out
put, which is demonstrated in Figure 45.l (upper graph). 

3. High Dose Rates 

At high dose rates (>10 µg/kg/m.in), dopamine produces 
a progressive activation of a-receptors in the systemic 
and pulmonary circulations, resulting in progressive pul
monary and systemic vasoconstriction. This vasopressor 
effect counteracts the cardiac stimulation produced by 
intermediate-dose dopamine. This is demonstrated in 
Figure 45.1  (upper graph), which shows the loss in aug
mentation of stroke volume as the dose rate of dopamine 
is progressively increased. 

4. Wedge Pressure 

Dopamine causes a dose-dependent increase in the pul
monary capillary wedge pressure, as shown in Figure 45.1 
(lower graph). This effect is believed to result from dopa
mine-induced vasoconstriction in pulmonary veins. This 
ability to constrict pulmonary veins makes the pulmonary 
capillary wedge pressure an unreliable measme of left
ventricular fill.i11g pressure during dopamine in.fusions. 
(See Chapter 8 for a description of the wedge pressure.) 

B. Clinical Uses 

1. Low-dose dopamine is often used in an attempt to in
crease the glomerular filtration rate in acute renal failure, 
but this is inappropriate (see Chapter 25, Section II-B) . 
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2. Intermediate-to-high dose dopamine is used in situations 
where both cardiac stimulation and peripheral vasocon
striction are desired. The classic example of this is cardio
genic shock. 

3. Dopamine is also used to correct the hypotension in sep
tic shock, but norepinephrine may be the preferred vaso
pressor in this condition (see later). 

C. Dose Administration 

1. Because of its vasoconstrictor actions, dopamine should 
always be infused through large, cenh·al veins. 

2. Dopamine dosing is weight-based, and ideal body weight 
is preferred to actual body weight (2,7). The initial dose 
rate is usually 3 to 5 µg/kg/min, and dose rates are sub
sequently increased to achieve the desired effect. 

a. Dose rates of 3 to 10 µg/kg/min are optimal for aug
menting cardiac output. 

b.  Dose rates above 10 �Lg/kg/min are usually needed to 
raise the blood pressure. 

D. Adverse Effects 

1 .  Tachyarrhythmias are the most conunon adverse effect of 
dopamine infusions. Sinus tachycardia is common (7), 
but rarely is severe enough to prompt a change in drug 
or dose rate. Malignant tachyarrhythmias (e.g., multifo
cal ventricular ectopics, ventricular tachycardia) can also 
occur but are 1mcommon. 

2. Other adverse effects of dopamine include: 

a. Gangrene of the digits (7). 

b. Increased intraocular pressure (8) . 

c. Delayed gastric emptying (9) .  
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I I I .  NITROGLYCERIN 

Nitroglycerin (NTG) is an organic nitrate (glyceryl trinitrate) 
that relaxes vascular smooth muscle and produces a general
ized vasodilation. 

A. Actions 

1. Vasodilator Effects 

The conversion of NTG to nitric oxide is responsible for 
the relaxation of vascular smooth muscle (10). The vaso
dilator effects are dose-dependent and involve both art
eries and veins (11,12). 

a. Venous vasodilator effects are prominent at low dose 
rates ( <40 �Lg/min), and arterial vasodilator effects pre
dominate at high dose rates ( > 200 µg/min). 

b .  At low dose rates, NTG produces a decrease in cardiac 
filling pressures with little or no change in cardiac out
put. As the dose rate is increased through the interme
diate dose range, the cardiac output begins to rise as a 
result of progressive arterial vasodilation. Further in
creases in the dose rate will eventually produce a drop 
in blood pressure. 

2. Antiplatelet Effects 

Nitrates inhibit platelet aggregation, and nih·ic oxide is be
lieved to mediate this effect as well (13). The antiplatelet 
actions of NTG have been proposed as the mechanism for 
the antianginal effects of the drug (13). 

B. Clinical Uses 

1. Intravenous NTG has two principal uses: 

a .  Augmenting cardiac output and reducing edema forma
tion in patients with acute, decompensated heart failure. 

b. Relieving chest pain in patients with unstable angina. 
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c. Treating hypertensive emergencies (see Table 45.1 )  

2. NTG should not be used in patients who have taken a 
phosphodiesterase inhibitor for erectile dysfunction with
in the past 24 hours (because of the risk of hypotension). 

TABLE 45.1 Vasodilator Therapy of Hypertensive Emergencies 

Drug Dose Regimen 

Esmolol 500 µg/kg loading dose over 1 min, then 
infuse at 25 - 50 µg/kg/min and increase by 
25 µg/kg/min every 1 0-20 min to a maximum 
of 300 µg/kg/min 

Labetalol 20 mg initial bolus, then infuse at 2 mg/min to 
maximum dose of 300 mg in 24 hrs 

Nitroglycerin Start at 5 µg/min and increase 5 µg/min every 
5-1 O min as needed 

Nitroprusside Start at 0.52 µg/kg/min and increase if needed 
to maximum rate of 2 µg/kg/min 

From Marik PE, Varon J.  Hypertensive crises. Chest 2007; 
1 31 : 1 949-1 962. 

C. Administration 

1. Adsorption to Plastic 

a. As much as 80% of the NTG in infusates can be lost by 
adsorption to  polyvinylchloride (PVC) in  standard in
travenous infusion systems (12). 

b. NTG does not bind to glass or hard plastics like poly
ethylene (PET), so drug loss via adsorption can be 
eliminated by using glass bottles and PET tubing. 

2. Dosing 

NTG should be started at a dose rate of 5 to 10 µg/ min. The 
rate is then increased in 5 µg/min increments every 5 min-
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utes until the desired effect is  achieved. The dose require
ment should not exceed 100 µg/min in most patients. High 
dose requirements (> 350 µg/min) are often the result of 
drug loss via adsorption or nih·ate tolerance (see later). 

D. Adverse Effects 

1. Hemodynamics 

a. NTG-ind uced increases in cerebral blood flow can lead 
to increased intracranial pressure (14). 

b. In patients with ARDS, the vasodilation from NTG can 
increase inh·apulmonary shunt and aggravate hypox
emia (15). 

c .  NTG-induced venodilation can promote hypotension 
in patients with hypovolemia or right heart failure. 

2. Methemoglobinemia 

The metabolism of NTG produces inorganic nitrites, and 
accumulation of nitrites can lead to methemoglobin for
mation (by oxidizing the heme-bound iron moieties in  
hemoglobin). Howeve1� an increase in methemoglobin 
levels to clinically significant levels is an infrequent con
sequence of NTG infusions, and requires excessive dose 
rates for prolonged periods of time (14). 

3. Solvent Toxicity 

NTG does not readily dissolve in aqueous solutions, and 
nonpolar solvents such as ethanol and propylene glycol 
are required to keep the drug in solution. These solvents 
can accumulate during prolonged infusions. 

a .  Both ethanol intoxication (16) and propylene glycol toxi
city (17) have been reported as a result of NTG infusions. 

b. Propylene glycol toxicity may be more common than sus
pected because this solvent makes up 30 to 50% of some 
NTG preparations (14). Signs of toxicity include agitation, 
coma, seizures, lactic acidosis, and hypotension. 
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1 .  Tolerance to the vasodilator and antiplatelet actions of NTG 
can appear after only 24 hours of continuous drug adminis
tration (14). The underlying mechanism is unclear. 

2. The most effective measure for preventing or reversing 
nitrate tolerance is a daily drug-free interval of at least 6 
hours (14). 

IV. NITROPRUSSIDE 

Nitroprusside is a rapidly acting vasodilator that is favored 
for the treahnent of severe hypertension. The use of this drug 
should be resh·icted because of the risk of cyanide intoxica
tion (see later). 

A. Actions 

1. The vasodilator actions of nitroprusside, like those of 
nitroglycerin, are mediated by nitric oxide (10). Nitro
prusside dilates both arteries and veins, but it is less po
tent than nitroglycerin as a venodilator and more potent 
as an arterial vasodilator. 

2. Nih·oprusside has variable effects on cardiac output when 
cardiac function is normal (18), but it augments cardiac 
output in decompensated heart failure (19). 

B. Clinical Uses 

1 .  The major use of nitroprusside is for hypertensive emer
gencies (see Table 45.1) .  

2. Nitroprusside can also be used to treat decompensated 
heart failure (19) and is effective in treating heart failure 
due to aortic stenosis (20), a condition where vasodilato
ry therapy is usually discouraged. 
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C. Dose Administration 

1. Thiosulfate must be added to the nitroprusside infusate 
to limit cyanide accumulation (see later). About 500 mg 
of thiosulfate should be added for every 50 mg of nitro
prusside (21 ) .  

2. Nitroprusside should be started at a low dose rate (0.2 
µg/kg/min) and then titrated upward every 5 minutes to 
the desired result. 

3. Satisfactory conh·ol of hypertension usually requires dose 
rates of 2 to 5 �Lg/kg/min, but the dose rate should be kept 
below 3 µg/kg/min, if possible, to limit cyanide accumu
lation (21) .  In renal failme, the dose rate should be kept 
below 1 µg/kg/rnin to limit thiocyanate accmnulation (21) .  

4. The maximum allowable dose rate is 10 µg/kg/min for 
10 minutes. 

Nitroprusside Molecule 

CN 
I /CN 

CN - Fe ( I l l ) - CN 
NO/ I 

' CN 

i 
5 CW 

\.. Thiosu11a1e ------- Thiocrnate 

Renal Excretion 

FIGURE 45.2 Med1an.ism for clearing the cyanide ions (CN-) released by 
n.i troprusside. 
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Cyanide accumulation is common during therapeutic in.fu
sions of nih·oprusside (14,21,22). The origin of the cyanide is 
the nitroprusside molecule, which is a ferricyanide complex 
that contains 5 cyanide atoms bound to an oxidized iron core 
(see Figure 45.2). 

1 .  Cyanide Clearance 

When nitroprusside disrupts to release nitric oxide and 
exert its actions, the cyanide is released into the blood
stream. The cyanide is normally cleared by the transfer of 
sulfur from a donor molecule (thiosulfate) to cyanide to 
form a thiocyanate compound, which is then cleared by 
the kidneys (see Figure 45.2). 

a .  Normally there is enough thiosulfate to detoxify 68 mg 
of nitroprusside (14). At a nitroprusside infusion of 2 
µg/kg/minute (therapeutic range) in an 80 kg adult, 
the 68 mg capacity is reached in 500 minutes (8.3 lu·s). 

b.  Once the capacity for cyanide removal is exceeded, the 
free cyanide will combine with the oxidized iron in cy
tochrnme oxidase (which blocks the utilization of 02 in 
mitochondria). 

2. Cyanide Intoxication 

The signs of cyanide intoxication are shown in Table 45.2. 
One of the early signs is nitroprusside tachyphylaxis (14). 
Signs of impaired oxygen utilization (e.g., lactic acidosis) do 
not appear until the late stages of cyanide intoxication (23). 

a. Whole-blood cyanide levels can be used to donm1ent 
cyanide intoxication (see Table 45.2), but the results are 
not available for 3 to 4 hours. Therefore, immediate 
decisions about cyanide intoxication are often based on 
clinical signs. A gradual increase in the effective n itroprus
side dose rate (tachyphylnxis) is an important early marker of 
cyanide accumulation. 
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3. Treatment 

Treatment of cyanide intoxication should begin with the 
inhalation of 1 00% oxygen. The Cyanide Antidote Kit (Eli 
Lilly & Co.) can be used as described in Table 45.2 (24). 
This kit uses: 1) nitrates and nitrites (which promote 
methemoglobin formation) to facilitate cyanide binding 
to methemoglobin, and 2) thiosulfate to clear cyanide 
from the bloodstream. 

TABLE 45.2 Diagnosis and Treabnent of Cyanide Intoxication 

Clinical Signs 

Laboratory Test 

Early Stages Behavioral changes 
Impaired 02 extraction 
Nitroprusside tachyphylaxis 

Late Stages Coma 

Toxicity 

Mild 

Severe 

Fatal 

Generalized seizures 
Lactic acidosis 

Blood Cyanide Level 

0.5-2.5 µg/mL 

> 2.5 µg/mL 

>3.0 µg/mL 

Cyanide Antidote Kit Amyl nitrate inhaler for one minute, or 
Sodium nitrite: 300 mg IV over 1 5  min plus 
Sodium thiosu lfate: 1 2.5 g IV over 1 5  min 

From References 1 4.,23,24. 

E. Thiocyanate Toxicity 

1 .  When renal ftmction is impaired, thiocyanate can accu
mulate and produce a toxic syndrome that is distinct from 
cyanide intoxication. The clinical features include anxiety, 
pupillary constriction, tinnitus, hallucinations, and gener
alized seizures (14,21). 
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2. The diagnosis is established by the serum thiocyanate 
level. Normal levels are below 10 rng/L, and levels above 
100 mg/L are associated with clinical toxicity (24). 

3 .  Thiocyanate intoxication can be treated by hemodialysis. 

V. NOREPINEPHRINE 

Norepinephrine is a vasopressor that promotes vasoconstric
tion more readily than dopamine. 

A. Actions 

1. Norepinephrine is a prominent a-receptor agonist and a 
mild �,-receptor agon.ist. The overall effect is widespread 
systemic vasoconstriction with variable effects on cardiac 
output (25). 

2. The vasoconstrictor response to norepinephrine is usual
ly accompanied by a decrease in organ blood flow, partic
ularly in the kidneys. This is not the case in septic shock, 
where norepinephrine tends to preserve renal blood flow 
(17,26). 

B. Clinical Uses 

1. Norepinephrine is often used as a second-line vasopressor 
behind dopamine because of the greater tendency to pro
mote vasoconsh·iction and hypoperfusion of vital organs. 

2. Norepi.nephrine may be the preferred vasopressor in septic 
shock because of the tendency to preserve renal blood flow. 

3. Despite the ability to correct hypotension, norepi.nephrine 
(like al l  vasopressors) does not improve smvival in septic 
shock or any other type of circulatory shock (27). 
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C. Dose Administration 

1. Because of its vasoconstrictor actions, norepinephrine should 
always be infused through a large, central vein. 

2. Norepinephrine infusions are started at a dose rate of 0.2 
µg/kg/rnin (10 to 20 µg/1nin for a 70 kg patient) and ti
trated upward to the desired effect. 

3. The effective dose range is usually between 0.2 and 1 .3 
µg/kg/min. In refractory cases of hypotension, dose rates 
as high as 5 µg/kg/min may be required (27). 

D. Adverse Effects 

The most w1desirable side effect of norepinephrine is vaso
constriction and organ hypoperfusion. However, whenever 
a vasoconstrictor drug is required to correct hypotension, it 
is often difficult to distinguish between adverse drug effects 
and adverse disease effects. 
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46 
PHARMACEUTICAL 
T OXINS & ANTIDOT ES 
This chapter describes the manifestations and management 
of overdose with the following pharmaceutical agents: acet
aminophen, benzodiazepines, �-blockers, and opioids. Each 
is presented in alphabetical order. 

I .  ACETAMINOPHEN 

Acetaminophen is a popular analgesic that is included in 
over 600 commercial drug preparations. It is also a hepato
toxin, and is the leading cause of acute liver failure in the United 
States (1) .  The general public seems unaware of acetami.no
phen's toxic potential because almost one third of overdoses 
are unintentional (2). 

A. Toxic Metabolite 

The toxicity of acetaminophen is related to its hepatic metab
olism. 

1 .  A small fraction (5- 15%) of acetaminophen is metabolized 
to a toxic metabolite that can promote oxidant i.njmy in he
patic parenchymal cells. This metabolite is normally inac
tivated by conjugation with glutathione, an intracellular 
antioxidant. 

2. The metabolic burden created by acetaminophen overdose 
can deplete hepatic glutath.ione reserves. When this occurs, 
the toxic metabolite accwnulates and promotes hepatocel
lular injmy (4). 

705 
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B. Clinical Presentation 

The period following acetaminophen overdose can be divid
ed into 3 stages (3,5,6). 

1. In the initial stage (the first 24 hours), symptoms are either 
absent or nonspecific (e.g., nausea), and there is no labora
tory evidence of hepatic injmy. 

2. In the second stage (24-72 hoLu·s after drug ingestion), clin
ical signs of toxicity continue to be minimal or absent, but 
laboratory evidence of hepatic injmy begins to appear. El
evated aspartate aminotranferase (AST) is the most sensi
tive marker of acetaminophen toxicity; the rise of AST pre
cedes the hepatic dysfLmction, and peak levels are reached 
at 72-96 homs. 

3. In severe cases, a third stage (after 72-96 homs) occurs 
where there is clinical and laboratory evidence of pro
gressive hepatic injury (e.g., encephalopathy, coagulopa
thy). Death from hepatic injmy usually occurs within 3 to 
5 days. 

C. Prognostic Markers 

Patients often present within 24 homs of the toxic ingestion, 
when there are no manifestations of hepatic injury. The prin
cipal task at this time is to identify patients who are likely to 
develop life-threatening hepatotoxicity. Two variables have 
prognostic value. 

1. Inaested Dose 

a. The hepatotoxic dose of acetaminophen can vary in in
dividuals, but an ingested dose of 8 grams or higher is 
considered hepatotoxic (3-5). 

b. Chronic ethanol ingestion increases susceptibility to acet
aminophen hepatotoxicity (4). 
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2. Plasma Drng Levels 

a. The most reliable predictor of hepatotoxicity is the plas
ma acetaminophen level. 

b. The standard nomogram in Figure 46.1 predicts the 
risk of hepatotoxicity based on plasma acetaminophen 
levels at 4 to 24 hours after drug ingestion (4). A plas
ma level that falls in the high-risk area (2':60% risk of 
hepatotoxicity) warrants treatment with N-acetylcys
teine (see next). 
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FIGURE 46.1 Nomograi11 for predjcting the risk of of acetaminophen 
hepatotoxicity. From Reference 4. 

D. Activated Charcoal 

Acetaminophen is completely absorbed from the gastrointest
inal tract in the first few hours after drug ingestion (5), and ac-
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tivated charcoal (1 g/kg body weight) is recommended only 
in the first 4 hours after toxic ingestion (5,7). 

E. Antidote Therapy 

The antidote for acetaminophen hepatotoxicity is N-acetyl
cysteine (NAC), a glutathione surrogate that inactivates the 
toxic acetaminophen metabolite. 

1. Timing 

NAC is indicated only when therapy can be started with
in 24 hours after acetaminophen overdose (4-6,8) . It is 
most effective when started in the first 8 hours after in
gestion. 

TABLE 46.1 Treatment of Acetaminophen Overdose with 
N-Acetylcysteine (NAC) 

Intravenous Regimen1 

Use 20% NAC (200 mg/ml) for each of the doses below and 
infuse in sequence: 

1 .  1 50 mg/kg in 200 ml 05W over 60 min 

2. 50 mg/kg in 500 ml 05W over 4 hrs 
3. 1 00 mg/kg in 1 ,000 ml 05W over 16 hrs 

Total dose: 300 mg/kg over 21 hrs 

Oral Regimen2 

Use 1 0% NAC (1 00 mg/ml) and di lute 2:1 in water or juice to 
make a 5% solution (50 mg/ml). 

Initial dose: 1 40 mg/kg 
Maintenance dosage: 70 mg/kg every 4 hrs for 1 7  doses 

Total dose: 1 ,330 mg/kg over 72 hrs 

1 from Cumberland Pharmaceuticals, Acetadote Package Insert. 
2006. 

2from Reference 8. 
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2. Therapeutic Regimens 

NAC can be given inh·avenously or orally using the dos
ing regimens shown in Table 46.1 .  Both regimens are con
sidered equally effective (9), but the IV regimen is pre
ferred because drug delivery is more reliable, and the 
treahnent is more agreeable to patients (see next). 

3. Adverse Fjfects 

a. Oral NAC has a very disagreeable taste (often described 
as rotten eggs) due to the sulfur content of NAC. This 
often incites vomiting, and a nasogastric tube may be 
required to complete the oral regimen. 

b. Oral NAC also produces diarrhea in about 50% of pa
tients, but this resolves with continued therapy in over 
90% of patients (8,10). 

c. Intravenous NAC caJ1 trigger ru1aphylactic reactions 
(11) .  Although rare, fatal reactions have been reported 
in atopic patients (12) 

I I .  BENZODIAZEPINES 

Benzodiazepines are the second most frequently overdosed 
prescription drugs li1 the Unj ted States and are second only 
to analgesics as the leading cause of medication-related death 
(13). 

Overdose of benzodiazepi.nes can also occm in the ICU, where 
prolonged li1fusions of benzodiazepli1es can lead to trouble
some drug accumulation (see Chapter 43, Section ID). 

A. Clinical Toxicity 

1. Benzodiazepli1es produce a dose-dependent depression 
li1 the level of consciousness. 

2. Respiratory depression is uncommon, but has been re-
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ported in ICU patients receiving prolonged infusions of 
benzodiazepi11es (14,15). 

B. Antidote Therapy 

The antidote for benzodiazepi11e overdose is flumazenil, a 
pure antagonist that bi11ds to benzodiazepi11e receptors i11 
the central nervous system but does not elicit agonist effects 
(16). Flumazenil is effective ill reversing the sedative effects 
of benzodiazepi11es, but it does not consistently reverse the 
respiratory depression (14,15). 

1. Dru9 Administrntion 

a. Flw11azenil is given as an intravenous bolus. The ini
tial dose is 0.2 mg, and this can be repeated every few 
mi11utes if necessary to a cumulative dose of 1 mg. 

b. The response is rapid, with onset ill 1-2 mi11utes and 
peak effect at 6-10 mi11u tes. The effect lasts about one 
hour (16). 

c. Since flumazenil has a shorter duration of action than the 
benzodiazepines, recurrence of sedation is common. To 
avoid this risk, the bolus dose(s) of flumazenil can be fol
lowed by a continuous infusion at 0.3-0.4 mg/hr (17). 

2. Adverse Reactions 

Flumazenil has few side effects. It can precipitate a benzodi
azepine withdrawal syndrome in chronic users, but this is 
tmcomrnon (18). 

3 .  Use in the ICU 

Flurnazenil has been used to reverse oversedation from 
benzodiazepines ill ventilator-dependent patients (17), 
and this can hasten weaning from mechanical ventilation 
(19). However, illterruption of benzodiazepine illfusions 
to prevent drug acetm1ulation (see Chapter 43, Section V) 
is a better approach to the problem of oversedation. 
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III .  3-RECEPTOR ANTAGONISTS 

Like benzodiazepines, 0-blocker toxicity can origli1ate in the 
ICU as well as the community because 0-blockers are used to 
manage a number of conditions in ICU patients (e.g., hyper
tension, tachyarrhythmias, and acute coronary syndromes). 

A. Clinical Toxicity 

1. Cardiovascular Toxicity 

a. The most common manifestations of 0-blocker toxicity 
are bradycardia and hypotension (20,21) . The brady
cardia is usually sinus in origin and is well tolerated. 
The hypotension can be due to peripheral vasodilata
tion (rerun blockade), or a decrease in cardiac output 
(01-receptor blockade). Sudden or refractory hypoten
sion is an ominous sign (22). 

b. 0-blockers can also prolong atrioventricular (AV) con
duction via a membrane-stabilizing effect that is i.nde
penden t of 0-receptor blockade (23). 

2. Neurotoxicity 

Most 0-blockers are lipid soluble and acctm1ulate in lip
id-rich organs like brain. As a result, 0-blocker overdoses 
are often accompanied by neurotoxic effects; i .e., de
pressed consciousness and generalized seizures. These 
effects are the result of the membrane-stabilizing actions 
of 0-blockers, and are not caused by 0-receptor antago
nism. 

B. Antidote Therapy 

The treatment of choice for reversing the cardiovascular de
pression from 0-blockers is the regulatory hormone gluca
gon. 
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Glucagon 
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FIGURE 46.2 The mechanism of action of drugs that affect the strength 
of carcliac contraction. Abbreviations: ATP = ade.nosi.ne h·iphosphate, 
cAMP = cyclic adenosine monophosphate, PDE= phosphodiesterase, 
AMP= adenosi.ne monophosphate. 

1 .  Mechanism of Action 

As shown in the diagram in Figure 46.2, glucagon acti
vates receptors on the surface of the heart that are inde
pendent of cardiac �-receptors but share the same mech
anism of action. This allows glucagon to produce �-like 
effects that are independent of �-receptor blockade. 

2. Indications 

a. Glucagon is indicated for the treatment of hypo tension 
and symptomatic bradycardia associated with toxic 
exposure to �-blockers. 

b. Glucagon is not indicated for reversing the prolonged 
AV conduction or neurotoxicity in �-blocker overdose 
because these effects are not mediated by �-receptor 
blockade. 

c. When used appropriately, glucagon produces a favor
able response in 90% of cases (24). 
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Glucagon is given as an IV bolus: the initial dose is 3 mg 
(or 0.05 mg/kg), and this can be followed by a second 
dose of 5 mg (or 0.07 mg/kg) if necessary (21,24,25). The 
effect ca11 be short-lived (5 minutes), and a favorable re
sponse should be followed by a continuous infusion (5 
mg/hr). 

4. Adverse Effects 

a. Nausea and vomiting are common at glucagon doses 
above 5 mg/hr. 

b. Mild hyperglycemia is common and is due to gluca
gon-induced glycogenolysis. 

c. Glucagon promotes the adrenal release of cated1olam
ines, and this can raise the blood pressure in hypertensive 
patients. This response is exaggerated in pheochromocy
toma, aJ1d glucagon is contraindicated in this condition. 

IV. OPIOIDS 

The adverse effects of opioid aJ1algesics are described in Chap
ter 43 (see Section I-E). The material presented here focuses on 
the h·eatment of opioid intoxication with naloxone. 

A. Naloxone 

Naloxone is a pure opioid antagonist that binds to endoge
nous opioid receptors but does not elicit agonist responses. 
It is most effective in blocking opioid receptors that are re
sponsible for analgesia, sedation, and respiratory depression 
(26). 

1 .  Routes of Administration 

Naloxone is usually given as an inh·avenous bolus injec
tion (onset 2-3 minutes). However, it can also be given 
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by intramuscular injection (onset 15 minutes) (27), by bo
lus endotracheal injection (28), or by intralingual injec
tion (29). 

2. Dosing Regimens 

Reversal of depressed consciousness usually requires small
er doses of naloxone than reversal of the respiratory depres
sion. The dosing reconunendations for naloxone in each of 
these conditions is shown in Table 46.2. 

TABLE 46.2 Naloxone Reversal of Opioid Intoxication 

For Depressed Consciousness: 

1 .  Administer 0.4 mg naloxone as an IV bolus. 

2. Repeat in 2 min, if necessary. 

3. A response should be apparent after the second dose if the 
depressed consciousness is opioid-related. 

4. For patients with known opioid dependency, reduce the bolus 
dose of naloxone to 0.1 or 0.2 mg. 

For Respiratory Depression: 

1 .  Administer 2 mg naloxone as an IV bolus. 

2 .  Repeat every 2 min if necessary to a total dose of 1 O mg.  

Naloxone Infusion: 
If there is a favorable response to naloxone, start a continuous infu
sion: 
1 . Infuse naloxone for 6 hrs (in 250 ml isotonic saline) using an 

hourly dose that is 2/3 the strength of the effective dose. 

2. 30 min after the start of the infusion, give a bolus dose of naloxone 
using half the strength of the effective dose. This reduces the time 
to reach steady-state drug levels .. 

From References 18 and 30. 

3. Naloxone Infusion 

The effects of naloxone last about 60 to 90 minutes, which 
is less than the duration of action of most opioids. There-
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fore, a favorable response to naloxone should be followed 
by a continuous naloxone infusion. This infusion should 
adhere to the guidelines i11 Table 46.2 

4. Adverse Ejfects 

Naloxone has few side effects. The most common adverse 
effect is the opioid withdrawal syndrome (anxiety, 
abdominal cramps, and vomiting). Adverse effects that 
occur rarely include acute pulmonary edema and gener
alized seizures (18). 
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Appendix 1 
UNIT S AND 
CONVERSIONS 
The Lmits of measurements in the medical sciences are taken 
from the metric system (centimeter, gram, second) and the 
Anglo-Saxon system (foot, pound, second).  The metric units 
were introduced dming the French Revolution and were re
vised in 1960. The revised Lmits are called Systeme Interna
tionale (SI) units and are currently the worldwide standard. 

Units of Measurement in the Systeme Internationale (SI) 

Basic SI Unit 
Parameter Dimensions (Symbol) Equivalencies 

Length L Meter (m) 1 inch= 2.54 cm 

Area L2 Square meter (m2) 1 square centimeter (cm2) 
= 1 04 m2 

Volume L3 Cubic meter (m3) 1 liter (L) = 0.001 mJ 
1 milli liter (ml)= 1 cubic 
centimeter (cm3) 

Mass M Kilogram (kg) 1 pound (lb)= 453.5 g 
1 kg = 2.2 lbs 

Density M/L3 Kilogram per cubic 1 kg/m3= 0.001 kg/dm3 
meter (kg/m3) Density of water= 

1 .0 kg/dm3 
Density of mercury = 
1 3.6 kg/dm3 

Velocity LIT Meters per second 1 mile per hour (mph) 
(m/sec) = 0.4 m/sec 

Acceleration LfT2 Meters per second 1 ft/sec2=0.03 m/sec2 

squared (m/sec2) 

Force M x (L!T2) Newton (N)= 1 dyne= 1 o-5 N 
kg x (m/sec2) 

(Continued) 
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Units of Measurement in the Systeme Internationale (SI) (Continued) 
Basic SI Unit 

Parameter Dimensions (Symbol) Equivalencies 

Pressure M x (UT2) Pascal (Pa)=N/m2 1 kPa= 7.5 mm Hg 
L2 = 1 0.2 cm H20 

1 mm Hg = 1 x 1 0-9 torr 
(See conversion table 
for kPa and cm H20) 

Heat M x (UT2) x L Square meter (m2) 1 square centimeter 
(cm2) = 1 04 m2 

Temperature None Kelvin (K) 0°c = -273 K (See 
conversion table for 
°C and °F 

Viscosity M, 1/L, 1 fT  Newton x second Centipoise (cP) = 
per square meter 1 0-3 N • sec/m2 

(N • sec/m2) 

Amount of N Mole (mol)= Equivalent (Eq) = mol x 
a substance molecular weight valence 

in grams 

Converting Units of Solute Concentration 

1 .  For ions that exist freely in an aqueous solution, the concentration is ex
pressed as mill iequivalents per liter (mEq/L). To convert to mill imoles per 
liter (mmol/L): 

mEq/L = mmol/L 
valence 

a. For a univalent ion like potassium (K•), the concentration in mmol/L is the 
same as the concentration in mEq/L. 

b. For a divalent ion like magnesium (Mg++), the concentration in mmol/L is 
one-half the concentration in mEq/L. 

2. For ions that are partially bound or complexed to other molecules (e.g., plas
ma ca++), the concentration is usually expressed as milligrams per deciliter 
(mg/dl). To convert to mEq/L: 

mg/dl x 1 O x valence = mEq/L 
mol wt 

where mol wt is molecular weight, and the factor 1 O is used to convert 
decil iters (1 OD ml) to liters. 

EXAMPLE: ca++ has a molecular weight of 40 and a valence of 2, so a plas
ma ca++ concentration of B mg/dl is equivalent to: (B x 1 0/40) x 2 = 4 mEq/L. 
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Converting Units of Solute Concentration (Continued) 
3. The concentration of uncharged molecules (e.g., glucose) is also expressed 

as mi l ligrams per deciliter (mg/dl). To convert to (mmol/L): 

mg/dl x 1 0  
= mmol/L 

mol wt 
EXAMPLE: Glucose has a molecular weight of 1 80, so a plasma glucose con
centration of 90 mg/dl is equivalent to: (90 x 1 0/180) = 5 mmol/L. 

4. The concentration of solutes can also be expressed in terms of osmotic 
pressure, which determines the distribution of water in d ifferent fluid com
partments. Osmotic activity in aqueous solutions (called osmolality) is 
expressed as mil l iosmoles per kg water (mosm/kg H20 or mosm/kg). The 
following formulas can be used to express the osmolality of solute concen
trations (n is the number of nondissociable particles per molecule). 

EXAMPLE: 

mmol/L x n mosm/kg 

mEq/L 
x n 

valence 
mosm/kg 

mg/dl x 1 O x n = mosm/kg 
mol wt 

a. A plasma Na• concentration of 1 40 mEq/L has the following osmolality: 

1 40 
x 1 = 1 40 mosm/kg 

1 

b. A plasma glucose concentration of 90 mg/dl has the following osmolality: 

90 x 1 o x 1 = 5 mosm/kg 
1 80 

The sodium in plasma has a much greater osmotic activity than the glucose 
in plasma because osmotic activity is determined by the number of particles 
in solution and is independent of the size of the particles (i .e., one sodium ion 
has the same osmotic activity as one glucose molecule). 

Apothecary and Household Conversions 

Apothecary 

1 grain= 60 mg 

1 ounce= 30 mg 

1 fluid ounce = 30 ml 

1 pint= 500 ml 

1 quart= 947 ml 

Household 

1 teaspoonful = 5  ml 

1 tablespoonful =  15 ml 

1 wineglassful=60 ml 

1 teacupful =  1 20 ml 
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Temperature Conversions 

Corresponding Scales 

(oC) (oF) Conversions 

1 00 21 2 Conversions are based on the corresponding 

41 1 05.8 temperatures at the freezing point of water: 

40 1 04 0°C = 32°F 

39 1 02.2 and the temperature ranges (from freezing 

37 98.6 point to boiling point of water: 

36 96.8 1 00°C = 1 80°F or 5°C = 9°F 

35 95 The above relationships are then combined 

34 93.2 to derive the conversion formulas: 

33 91 .4 °F= (9/5°C) + 32 

32 89.6 °C=5/9 (°F - 32) 

31 87.8 

30 86 

0 32 

Pressure Conversions 

mm Hg kPa mm Hg kPa mm Hg kPa 

41 5.45 61 8.1 1 81 1 0.77 
42 5.59 62 8.25 82 1 0.91 
43 5.72 63 8.38 83 1 1 .04 
44 5.85 64 8.51 84 1 1 . 1 7  
45 5.99 65 8.65 85 1 1 .31 
46 6.1 2 66 8.78 86 1 1 .44 
47 6.25 67 8.91 87 1 1 .57 
48 6.38 68 9.04 88 1 1 .70 
49 6.52 69 9 . 18  89 1 1 .84 
50 6.65 70 9.31 90 1 1 .97 

51 6.78 71 9.44 91 1 2 . 1 0  
52 6.92 72 9.58 92 1 2.24 
53 7.05 73 9.71 93 1 2.37 
54 7 . 18  74  9.84 94 1 2.50 
55 7.32 75 9.98 95 1 2.64 
56 7.45 76 1 0. 1 1 96 1 2.77 
57 7.58 77 1 0.24 97 1 2.90 
58 7.71 78 1 0.37 98 1 3.03 
59 7.85 79 1 0.51 99 1 3 . 1 7  
6 0  7.98 80 1 0.64 1 00 1 3.90 

Kilopascal (kPa) = 0. 1 33 x mm Hg mm Hg = 7.5 x kPa 
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French Sizes 

French 
Outside Diameter* 

Size Inches mm Device 

1 0.01 0.3 Vascular catheters 
4 0.05 1 .3 
8 0 . 1 0 2.6 Small-bore feeding tubes 

1 0  0 . 1 3 3.3 
1 2  0.1 6 4.0 

1 4  0. 1 8  4.6 Nasogastric tubes 
1 6  0.21 5.3 
1 8  0.23 6.0 

20 0.26 6.6 Chest tubes 
22 0.28 7.3 
24 0.31 8.0 
26 0.34 8.6 
28 0.36 9.3 
30 0.39 1 0.0 
32 0.41 1 0.6 
34 0.44 1 1 .3 
36 0.47 1 2.0 
38 0.50 1 2.6  

'Diameters c a n  vary with manufacturers. However, a useful rule o f  thumb is OD (mm) x 3 = 

French size. 

Gauge Sizes 

Gauge 
Outside Diameter* 

Size Inches mm Device 

26 0.01 8 0.45 Butterfly devices 
25 0.020 0.50 
24 0.022 0.56 
23 0.024 0.61 

22 0.028 0.71 Peripheral vascular catheters 
21 0.032 0.81 
20 0.036 0.91 
1 9  0.040 1 .02 

1 8  0.048 1 .22 Central venous catheters 
1 6  0.040 1 .62 

1 4  0.080 2.03 Introducer catheters 
1 2  0.1 04 2.64 
1 0  0 . 128 3.25 

·oiameters can vary with manufacturers. 
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SELECT ED 
REFERENCE RANGES 

Reference Ranges for Selected Clinical Laboratory Tests 

Traditional 
Substance Fluid* Units x k = SI Units 

Aceto acetate P,S 0.3-3.0 mg/dl 97.95 3-30 µmol/L 

Alanine amino- s 0-35 U/L 0.01 6 0-0.58 µkat/L 
transferase (SGPT) 

Albumin s 4-6 g/dl 1 0  40-60 g/L 
CSF 1 1 -48 mg/dl 0.01 0.1 1 -0.48 g/L 

Aldo lase s 0-6 U/L 1 6.6 0 - 1 00 nkat/L 

Alkaline s (F) 30- 1 00 U/L 0.0 16  0.5-1 .67 µkat/L 
phosphatase (M) 45-1 1 5  U/L 0.75-1 .92 µkat/L 

Ammonia p 1 0-80 µg/dl 0.587 5-50 µmol/L 

Amylase s 0-1 30 U/L 0.01 6 0-2.1 7 µkat/L 

Aspartate amino- s 0-35 U/L 0.01 6 0-0.58 µkat/L 
transferase (SGOT) 

�-Hydroxybutyrate s <1 .0 mg/dl 96.05 < 1 00 µmol/L 

Bicarbonate s 22-26 mEq/L 1 22-26 mmol/L 

Bilirubin:Total s 0.1 - 1 .0 mg/dl 1 7.1 2 - 1 8 µmol/L 
Conjugated s .; 0.2 mg/dl .; 4  µmol/L 

Blood urea P,S 8 - 1 8  mg/dl 0.367 3.0-6.5 mmol/L 
nitrogen (BUN) 

Calcium:Total s 8.5-1 0.5 mg/dl 0.26 2.2-2.6 mmol/L 
Ionized p 2.2-2.3 mEq/L 0.49 1 .1 -1 .1 5  mmol/L 

Chloride P,S 95-1 05 mEq/L 1 95- 1 05 mmol/L 
CSF 1 20-130 mEq/L 1 20 - 1 30 mmol/L 
u 1 0-200 mEq/L 1 0-200 mmol/L 

Creatinine s 0.6-1 .5 mg/dl 0.09 0.05-0. 1 3  mmol/L 
u 1 5-25 mg/kg/24 h 0.009 0.1 3-0.22 mg/kg/24 h 

Cyanide: Nontoxic WB <5 µg/dl 3.8 < 19 µmol/L 
Lethal >30 µg/dl > 1 1 4  µmol/L 

(Continued) 
725 
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Reference Ranges for Selected Clinical Laboratory Tests (Continued) 
Traditional 

Substance Fluid* Units x k = SI Units 

Fibrinogen p 1 50-350 mg/dL 0.01 1 .5-3.5 g/L 

Fibrin split products s <1 0 µg/dL < 1 0  mg/L 

Glucose (fasting) p 70- 1 00 mg/dL 0.06 3.9-6.1 mmol/L 
CSF 50-80 mg/dL 2.8-4.4 mmol/L 

Lactate: Resting p < 2  mEq/L < 2  mmol/L 
Exercise s <4 mEq/L <4 mmol/L 

Lactate s 50- 1 50 U/L 0.01 7 0.82-2.66 µkat/L 
dehydrogenase (LDH) 

Lipase s 0-160 U/L 0.0 17  0-2.66 µkat/L 

Magnesium p 1 .8-3.0 mg/dL 0.41 0.8-1 .2 mmol/L 
1 .5-2.4 mEq/L 0.5 0.8- 1 .2 mmol/L 

Osmolality s 280-296 mosm/kg 1 280-296 mmol/kg 

Phosphate s 2.5-5.0 mg/dL 0.32 0.8- 1 .6 mmol/L 

Potassium P,S 3.5-5.0 mEq/L 1 3.5-5.0 mmol/L 

Total protein P,S 6-8 g/dL 1 0  60-80 g/L 
CSF < 40 mg/dL 0.01 <0 .4 mmol/L 
u < 1 50 mg/24 h 0.01 < 1 .5 g/24 h 

Sodium P,S 1 35-147 mEq/L 1 35-147 mmol/L 

Thyroxine: Total s 4-1 1 µg/dL 1 2.9 51 - 1 42 nmol/L 
Free 0.8-2.B mg/dL 0.49 1 0-36 pmol/L 

Tri iodothyronine (T3) S 75-220 ng/dL 0.01 5 1 2-3.4 nmol/L 

*?= Plasma, S=serum, U=urine, WB=whole blood, CSF= cerebrospinal fluid. 

Adapted from the New England Journal of Medicine SI Unit Conversion Guide. Waltham, MA; 
Massachusetts Medical Society, 1 992. 
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Reference Ranges for Vitamins and Trace Elements 

Traditional 
Substance Fluid* Units x k = SI Units 

Chromium s 0.14-0. 1 5  mg/ml 1 7.85 2.5-2.7 mmol/l 

Copper s 70- 1 40 µg/dl 0. 1 6  1 1 -22 µmol/l 

Folate RBC 1 40-960 ng/ml 2.26 31 7-21 69 nmol/l 

Iron s (M) 80- 1 80 µg/dl 0.1 8 (M) 1 4-32 µmol/l 
(F) 60- 1 60 µg/dl (F) 1 1  -29 µmol/l 

Ferritin P,S (M) 20-250 ng/ml (M) 20-250 µg/l 
(F) 1 0- 1 20 ng/ml (F) 1 0 - 1 20 µg/l 

Manganese WB 0.4-2.0 µg/dl 0.01 8 0.7-3.6 µmol/l 

Pyridoxine p 20-90 ng/ml 5.98 1 20-540 nmol/l 

Riboflavin s 2.6-3.7 µg/dl 26.57 70- 1 00 nmol/l 

Selenium WB 58-234 µg/dl 0.01 2 0.7-2.5 µmol/l 

Thiamine (total) p 3.4-4.8 µg/dl 0.003 98.6- 1 39 µmol/l 

Vitamin A P,S 1 0-50 µg/dl 0.349 0.35-1 .75 µmol/l 

Vitamin 812 s 200-1 ,000 pg/ml 0.737 1 50-750 pmol/l 

Vitamin C s 0.6-2 mg/dl 56.78 30- 1 00 µmol/l 

Vitamin D s 24-40 ng/ml 2.599 60-105 nmol/l 

Vitamin E P,S 0.78-1 .25 mg/dl 23.22 18-29 µmol/l 

Zinc s 70-120 µg/dl 0.1 53 1 1 .5-1 8.5 µmol/l 

*P= Plasma, S=serum, U=urine, WB=whole blood, RBC= red blood cell. 

Adapted from the New England Journal of Medicine SI Unit Conversion Guide. Waltham, MA; 
Massachusetts Medical Society, 1 992. 
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Desirable Weights for Adults* 

Height Males 

Feet Inches Small Frame Medium Frame Large Frame 

5 2 1 28 - 1 34 1 3 1 -141  1 38 - 1 50 

5 3 1 30 - 1 36 1 33-1 43 1 40-153 

5 4 1 32-1 38 1 35-145 1 42 - 1 56 

5 5 1 34-140 1 37 - 1 48 1 44- 1 60 

5 6 1 36 - 1 42 1 39 - 1 51 1 46- 1 64 

5 7 1 38 - 1 45 1 42- 1 54 1 49- 1 68 

5 8 1 40- 1 48 1 45-1 57 1 52-1 72 

5 9 1 42-151 1 48-160 1 55-1 76 

5 1 0  1 44 - 1 54 1 51 -1 63 1 58-180 

5 1 1  1 46-157 1 54-166 1 61 - 1 84 

6 0 1 49 - 1 60 1 57-1 70 1 64 - 1 88 

6 1 52-164 1 60-1 74 1 68 - 1 92 

6 2 1 55-168 1 64-1 78 1 72 - 1 97 

6 3 1 58-172 1 67-1 82 1 72-202 

6 4 1 62-176 1 71 - 1 87 1 81 -207 

Females 

4 1 0  1 02-1 1 1  1 09-1 21 1 1 2-13 1  

4 1 1  1 03- 1 1 3  1 1 1 -1 23 1 20-134 

5 0 1 04- 1 1 5  1 1 3-1 26 1 22-1 37 

5 1 1 06- 1 1 8  1 1 5-1 29 1 25 - 1 40 

5 2 1 08-1 21 1 1 8- 1 32 1 28 - 1 43 

5 3 1 1 1 - 1 24 1 21 - 1 35 1 31 - 1 47 

5 4 1 1 4- 1 27 1 24-1 38 1 34-151  

5 5 1 1 7- 1 30 1 27-141 1 37-1 55 

5 6 1 20-1 33 1 30-1 44 1 40-159 

5 7 1 23 - 1 36 1 33 - 1 47 1 43-163 

5 8 1 26-139 1 36-1 50 1 46 - 1 67 

5 9 1 29-1 42 1 39-1 53 1 49 - 1 70 

5 1 0  1 32-145 1 42-1 56 1 52-1 73 

5 1 1  1 35-148 1 45-159 1 55-1 76 

6 1 38- 1 51 1 48- 1 62 1 58-1 79 

•unclothed weights associated with the longest life expectancies. From the statistics bureau of 

the Metropolitan Life Insurance Company, 1 983. 
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Body Fluid Distribution in Healthy Adults 

Parameter Males Females 

Total body water 600 mUkg 500 mUkg 

Interstitial fluid 1 20 mUkg 1 00 mUkg 

Blood volume (BV) 70 mUkg 65 mUkg 

Erythrocyte volume 33 mUkg 27 mUkg 

Plasma volume 37 mUkg 38 mUkg 

Hematocrit 40-54% 37-47% 

From Documenta Geigy Scientific Tables, 7th ed. Basel, Switzeraland: JR Geigy SA, 1 970. 

Electrolyte Content of Body Fluids 

mEq/L 

Body Fluid Na+ K+ HC03- CL-

CSF 1 40 4 25 1 30 

Saliva 1 1 2  20 1 0-20 30 

Sweat 50 1 0  45 
Gastric 60 1 5  0.2 1 40 

Bile 1 40 6 30-50 90 

Pancreatic 1 30 6 1 00 60 

Small bowel 1 20 8 20-40 1 00 

Stool 30 60 20-60 40 

Peak Expiratory Flow Rates for Healthy Males 

mEq/L 

Age (yr) Ht: 60" 65" 70" 75" 

20 602 649 693 740 

25 590 636 679 725 

30 577 622 664 71 0 

35 565 609 651 695 

40 552 596 636 680 

45 540 583 622 665 

50 527 569 607 649 

(Continued) 
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Peak Expiratory Flow Rates for Healthy Males (Continued) 
mEq/L 

Age (yr) Ht: 60" 65" 70" 75" 

55 51 5 556 593 634 

60 502 542 578 6 1 8  

65 490 529 564 603 

70 477 5 1 5  550 587 

Peak Flow (Umin) = [3.95 - (0.0151 x Age)] x Ht (cm) 

Regression equation from Leiner GC et al. Am Rev Respir Dis 1 963; 88:646. 

Peak Expiratory Flow Rates for Healthy Females 

mEq/L 

Age (yr) Ht: 55" 60" 65" 70" 

20 309 423 460 496 

25 385 41 8 454 490 

30 380 41 3 448 483 

35 375 408 442 476 

40 370 402 436 470 

45 365 397 430 464 

50 360 391 424 457 

55 355 386 4 1 8  451 

60 350 380 4 1 2  445 

65 345 375 406 439 

70 340 369 400 432 

Peak Flow (Umin) = [2.93 - (0.0072 x Age)] x Ht (cm) 

Regression equation from Leiner GC et al. Am Rev Respir Dis 1 963; 88:646. 
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Evaluating Diagnostic Tests 

The following grid demonstrates the relationships between the results of a diag
nostic test and the presence or absence of disease: 

Test is 
Positive 

Test is 
Negative 

Disease is 
Present 

True 
Positive 

False 
Negative 

a 

c 

Disease is 
Absent 

False 
Positive 

True 
Negative 

b 

d 

These relationships are used to derive the following measures of test performance. 

Parameter 

Sensitivity 

Positive 
Predictive Value 

Specificity 

Negative 
Predictive Value 

Derivation Description 

a Probability that the test is positive when the 
a + c disease is present 

a Probability that the disease is present when 
a + b  the test is positive 

d Probability that the test is negative when the 
d + b disease is absent 

d Probability that the disease is absent when 
d + c  the test is negative 





3 
ADDITIONAL 
FORMULAS 
This section includes formulas that deserve mention but are 
not included in any of the chapters. 

Measures of Body Size 

Ideal Body Weight* 

Males: IBW (kg) = 50 + 2.3 (Ht in inches - 60) 

Females: IBW (kg) = 45.5 + 2.3 (Ht in inches - 60) 

Body Mass lndext 

Body Surface Area 

Dubois Formulat 

BMI = __ W_t (�i n_lb_s�) _ 

Ht (in inches)2 x 703 

BSA (m2) = Ht (in cm) + Wt (in kg)0425 x 0.0071 84 

Jacobson Formula§ 

Ht (in cm) + Wt (in kg) - 60 

1 00 

'Devine BJ. Drug lntell Clin Pharm 1 974; 8:650. 

tMatz R. Ann Intern Med 1 993; 1 1 8:232. 

*Dubois EF. Basal metabolism in health and disease. Philadelphia: Lea & Febiger, 1 936. 

§Jacobson B. Medicine and clinical engineering. Englewood Cliffs, NJ: Prentice-Hall, 1 977. 

73 1 
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Drug Infusion Rates 

The following relationship defines the infusion rate of a drug solution that is needed 
to achieve a desired dose rate: 

where: 

Infusion Rate (mUmin) = 
DR (µg/min) 

C (µg/ml) 

DR is the dose rate of the drug 
C is the concentration of the drug in the infusion 

Because the volume infused per minute is often small, drug infusions are usually 
delivered through a microdrip apparatus (60 microdrops = 1 ml). To convert the 
infusion rate to microdrops per minute: 

microdrops/min = mUmin x 60 

Measures of Gas Exchange 

A. Alveolar-arterial P02 Gradient 

A-a P02 = [Fi02 x (P6 - Ptt,0) - (PaC02/RO)] - Pa02 
where: 

Fi02 = Fractional concentration of inhaled oxygen (0.2- 1 )  

P 6  = Barometric pressure (760 mm H g  at sea level) 

Ptt,o = Partial pressure of water vapor (47 mm Hg at 37°C) 

RO = Respiratory quotient (usually 0.8) 

PaC02 = Arterial PC02 
Pa02 = Arterial P02 

B. Dead Space Ventilation 

where: 

V N _ PaC02 - PEC02 
0 r -

PaC02 

PaC02 = Arterial PC02 
PEC02 = Mean expired PC02 
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Abciximab, as adjunct to reperfu

sion therapy, 222, 2231 
Abdomen, sepsis from. See under 

Sepsis 
Abdominal abscess, 555 
Abscess, abdominal, 555 
Acalculous cholecystitis, 554 
ACE in.h.ibitors. See Angiotensin-

converting-enzyme in
hibitors 

Acetaminophen 
as antipyretic, 202-203, 518, 649 
lactic acidosis and, 365 
tox.ic.i ty of, 705-709 

activated charcoal, 707-708 
antidote therapy, 708-709, 

7081 
clinical presentation, 706 
prognostic markers, 706-707, 

707/ 
toxic metabolite, 705 

Acetazolam.ide, for h·eatment of 
chloride-resistant alkalo
sis, 388 

Acetoacetate 
alcoholic ketoacidosis and, 372 
diabetic ketoacidosis and, 367f 

368 
Acetylcholine, 636 
N-Acetylcysteine (NAC) 

mucolytic therapy with, 
320-321, 3201 

for treatment of acetaminophen 
toxicity, 708-709, 7081 

for treatment of contrast
induced renal failure, 399 

Acid-base d.isorders, 350-351, 3511 
Acid-base interpretations, 

349-362, 354-357 

an.ion gap, 357-360, 359/ 
compensatory responses, eval

uating, 356-357 
gap-gap, 360-361 
hydrogen ion concentration, 

349-350, 3501 
metabolic acidosis, evaluating, 

357 
predictive equations, 351-354, 

352/ 
metabolic acid-base disor

ders, 352-353 
respiratory ac.id-base disor

ders, 353-354 
primary acid-base disorder, 

identifying, 355-356 
scheme for, 354-357 
types of acid-base d isorders, 

350-351, 3511 
Acid-base parameters, 144-145 

arterial base deficit, 144-145 
blood lactate, 145 

Acidosis 
as cause of hyperkalemia, 434 
lactic. See Lactic acidosis 
metabolic. See Metabolic acido-

sis 
mixed metabolic alkalosis and 

respiratory, 356 
partially compensated respira

tory, 356 
respiratory, 350, 3511, 352/, 354 

Acid-suppressing drugs, bowel 
sepsis and, 550 

ACLS. See Advanced life support 
Activated charcoal, after tox.ic in

gestion of acetaminophen, 
707-708 

Acute aortic dissection, 227-229 
chest pain, 227 

735  
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Acute aortic dissection (continued) 
clinical findings, 227-228 
diagnosis, 228 
management, 228-229 
treating hypertension in, 228, 

2291 
Acute coronary syndromes 

(ACS), 209-232 
acute aortic dissection, 227-229, 

2291 
definitions, 209 
early complications, 224-227 

arrhythrnjas, 225 
cardiac pump failure, 

226-227, 2261 
mechanical, 224-225 

pathogenesis, 209-210 
reperfusion therapy, 214-220 

adjuncts to, 220-224, 2211, 
2231 

coronary angioplasty, 
219-220 

thrnmbolytic therapy, 
214-218, 215-2161 

routine measures, 210-214, 
2111 

angiotensin-converting
enzyme inhibition, 2111, 
213-214 

antiplatelet therapy, 2111, 212 
P-receptor blockade, 2111, 

213 
relieving chest pain, 210-212, 

2111 
Acute heart fa l lure(s), 1 73-188 

B-type natriuretic peptide, 
178-179 

hemodynamic alterations, 
173-178 

progressive heart failuse, 
173-175, 174/, 1751 

right heart failure, 178 
systolic vs. diastolic heart 

failure, 175-178, l77t 
management strategies, 

179-186 
left-sided diastolic heart fal l

use, 185-186 

left-sided systolic heart fail
ure, 180-185, 181/ 

right heart fa i I u re, 186 
Acute hemolytic reactions, red 

blood cell transfusions 
and, 486-487 

Acute inflammatory demyelinat
ing polyneuropathy, 634 

Acute interstitial nephritis (AIN), 
399-400 

drugs that can cause, 4001 
Acute lung injury, red blood cell 

transfusions and, 489-490 
Acute mitral regurgitation, 225 
Acute renal failure. See Oliguria 

and acute renal failure 
Acute respiratory alkalosis with 

secondary metabolic 
alkalosis, 357 

Acute respiratory distress syn
drome (ARDS), 255-268, 
524, 537 

clinical manifestations, 257, 
257/ 

continuous positive airway 
pressure for, 312 

diagnosis, 258-260, 2581 
hydrostatic pulmonary edema 

vs., 258-260 
Jung recruitment in, 309/ 
management, 260-267 

blood transfusions, 265 
fluid management, 264-265 
low-volume ventilation, 

262-264, 2631 
misdirected, 266-267 
pharmacotherapy, 265-266 
ventilator-induced lw1g in-

jury, 260-261, 261/ 
mortality rate, 266/ 
pathogenesis, 255 
PEEP for, 310-311 
predisposing conditions, 

255-256, 2561 
Acute stroke, 641-652 

antithrombotic therapy, 
647-648 

embolic, 641 



evaluation, 642-647 
avoiding delays, 642 
bedside evaluation, 642-644 
diagnostic evaluation, 

644-647, 646/ 
hemorrhagic, 641-642 
isd1emic, 641, 643/ 
medical management, 648-650 
risk categories for emboUc, 

241-242 
risk of thromboembolism and, 

33-34 
tlu·ombotic, 641 
transient ischemic attack, 642 
types of stroke, 641-642 

Acute tubular necrosis (ATN), 392 
Additives, to total parenteral nu

trition solutions, 595-596 
Adenosine, for treatment of AV 

nodal re-entrant tachycar
dia, 245-246, 246t 

ADH. See Antidiuretic hormone 
Adhesive dressings, for in

dwelling vascular 
catheters, 77 

Adjusted-dose warfarin, for 
tlu·omboprophylaxis, 391, 40 

Ad renal insufficiency, 603-605, 
606t 

clinical manifestations, 604 
pituitary fai I ure and, 624 
prevalence, 603 
rapid ACTH stimulation test, 

604, 6051 
steroid therapy, 605, 6061 

Adults. See also Men; Women 
body fluid d istribution in, 729 
daily energy requirements in, 

564, 5651 
desirable weights for, 728 
endogenous fuel stores in, 5671 

Advanced life support (advanced 
cardiac life support, 
ACLS), 191-199 

antiarrhythmic agents, 198-199 
defibrillation, 191-195, 192-193/ 
drug administration routes, 

195-196 
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vasopressor drugs, 196-198, 
1971 

AEDs. See Automated external 
defibrillators 

Aerosol drug therapy for asthma, 
271-273 

intermittent vs. continuous, 
273-274, 274/ 

AF. See A trial fibri I la ti on 
AG. See Anion gap 
Age, body temperature and, 505 
Agitated patient, bedside ap-

proach to, 666/, 667 
AIN. See Acute interstitial neplu·i

tis 
Ai rborne il lness, protective barri-

ers and, 8-10, 9f 
Airway patency, 189 
AKA. See Alcoholic ketoacidosis 
Albumin, anion gap and, 359-360 
Albumin solutions, 164-165 
Albuterol 

for treahnent of anaphylaxis, 
531 

for treahnent of asthma, 273, 
2751 

for treatment of chronic ob
structive pulmonary dis
ease, 277 

Alcoholic ketoacidosis (AKA), 
367/, 371-373 

Alcohol-related illness, hypomag
nesemia and, 447 

Alcohol(s) 
as antiseptic agent, 2, 21 
toxic, 373-376 

Al imentary decontamination, 550, 
5511 

Alkali therapy 
for treatment of diabetic keto

acidosis, 371 
for treahl1ent of lactic acidosis, 

366 
Alkalosis 

acute respiratory, with second
ary metabolic alkalosis, 357 

as cause of ionized hypocal
cemia, 459-460 
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Alkalosis (con tin11ed) 
metabolic. See Metabolic alkalo

sis 
mixed respiratory acidosis and 

metabolic, 356 
partially compensated respira

tory, 356 
respiratory, 350, 3511, 352/, 354 

Allergic reactions 
to latex, 6-7 
to platelet transfusions, 503 
to red blood cell transfusions, 

488-489 
Alteplase 

for restoring catheter patency, 
81, 811  

for thrnmbolytic therapy, 49, 
2161, 217, 218 

Altered consciousness, 613-614, 
615/ 

Alveolar-arterial P02 gradient, 
732 

Alveolar dead space, in venous 
thromboembolism, 43 

Alveolar disruption, 321-325 
clinical manifestations, 321 
pleural drainage system, 

323-325, 325/ 
pneumotl1orax, 321-323, 323f 

Alvimopan, to block opioid re
ceptors in bowel, 657 

American Stroke Association, 
648 

Amikacin, 671 
for treatment of pneLunonia, 

5431 
Amino acid solutions, 591-593, 

5921 
Arninoglycosides, 671-674 

activity and clinical uses, 
671-672, 672f 

adverse effects, 673-674 
dosing, 672-673, 6731 
for treatment of pneumonia, 

5431 
Amiodarone 

for treatment of atrial fibrilla
tion, 2401, 241 

for treatment of cardiac arrest, 
1971, 198 

for treatment of venh·icular 
tachycardia, 250 

Arnoxicillin-clavulanate, for treat
ment of chronic obstruc
tive pulmonary disease, 
2791 

Amphetamines, neuroleptic ma
lignant syndrome and, 
5101 

Amphotericin 
drug fever and, 5091 
Ringer's solution and, 159 

Amphotericin B, 674-675 
for d igestive decontamination, 

551 1 
for disseminated candidiasis, 

93 
infusion-related inflanunatory 

response, 674-675 
liposomal, 675 
neplu-otoxicity of, 675 
for oral decontamination, 545 
for treatment of candiduria, 559 
for treatment of catheter-

related septicemia, 911  
Ampicillin 

Ringer's solution and, 159 
for treatment of catheter

related septicemia, 911  
Ampicill in-sulbactam, for treat

ment of abdominal 
abscess, 555 

Analgesia, 653-658 
non-opioid, 657-658 
opioids, 653-657 

adverse effects, 656-657 
intravenous, 653-655, 6541 
meperidine, 655 
patient-controlled analgesia, 

656 
Anaphylactic shock, 530, 531-532 
Anaphylaxis, 529-532 

anaphylactic shock, 530, 
531-532 

clinical presentation, 530 
management, 530-531 



response to platelet h·ansfu
sions, 503 

in response to red blood cell 
transfusion, 489 

Ane1nia, 477-481 .  See nlso Eryth-
rocyte transfusions 

contributing factors, 478-479 
correcting, 153 
of critical i l lness, 477 
systemic oxygenation and, 

479-481, 480/ 
tolerance to, 480-481 

Anemia of chronk disease, 477 
Angina. See Unstable angina 
Angiotensin-converting-enzyme 

(ACE) inhibitors, for treat
ment of acute cardiac syn
dromes, 213-214 

An.ion gap (AG), 357-360 
defined, 358 
determinants of, 3601 
influence of albumin on, 

359-360 
interpreting, 358-359, 3591 
lactic acidosis and, 363 
reference range, 358 
reliability, 359 

Antiarrhythmic agents, for treat
ment of cardiac arrest, 
1971, 198-199 

Antibiotic lock therapy, 90-92 
Antibiotic therapy 

as cause of acute interstitial 
nephritis, 4001 

drug fever and, 509 
magnesium deficiency and, 

446-447 
for oral decontamination, 545 
for treatment of catheter-related 

septicernia, 88-90, 89/ 
for h·eatment of chronic ob

structive pulmonary dis
ease, 278-279, 297, 2971 

for treatment of urinary tract 
infections, 557-558 

Anticholinergic agents, for treat
ment of asthma, 274-276, 
2751 

Index 739 

Anticoagulation, 47-49, 481 
Antidiuretic hormone (ADH) 

diabetes insipid us and, 417-418 
in hyponatrernia, 421 

Antidotes 
for acetaminophen, 708-709, 

7081 
for benzodiazepines, 710 
for B-receptor antagonist toxic

ity, 711-713 
Antiemetic agents, neuroleptic 

maligna11t syndrome and, 
5101 

Anti fungal agents, 674-676 
amphotericin B, 674-675 
capsofungin, 676 
fluconazole, 675-676 
for treatment of candiduria, 559 

Antimicrobial-impregnated 
catheters, 57 

Antirnicrobial ointment, for in
dwell i11g vascular 
catheters, 78 

Antimicrobial therapy, 516, 
671-687 

aminoglycosides, 671-674, 6731 
antifungal agents, 671, 674-676 
carbapenems, 671, 677-678 
cephalosporiJlS, 671, 678-679, 

6791 
fluoroquinolones, 671, 679-681,  

6811 
penicillins, 671, 681-682 
for treatment of pneumonia, 

541-543, 541-544, 542-5431 
for treatment of severe sepsis 

and septic shock, 528 
vancomycin, 682-685 

vancomycin replacements, 
671, 684-685 

Antioxidant vitamins, 573 
Antiperistaltic agents, C. difficile 

colitis and, 553 
Antiplatelet effects, of nitroglyc

erin, 694 
Antiplatelet therapy 

for treatment of acute cardiac 
syndromes, 2111, 212 
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Antiplatelet therapy (conlinued) 
for treatment of ah·ial fibrilla

tion, 2421 
Antipseudomonal penicillins, 682 
Antipsychotic agents, neuroleptic 

malignant syndrome and, 
5101 

Antipyretic therapy, 516-518 
Antiretroviral drugs, indications 

for folJowing HIV expo
sure, 121 

Antiseptic agents, 1-3, 21 
Antiseptics, 1 
Antithrombotic therapy, 47-49 

anticoagulation, 47-49, 481 
tlu·ombolytic therapy, 49 
for treatment of atrial fibrilla

tion, 241-242, 2421 
for treatment of stroke, 647-648 

Antithyroid drugs, 610 
Apathetic thyrntoxicosis, 609 
Aphasia 

evaluation of stroke and, 644 
expressive, 644 
global, 644 
receptive, 644 

Apnea test, 621 
Apothecary and household con

versions, 721 
ARDS. See Acute respiratory dis

tress syndrome 
Argatroban, for treah11ent of hep

arin-induced thrombocy
topenia, 496, 4961 

Arginine, enteral tube feeding 
and, 582 

Arousal, 613, 6141 
Arrhythmias, 225 

in hypokaJemia, 431 
magnesium depletion and, 448 

Arterial base deficit, 144-145 
Arterial PC02, in spontaneous 

breathing trial, 337, 339/ 
Arterial pulse and pressure, mon

itoring during CPR, 
1 99-201 ,  200/ 

Arteriovenous hemofiltration, 405 

Aspiration, in enteral tube feed
ing, 588 

Aspirin 
as adjunct to reperfusion ther

apy, 222 
as antipyretic, 518 
for treatment of acute cardiac 

syndromes, 212 
for treatment of stroke, 647-648 

Assist-control ventilation, 
301-303, 303/ 

Assisted ventilation, 302 
Asthma, acute exacerbations of, 

269-277 
drug therapy for, 271-277, 2751 

aerosol drug therapy, 
271-273, 274/ 

antichoL inergic agents, 
274-276 

beta-receptor agonists, 
273-274 

corticosteroids, 276-277 
management protocol, 27'2f 

intrinsic PEEP and, 327 
lactic acidosis and acute, 365 
peak expiratory flow rate, 

269-271, 270/ 
Atelectasis, 537 

fever and, 506-507 
Atenolol, for treatment of acute 

cardiac syndromes, 213 
ATN. See Acute tubular necrosis 
Atrial activity, cliagnosis of tachy

cardia and, 235-236, 236/ 
Atrial fibrillation (AF), 233, 

237-243 
acute rate control, 239-241, 2401 
adverse consequences, 237-238 
antitlu-ombotic therapy, 

241-242, 2421 
DC cardioversion, 238 
lone, 237 
pharmacologic cardioversion, 

238-239 
predisposing factors, 237 
Wolff-Parkinson-White syn

drome, 243 



Atrial fluttet� 233 
Atrial tachycardias, 233 
Atrial thrombosis, atrial fibrilla

tion and, 238 
Atrium, catheter tip in right, 

73-74 
Atropine 

for treah11ent of cardiac arrest, 
197t, 199 

via endotracheaJ route, 196 
Autoimmune thyroiditis, 609 
Automated external defibrillators 

(AEDs), 195 
Automatisms, 627 
Autoh·ansfusion maneuver, 150 
AV dissociation, 248 
AV nodal re-entra11t tachycardia 

(AVT\TRT), 233, 236f 
245-247 

adenosine for, 245-246, 2461 
AVJ\.TJU. See AV nodal re-entrant 

tachycardia 
Awareness, 613, 6141 
Azathioprine, for treatment of 

myasthenia gravis, 633 
Azithromycin, for treahnent of 

chronic obstructive pul
monary disease, 2791 

B 
Bncil/us nnthrncis, skin hygiene 

and, 3 
Bacterial respiratory infections, 

precautions for, 9/ 
Bacterial transmission, platelet 

transfusions and, 502 
Bncleroides frngilis, imipenem for, 

677 
BAL. See Bronchoalveolar 

lavage 
Bal loon, pulmonary artery 

catheter, 100-101 
Bal loon flotation method, 97 
Baroh·auma, 261 
Basal energy expenditure (BEE), 

564-565 

Index 741 

BEE. See Basal energy expendi
ture 

Benzod iazepines 
adverse effects, 660-661 
drug comparisons, 659-660, 

6591 
drug interactions, 661 
sedation with, 658-661, 6591 
toxicity of, 709-710 
for treatment of delirium, 616 
for treatment of seizures, 

630-631 
P-agonist bronchod ilators, as 

cause of hypokalemia, 429 
P-hydroxybutyrate 

alcoholic ketoacidosis and, 
367f 372 

diabetic ketoacidosis and, 367f 
368 

P-receptor agonists 
as cause of hypophosphatemia, 

468 
for treahnent of asthma, 

273-274, 2751 
P-receptor antagonists (P-block

ers) 
antidote therapy, 711-713 
as cause of hyperkalemia, 4341, 

435 
mi lrinone and, 183 
toxicity of, 711-713 
for treatment of acute aortic 

dissection, 229, 2291 
for treatment of atrial fibrilla

tion, 239-240, 2401 
for treatment of hyperthy-

roid ism, 610 
P-receptor blockade, 213 
Biphosphonates, for treatment of 

hypercalcemia, 4651, 4.66 
Bleeding 

platelet transfusions and, 500 
thrombolytic therapy and, 

218 
Blood 

calcium and phosphorus in, 
4581 
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Blood (conti1111ed) 
oxygen content of, 125-126, 

127t 
Blood-borne infections, 10-16 

hepatitis B virus, 13-15, 15t 
hepatitis C virus, 15-16 
HIV, 11-13, 12t 
needlestick injuries, 10 

Blood cultures, 515 
in evaluation of pneumonia, 

537 
quantitative, 86-87, 86t 

choice of methods, 87-88 
Blood lactate, 1 35-136, 145 

severe sepsis and, 135-136 
Blood loss, classification of, 

140-141 
Blood pressure, management of 

heart failure and, 182-184 
Bloodstream infections, 

pathogens in, 5131 
Blood transfusions. See nlso 

Erythrocyte transfusions; 
Platelet transfusions 

as cause of ionized hypocal
cemia, 460 

treatment of acute respiratory 
distress syndrnme and, 
265 

Blood volume, 139, 1401 
BNP. See B-type natriuretic pep

tide 
Body fluids 

distribution of, 139-140, 1401, 
729 

electrolyte content of, 729 
sodium concenh.·ation in lost, 

414t 
Body mass i.ndex, 731 
Body size, measures of, 731 
Body surface area, 731 
Body temperature. See nlso Fever 

normal, 505 
Body water, 139, 140t 
Body weight 

ideal, 659, 662, 693, 731 
predicted, 262, 288-289 

Bowel motility, opioids and, 657 

Bowel sepsis, 549-551 
gash·ic colonization, 549 
mucosa! disruption, 549-550 
preventive measures, 550, 551 t  

Brain death, 620-624 
diagnosis, 621-623, 6221 

apnea test, 621 
confirmatory tests, 623 
spontaneous movements, 623 

potential organ donor, 623--624 
Breathing, intrinsic PEEP and in

creased work of, 328 
Bronchoalveolar lavage (BAL), 

539-540 
for distinguishing acute respi

ratory distress syndrome 
and hydrostatic pul
monary edema, 259-260 

without bronchoscopy, 540 
Bronchodilator aerosols, 271-273 
Bronchodilator responsiveness, 

294 
Bronchodilators 

for treatment of anaphylaxis, 
531 

for treatment of chronic ob
structive pulmonary dis
ease, 277-278 

Bronchoscopy 
bronchoalveolar lavage with

out, 540 
fever and, 508 

B-type natriuretic peptide (BNP), 
178-179 

diagnostic value, 179 
role in ICU, 179 

BUN (blood urea nitrogen) /crea
tinine ratio, 395-396 

Butyrophenones, neuroleptic ma
lignant syndrome and, 
510t 

c 
Calcitonin, for treatment of hy

percalcemia, 465-466, 465t 
Calcium, 457-467 

in blood, 458t 



hypercalcemia, 463-467, 4651 
ionized hypocalcemia, 459-463, 

461-4621 
in plasma, 457-459 
total vs. ionized, 457-458, 458f 

4581 
Calcium-channel blockers 

for treatment of AV nodal re
entrant tachycardia, 247 

Wolff-Parkinson-Whjte syn
drome and, 243 

Calcium d1Joride 
for treatment of hyperkalemia, 

437-438, 4381 
for treatment of ionized 

hypocalcemia, 462 
Calcium gluconate 

for h·eahnent of hypermagne
semja, 454 

for treatment of io1ijzed 
hypocalcemia, 462 

Calcium oxalate, 373 
Calcium replacement therapy, 

461-463, 4621 
Caloric density, of feeding formu

las, 578-579, 5791 
Calorie requirements, in enteral 

tube feeding, 583 
Calorimetry, indirect, 565-566 
Candida albicn11s, 5131, 557, 558 
Candida infections 

capsofungin for, 676 
fluconazole for, 675, 676 

Ca11dida krusei, 676 
Candida spp. 

as cause of catheter-related sep
ticenija, 89, 911, 92 

skin hygiene and, 1 
Candidiasis, disseminated, 93-94 
Candiduria, 558-559 

a.ntifungal therapy for, 559 
Capillary hydrostatic pressure, 

wedge pressure vs., 
119-120 

Capsofu.ngin, 676 
for treatment of candiduria, 559 
for treahl1ent of catheter

related septicemfa, 911 
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for treatment of disseminated 
candidiasis, 93 

Carbapenems, 677-678 
i1rupenem, 677-678 
meropenem, 678 
for treahnent of pneumonia, 

543t 
Carbohydrates, 566 

tJijamine and metabolism of, 
570 

in total parenteral nutrition, 
597-598 

Carbon d ioxide retention, 
chronic, 381 

Cardiac arrest, 189-207 
induced hypothermia follow

ing, 2031 
l i fe support 

advanced, 191-199 
basic, 189-191 

monitoring during CPR, 
1 99-202 

post-resuscitation concerns, 
202-205 

Cardiac fiUing pressures, 113-122, 
1141, 143-144 

reliabil i ty, 120-122 
venous pressures in the thorax, 

113-115 
wedge pressure, 116-120, 116f 

118/ 
Cardiac index (Cl}, 1051, 106 
Cardiac output 

continuous measuTements of, 
103-104 

intrinsic PEEP and reduced, 
328 

in PEEP, 310, 311/ 
phosphate depletion and, 

469 
promoting, 149-152, 151/ 
weaning from mecha1ijcal ven

tilation and low, 
340 

Cardiac performance, during pos
itive-pressure ventilation, 
285-287, 286/ 

Cardiac pump failure, 226-227 
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Cardiogenic pulmonary edema, 
258 

continuous positive airway 
pressure for, 312 

Cardiogenic shock, 693 
hemodynam.ic patterns in, 1101 
hemodynamic support for, 2261 
treatment of, 183 

Cardiopulmonary resuscitation 
(CPR), 189 

advanced life support, 191-199 
basic life support, 189-191 
monHoring d ming, 199-202 
post-resuscitation concerns, 

202-205 
Cardiovascular effects, of opioids, 

656-657 
Cardiovascular parameters, 

104-108, 1051 
cardiac index, 1051, 106 
central venous pressure, 104, 

1051 
pulmonary capillary wedge 

pressure, 105, 1051 
pulmonary vascular resistance 

index, 1051, 107-108 
stroke index, 1051, 106-107 
systemic vascular resistance 

index, 1051, 107 
Cardiovascular tox.icity, of beta

b lockers, 711 
Cardioversion 

direct-current, 238 
pharmacologic, 238-239 
risk of embolism with, 242 

Carnitine, enteral tube feeding 
and, 582 

Catheter blood cultme, 88/ 
Catheter colonization, 84 
Catheter insertion techniques, 

62-63, 64/ 
Catheter-over-needle technique, 

62, 62/ 
Catheter position, of central ve

nous catheters, 73-74 
Catheter-related septicemia, 84, 

85 
catheter tip cultures, 85-86, 861 

clinical features, 85 
empiric antibiotic coverage for, 

88-90, 89f 
persistent sepsis, 92-94 
quantitative blood cultures, 

86-88, 88f 
treatment of, 90-92, 9lt 

Catheters. See also Central venous 
catheters; Pulmonary ar
tery catheters; Vascular 
catheters; Vascular 
catheters, ind welling 

flushing, 78 
heparin-bonded, 56-57 
multiJumen, 55 
peripherally-inserted central, 

61, 63-65 
volume infusion and size of, 

146-147, 147/ 
Catheter tip cultures, 85-86, 861 
CDC. See Centers for Disease 

Control and Prevention 
Cefazolin, 678-679, 6791 
Cefepime, 679, 6791 

for treatment of catheter
related septicemia, 90 

for treatment of pnemnon.ia, 
5431 

Cefotaxime, for d.igestive decont
arrti.nation, 55l t  

Ceftazidin1e, 679, 6791 
for treatment of catheter

related septicentia, 90, 
911 

for treatment of gram-negative 
infections, 516 

for treatment of pneum01tia, 
5431 

for h·eatment of severe sepsis 
and septic shock, 528 

Cefh·iaxone, 679, 6791 
for treatment of pnemnon.ia, 

541, 5431 
Cefuroxime. for treatment of 

chronic obstructive pul
monary disease, 2791 

Centers for Disease Control and 
Prevention (CDC) 



classification of catheter-related 
infection, 84 

hand washing guidelines, 41 
Central diabetes insipidus, 418 
Central pontine myelinolysis, 424 
Central venous catheters (CVCs), 

55-57, 561, 58/, 61 
antimicrobial-impregnated 

catheters, 57 
catheter position, 73-74 
heparin-bonded catheters, 

56-57 
multilwnen catheters, 55 
occlusion of, 80-83, 811 
replacing, 79-80 

Central venous oxirnetry 
catheters, 526 

Central venous oxygen saturation 
(Scv02), in severe sepsis 
and septic shock, 526-527 

Cenh:al venous pressure (CVP), 
104, 1051 

measuring, 114-115, 115/ 
Cephalosporins, 678-679 

dosing, 6791 
drug fever and, 5091 
toxicity, 679 
for treatment of pneumonia, 

5431 
Cerebral edema, replacing free 

water and risk of, 417 
Chest compressions, 190-191, 

200/ 
Chest pain 

in acute aortic dissection, 227 
relieving, 210-212 

Cliln111ydin p11e11111011ine, chronic ob
structive pulmonary dis
ease and, 278 

Chlarith.romycin, for treahnent of 
clu·onic obstructive pul
monary disease, 2791 

Chlorhexid ine 
as antiseptic agent, 21, 3 
on catheters, 57 
insertion site decontamination 

with, 62 
regin1e, 545 

Index 745 

Chloride-resistant alkalosis, 385, 
3851 

management of, 388 
Chloride-responsive alkalosis, 

385, 3851 
ChlorpromaziJ1e, torsades de 

pointes and, 2521 
Chronic disease, anemia of, 477 
Chronic obsh·uctive pulmonary 

disease (COPD) 
acute exacerbations of, 277-279 

antibiotic therapy for, 
278-279, 2791 

bronchodilator therapy for, 
277-278 

corticosteroids fot� 278 
oxygen therapy for, 279 

continuous positive airway 
pressure for, 312 

intrinsic PEEP and, 327 
Chvostek's sign, 461 
CI .  See Cardiac index 
ClM. See Critical i l lness myopa

thy 
ClP. See Critical illness polyneu

ropathy 
Ciprofloxacin, 680, 681 1 

drug interactions, 681 
for h·eatment of pneumonia, 

5431 
for treatment of urinary tract 

infection, 558 
Circulatory shock, lactic acidosis 

and, 363-364, 364/ 
Cisapride, torsades de pointes 

and, 2521 
Cisatracurium, 637, 6371 
Clarithromycin, torsades de 

pointes and, 2521 
Cl iJ1ical laboratory tests, reference 

ranges, 725-726 
Clonic movement, 627 
Clopidogrel, for treahnent of 

acute cardiac sy:nd romes, 
212 

C/oslridin, 513 
C/oslridi11111 difficile, skin hygiene 

and, 3 
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Clostridiu111 difficile colitis, 551-553 
clinical presentation, 552 
diagnosis, 552 
pathogenesis, 551-552 
treatment, 553 

Clostridium difficile enterocolitis, 
en teral tube feeding and, 
589 

CNS drugs, as cause of acute in
terstitial nephritis, 4001 

CNS stimulants, neuroleptic ma
lignant syndrome and, 
510t 

Cocaine, neuroleptic malignant 
syndrome and, 5101 

Colistin, for oral decontamina
tion, 545 

Colitis, Closlridium difficile, 
551-553 

Colloid fluids, 148, 150, 162-167 
albumin solutions, 164-165 
colloid osmotic pressure, 163 
comparative features of, 164t 
cons, 168 
crystalloid fluids vs., 151-152, 

164, 167-168 
dextrans, 166-167 
hydroxyethyl starch, 165-166 
pros, 167-168 
volume effects, 163-164 

Colloid osmotic pressure, 163 
Colloid resuscitation, 157-171 
Colon iza ti on 

ca thete1� 84 
gastric, 549 
oropharynx, 542-543, 544 

Coma, 616-620 
bedside evaluation, 617-619 
concli tions affecting pupils, 

6171 
duration following CPR, 205 
Glasgow coma score, 619-620, 

6201 
myxedema, 608 

Community-acquired pneumo
nfa, 541 

Compensatory responses, 
350-351 

evaluating, 356-357 
Compliance, 290 

"static," 295 
thoracic, 295 
transthoracic, 293 

Compression stockings, 35 
Computed tomography, in evalu

ation of stroke, 646, 646/ 
Conditionally essential nutrients, 

581-582 
Consciousness 

altered, 613-614, 614t 
evaluation of stroke and, 643 
states of, 613-614, 615/ 

Continuous positive airway pres
sure (CPAP), 311-312 

Contrast-induced renal failure, 
398-399 

Controlled ventilation, 302 
Conversions. See Units and con

versions 
Cooling blankets, 518  
COPD. See Ciu·onic obstructive 

pulmonary disease 
Coronary angioplasty, 219-220 

lytic therapy vs., 219 
Coronary perfusion pressure 

(CPP), 200-201 
Coronary steal syndrome, 182 
Corticosteroids 

for treahnent of asthma, 275t, 
276-277 

for treatment of chronic ob
structive pulmonary dis
ease, 278 

for treatment of severe sepsis 
and septic shock, 528 

Cost, of resuscitation fluids, 167t 
Coumadin 

interaction with sucralfate, 26 
for treatment of heparin

induced thrombocytope
nia, 496-497 

CoLmtercurrent exchange, 402 
CPAP. See Continuous positive 

airway pressure 
CPP. See Coronary perfusion pres

sure 



CPR. See Cardiopulmonary resus
citation 

Creatinine clearance, in evalua
tion of renal failure, 3951, 
396 

Cricothyroidotomy, 317-318 
Critical closing pressure, 330 
Critical i llness, anemia of, 477 
Critical i l lness myopathy (CIM), 

341, 635 
Critical i l lness polyneuropathy 

(CIP), 341 , 635 
Critical oxygen delivery, 132 
Crystal loid fluids, 148, 150, 

157-161 
colloid fluids vs., 151-152, 164, 

167-168 
comparative features of, 1601 
cons, 168 
crystalloid distribution, 

157-158 
isotonic saline, 158-159 
lactated Ringer's solution, 

159-160 
normal pH fluids, 160-161 
for treatment of hypovolemic 

hypernatremia, 415 
Crystal loid resuscitation, 157-171 
Cuff-leak test, 343 
CVCs. See Central venous 

catheters 
CVP. See Central venous pressure 
Cyanide acctITT1ulation, nih·oprus

side and, 698f 699-700, 7001 
Cyanide intoxication, 699-700, 7001 
Cyanide toxici ty, n.i troprusside 

and, 181-182 
Cyclosporine, for treatment of 

myasthenia gravis, 633 
Cytopath.ic hypoxia, 364, 529 
Cytoprotective agents, 231, 25-26 

D 
Daily nutrition requirements, in 

total parenteral nutrition, 
596 

Dalteparin, 38-39, 391 

Index 747 

Dantrolene sodium 
for treatment of malignant hy

perthermia, 508 
for treatment of neuroleptic 

majjgnant syndrome, 511 
Daptomycin, 685 
DC cardioversion. See Direct

current cardioversion 
D-din1ers, in venous tluomboem-

bolism, 42-43 
Dead space ventilation, 732 
Death, brain. See Brain death 
Decerebrate posturing, 619 
Decontamination, 1 

alimentary, 550, 5511 
gastrointestinal tract, 5511 
oral, 544-545 
oral digestive, 5511 

Decorticate posturing, 619 
DefibriUarion, 191-195, 192-193/ 

automated external defibrilla-
tors, 195 

technical considerations, 194 
timing, 191-193 

Delayed pneumothorax, 73 
Delirium, 614-616, 615/ 

characteristics, 614 
dementia vs., 615 
hypoactive, 615 
management, 616 
predisposing factors, 616 

Dementia, delirium vs., 615 
Depola1·izing agents, 636 
Dexamethasone, for treatment of 

adrenal insufficiency, 605, 
6061 

Dexmedetomidine, 662-663, 6631 
Dextrans, 166-167 
Dextrose solutions, 161-162, 591 ,  

5921 
ad verse effects, 162 
protein-sparing effect, 161 
volume effects, 161-162 

DI. See Diabetes insipid us 
Diabetes insipid us (DI), 417-418 

pituitary failure and, 624 
Diabetes mellitus, magnesium de

ficiency and, 447 
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Diabetic ketoacidosis (DKA), 
366-371, 420 

as cause of hypophosphatemia, 
469 

clinical features, 367-368 
diagnosis, 368 
management, 368-371 ,  3691 
monitoring acid-base status, 

371 
pathogenesis, 366-367, 367/ 

Diagnostic tests, evaluating, 733 
Dialysis, for treatment of hyper

calcemia, 467 
Diarrhea 

enteral tube feeding and, 
588-589 

secretory, 447 
Diastolic heart failure 

left-sided, 185-186 
systolic heart failure vs., 

175-178, 1771 
Diazepam, 6591, 660 

for treatment of seizures, 
630-631 

DIC. See Disseminated i.ntravas-
cular coagulation 

Diffusion, 402 
Digestive decontamination, 551t 
Digitalis 

as cause of hyperkalenua, 4341, 
435, 4381 

magnesium deficiency and, 447 
Digoxin 

interaction with sucralfate, 26 
Wolff-Parkinson-White syn

drome and, 243 
Diltiazem 

for treatment of atrial fibrilla
tion, 239, 2401 

for treatment of AV nodal re
entra11t tachycardia, 247 

Diphenhydram.i.ne, for treatment 
of anaphylaxis, 530 

2,3-Diphosphoglycerate, in red 
blood cells, 483-484, 4841 

Direct-current cardioversion, 191 
Direct-current (DC) cardiover

sion, 238 

Disinfectants, 1 
Disseminated candid.iasis, 93-94 
Disseminated intravascular coag-

ulation (DIC), 497-498, 
4981 

Dissolved oxygen, 126 
Diuretic therapy 

acute interstitial nephritis and, 
4001 

acute respiratory distress syn-
drome and, 264-265 

hyperkalemia and, 4341 
magnesium deficiency and, 446 
metabolic alkalosis and, 380 
for treatment of heart failure, 

182, 183, 184 
DKA. See Diabetic ketoacidosis 
D02. See Oxygen delivery 
Dobutamine, 689-691 

actions, 689, 690/ 
administration, 691 
adverse effects, 691 
clinkal uses, 690 
for treatment of acute heart fail

ure, 1801, 182-183, 2261 
for treatment of severe sepsis 

and septic shock, 527 
Dopamine, 691-693 

ad verse effects, 693 
cli11jcal uses, 692-693 
dose adnlliustration, 693 
Jijgh dose rates, 692 
intermediate dose rates, 692 
low-dose rates, 691-692 
for h·eahnent of acute heart fa il

ure, 1801 
for treatment of anaphylactic 

shock, 531-532 
for treatment of cardioge1uc 

shock, 2261 
treatment of oliguria and, 

397-398 
for treatment of severe sepsis 

and septic shock, 527 
wedge pressure, 692 

Doxycycline, for treatment of 
chronk obstructive pul
monary disease, 2791 



Droperidol 
neuroleptic malignant syn

drome and, 5101 
torsades de pointes and, 2521 

Drug administration routes, 
195-196 

Drug fever, 509, 5091 
Drug infusion rates, 732 
Drugs. See nfso individunl drug 

nnmes nnd cnlegories 
affecting pupils, 6171 
associated with acute intersti

tial nephxitis, 4001 
associated with delirium, 616 
associated with hyperkalemia, 

4341, 435 
associated with hypocalcemia, 

460, 4611 
associated with myasthenia 

gravis, 632 
associated with nephrngenic 

diabetes insipid us, 418 
associated with neuroleptic 

malignant syndrome, 5101 
associated with seizures, 6291 
associated with torsades de 

poi.ntes, 251, 2521 
lactic acidosis and, 365 
magnesium deficiency and, 

446-447 
neuromuscular blocking, 

636-638, 6371 
Dubois formula, for body surface 

area, 731 
Dysoxia, 132 

E 
Echocardiography abnormalities 

hyperkalemia and, 436-437, 
436/, 4381 

hypokalemia and, 431 
stroke ai1d, 647 

ECV. See Extracellular volLUne 
Edema 

cardiogenic pulmonary, 258, 
312 

cerebral, 417 

Index 749 

hydrostatic pulmonary, 
258-260 

laryngeal, 342-345, 344/ 
pulmonary, 537 

EDP. See End-diastolic pressure 
EdrophoniLUn, 633 
EDY. See End-diastolic voltm1e 
EF. See Ejection fraction 
Effective osmotic activity, 411 
Ejection fraction (EF), ventricular, 

177-178 
Electrolytes 

content of body fluids, 729 
magnesitm1 depletion and, 448 
in total parenteral nutrition, 

595 
Embolic stroke, 641 
Embolism, venous air, 71-72 
Emphysema 

pulmonary interstitial, 321 
subcutaneous, 321, 322 

Empiric antibiotic therapy 
for treatment of catheter

related septicemia, 88-90, 
89f 

for treatment of minaxy tract 
infections, 557-558 

Empiric antimicrobial therapy, 
516 

for treatment of severe sepsis 
and septic shock, 528 

End-diastolic pressure (EDP), 122 
heart failme and, 176 

End-diastolic volLUne (EDV), 
120-122 

heart failure and, 1 76-177 
End-expiratory air flow, in intrin

sic PEEP, 329 
End-expiratory occlusion, in in

trinsic PEEP, 329 
End-expiratory pressure, during 

ventilator breath, 301 
Endocarditis, 92-93 

nosocomial, 514 
Endogenous fuel stores, 5671 
Endotracheal intubation, switch 

to tracheostomy, 317 
Endotracheal route, 196 
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Endotracheal tubes, 287, 315-316 
laryngeal damage, 316 
migration of, 315-316 
paranasal sinusitis, 316 

End tidal PC02, monitoring dur
ing CPR, 201-202, 20lf 

Energy expenditures, daily, 
563-566 

basal, 564--565 
healthy adults, 564, 565t 
ICU patients, 564--565, 5651 
indirect calorimetry, 565-566 
oxidation of nutrient fuels, 

563-564, 5641 
predictive equations, 564--565, 

5651 
resting, 565-566 

Enhanced clearance, treatment of 
hyperkalemia and, 439 

Enhanced potassium cellular re
lease, 434--435 

Enoxaparin 
as adjunct to reperfusion ther

apy, 221 
dosage based on renal hmction, 

2211 
for h·eatrnent of venous throm

boembolism, 38-39, 391 
Enteral tube feeding, 21, 577-590 

comphcations, 587-589 
aspiration, 588 
d iarrhea, 588-589 
tube occlusion, 587-588 

conditionally essential nutri
ents, 581-582 

feeding formulas, 578-582 
caloric density, 578-579, 

5791 
lipid content, 580-581, 5811 
osmolality, 580 
protein content, 580 

feeding regimen, creating, 
582-585, 583t 

initiating, 585-587 
feeding tube insertion, 585, 

586/ 
gash·ic residuals, 586-587 
starter regimens, 587 

patient selection, 578 
trophic effects, 577-578 

Enterobacter, 5131 
Enterococci, 5131 

as cause of catheter-related sep
ticemia, 88, 911 

Enlerococcus f11ecalis 
imipenem for, 677 
vancomycin for, 683 

Epilepsia partialis continua, 628 
Epinephrine 

lactic acidosis and, 365 
for treatment of anaphylactic 

shock, 531 
for treatment of anaphylaxis, 

530 
for treatment of asthma, 274 
for treatment of cardiac arrest, 

196-197, 1971 
for treatment of post

extubation strido1� 
345-346 

via endotracheal route, 196-197 
Eptifibatide, as adjLmct to reper

fusion therapy, 222, 2231 
Erytlu-ocyte products, 482-486 

leukocyte-poor red cells, 483 
packed cells, 482-483 
storage effects, 483-484, 4841 
washed red cells, 483 

Erytlu·ocyte h·ansfusions 
erythrocyte products, 482-486, 

4841, 485/ 
h«msfusion risks, 486-490, 487t 
transfusion trigget� 481-482 

Erytlu-ocyte transketolase assay, 
572-573 

Erythromycin 
midazolam and, 661 
torsades de pointes and, 2521 

Esche rich i11 coli 
as cause of catheter-related sep

ticemia, 88 
as cause of ICU infections, 5131 
gastric acid suppression and, 

24, 25/ 
Esmalol, for treatment of atrial 

fibrillation, 240, 2401 



Esmolol, 6951 
in treahnent of acute aortic dis

section, 229, 2291 
Essential h·ace elements 

daily requirements, 573-574, 
5731 

selenium, 574 
Ethylene glycol intoxication, 

373-375, 375/ 
Eu thyroid sick, 606-607 
Exhalation, duri.ng ventilator 

breath, 301 
Exit-site infection, 84 
Expressive aphasia, 644 
Extended-spectrum penicillins, 

682 
Extracellular volume (ECV), 

413-414 
for treabnent of hyponatremia, 

424 
Extrarenal potassiw11 loss, 430 
Extri.nsic PEEP, 326 

F 

adding to i.ntri.nsic PEEP, 330 
response to, 329 

Face masks, 8 
Failu.re to wean from mechanical 

ventilation, 339-341 
Famotidine (Pepcid), 22, 23t 
Feeding formulas, 578-582 

caloric density, 578-579, 5791 
immune-modulating, 581 1  
Lipid content, 580-581, 581 1 
osmolality, 580 
protein content, 580 

Feed ing tube i.nsertion, 585, 586/ 
Feeding tube occlusion, 

587-588 
Femoral vein, as venous access 

site, 661, 68-71 
anatomy, 68, 69/, 70/ 
benefits and risks, 70-71 
locating vessel, 68-69 

Femoral vei.n thrombosis, 83 
Fenestrated tracheostomy tube, 

344, 344/ 
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Fentanyl, 653, 6541 
accumulation of, 655 
morphine vs., 654-655 

Fever, 505-520 
as defense mechanjsm, 

516-517, 517/ 
defined, 506 
iatrogeruc, 511 
initial approach, 515-518 

antipyretic therapy, 516-518 
blood cultures, 515 
empi1·ic antimkrobial ther-

apy, 516 
non-hemolytic, 487-488 
noninfectious sources, 506-511,  

507t 
drug fever, 509-, 5091 
malignant hyperthermja, 

507-508 
neuroleptic malignant syn

drome, 510-511, 5101 
pos top era ti ve fever, 506-507 

normal body temperature, 505 
nosocomial infections, 511-515, 

5121 
necrotizing wound, 513-514 
para.nasal sinusitis, 514 
prevalence and pathogens, 

511-512, 5131 
surgical wound, 512-513 

platelet transfusions and, 503 
stroke and, 649-650 
suppression of, post-CPR, 

202-203 
when fever is harmful, 517-518 

Flecainide, torsades de pointes 
and, 2521 

Flow rate, in vascular catheters, 
54 

Fluconazole, 675-676 
for treahnent of candidu ria, 

559 
for treahnent of catheter

related septicemfa, 911  
Fluid management 

for treatment of acute respira
tory d istress syndrome, 
264-265 
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Fluid management (continued) 
for treatment of djabetic keto

acidosis, 3691, 370 
Fl umazenil, for benzod iazepine 

toxki ty, 710 
Fluoroquinolones, 679-681 

activity and clinical uses, 680 
adverse effects, 681 
dosing, 680-681, 6811 
interaction with sucralfate, 26 
for treatment of chronic 

obstructive pulmonary 
disease, 279t 

Flushing catheters, 78 
Focal seizures, 628 
Fomepizole, for treatment of eth

ylene glycol intoxication, 
374, 375 

Fondaparinux 
dosing regimen, 40 
indications, 41 
for thromboprophylaxis, 40-41 

Fosphenytoin, for treatment of 
seizures, 631 

Fractional excretion of sodium, in 
evaluation of renal filllure, 
394 

Frnnk Stnrli11g Lnw of tile Henri, 120 
Free water deficit 

in hypovolemic hypernatremia, 
415-416 

replacing, 416-417 
in non-ketotic hyperglycemia, 

419-420 
Frend1 sizes, 53, 54t, 56t, 723 
Fuel stores, 5671 
Furosemide 

by continuous infusion, 
184-185 

magnesium deficiency and, 446 
truamine and, 570 
for treatment of heart failure, 

181, 182, 183, 184 
for treatment of hypercalcemia, 

464-465, 465t 
treatment of oliguria and, 

397-398 
Fusion beats, 248 

G 
Gap-gap, 360-361 
Gaps, 357 

anion, 357-360, 3591 
gap-gap, 360-361 

Gas exchange, measures of, 732 
Gastric acidity, reduced, 22-25, 

231, 241, 25/ 
gastric cytoprotection vs., 26-28 
hazards of gastric acid suppres

sion, 24-25 
Gastric colonization, 549 
Gastric cytoprotection, 25-26 

reduced gastric activity vs., 
26-28 

Gastric residuals, in enteral tube 
feeding, 586-587 

Gastric secretion, metabolic alka
losis and loss of, 379 

Gastrointestinal tract decontamj
nation, 5511 

Gatifloxacin, 680, 6811 
torsades de pointes and, 2521 
for treatment of chrome ob

structive pulmonary dis
ease, 2791 

Gauge sizes, 53, 541, 561, 723 
Generalized seizures, 628 

Ln1ipenem and, 677-678 
General surgery 

risk of venous thromboem
bolism and, 31-33, 321 

tlu-ornboprophyJaxis for� 341 
Gentarnkin, 671 

for h·eatrnent of pneumonia, 5431 
GFR. See Glornerular filtration rate 
Glasgow coma score, 205, 

619-620, 6201 
Global aphasia, 644 
Glomerular filh·ation rate (GFR), 

392, 396, 435 
Gloves, 5-7 

hand washing and, 6 
indications, 5-6 
latex allergy, 6-7 
recommendations for use in 

ICU, 71 
for vascula1· cannulation, 61 



Glucagon 
for treatment of anaphylactic 

shock, 531 
for treatment of beta-blocker 

toxicity, 711-713, 712/ 
Glucose loading, as cause of 

hypophosphatemia, 467 
Glutamine 

amino acid solutions enriched 
with, 593 

enteral tube feeding and, 582 
Glycemic control, post-CPR, 204 
Graded compression stockings, 

35 
Gram-negative aerobic bacilli 

as cause of catheter-related sep
ticemia, 88, 911 

skin hygiene and, 1 
Grave's d isease, 609 
Guidewire technique, 63, 64/ 
Guillain-Barre syndrome, 6321, 

634 

H 
Hagen-Poisseuille equation, 54 

catheter size and infusion rate 
and, 146 

Haloperidol, 663-665, 664t 
neuroleptic malignant syn

drome and, 510, 5101 
torsades de pointes and, 2521 
for treatment of delirium, 616 

Handwashing, 3-5, 41 
gloves and, 6 
before vascular cannulation, 61 

HBV. See Hepatitis B virus 
HCV. See Hepatitis C virus 
Heart disease, supra ventricular 

vs. ventricular tachycardia 
and primary, 248-249 

Heart failure. See also Acute heart 
faiJure(s) 

hemodynamic support for, 
2261 

left-sided diastolic, 185-186 
left-sided systolic, 180-185 
right, 186 

Hematocrit 

Index 753 

detecting blood loss and, 
142-143 

response to red blood cell 
transfusions, 484--485 

Hemodiafiltration, 405 
Hemodialysis, 402-404, 403/ 

advantages and disadvantages, 
404 

fever and, 508 
method, 402 
for treatment of ethylene glycol 

intoxication, 374-375 
for treatment of hyperkalemia, 

439 
for treatment of hyperrnagne

semia, 454 
for treatment of hyperphos

phatemia, 473 
vascular access, 402-403 

Hemodialysis catheters, 58-59, 
59/ 

Hemodynamic drugs, 689-704 
dobutamine, 689-691, 690/ 
dopamine, 691-693 
nitroglycerin, 694-697, 6951 
nitroprusside, 697-701 
norepinephrine, 701-702 

Hemodynamic profiles, 109 
Hemodynamics 

invasive, 143-144 
of nitroglycerin, 696 
potential organ donor and, 623 
of pulmonary artery catheters, 

104-109, 1051 
cardiovascular, 104-108, 105t 
oxygen transport, 1051, 

108-109 
Hemodynarnic support, for car

diac pump failme, 
226-227, 2261 

Hemofiltration, 403/, 404--405 
advantages and disadvantages, 

405 
arteriovenous, 405 
method, 404 
vascular access, 404--405 
venovenous, 405 
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Hemoglobin 
detecting blood loss and, 

142-143 
phosphate depletion and, 469 
response to red blood ce!J 

transfusions, 484-485 
transfusion trigger, 481--482 

Hemoglobin-bound oxygen, 
1 25-126 

Hemolysis, hypermagnesemia 
and, 453 

He111opliilus inf111enzn 
ceftriaxone for, 679 
chronic obstructive pulmonary 

disease and, 278 
fluoroquinolones for, 680 
respiratory precautions for, 9/ 

Hemorrhage and hypovolemfa, 
1 39-156, 415 

body fluids and blood loss, 
139-141 

clinical evaluation, 141-145 
acid-base parameters, 

144-145 
hemoglobin and hematocrit, 

142-143 
invasive hemodynamics, 

143-144 
vital signs, 141-142, 1431 

resuscitation strategies, 149-154 
correcting anemia, 153 
end-points of resuscitation, 

153-154 
promoting cardiac output, 

149-152, 151/ 
resuscitation volume, 

152-153 
volwne infusion, 145-148 

catheter size, 146-147, 147/ 
type of resuscitation fluid, 

148, 149/ 
Hemorrhagic stroke, 641--642 
Heparin. See nlso Low-dose 

heparin; Low-molecuJar-
weight heparin 

as adjunct to reperfusion ther
apy, 220-221, 2211 

for treatment of stroke, 648 

weight-based dosing regimen, 
481 

Heparin-bonded catheters, 56--57 
Heparin-induced thrombocytope

nia (HJT), 494--497 
acute management, 495--496, 

4961 
clinical features, 494--495 
diagnosis, 495 
long-term management, 

496--497 
pathogenesis, 494 
risk factors, 495 

Heparinized flushes, 78 
Heparin Jock, 78 
Hepatic failure, amino acid solu

tions for, 593 
Hepatic insufficiency, lactic acido

sis and, 365 
Hepatitis B vaccine, 13-14 
Hepatitis B virus (HBV), 13-15 

management following possi
ble exposure, 14, 151 

risk of h·ansmission, 14 
Hepatitis C virus (HCV), 15-16 

postexposure management, 
16 

risk of transmission, 16 
Hip surgery, thromboprophylaxis 

for, 391, 41 
Histamine blockers, for treatment 

of anaphylaxis, 530 
Histamine type-2 receptor 

antagonists (H2 blockers), 
22, 231 

dosage adjustment in renal in
sufficiency, 241 

HJT. See Heparin-induced th rom
bocytopenia 

HIV. See Human i.111.111.Lmodefi
ciency virus 

Household and apothecary con
versions, 721 

Human immunodeficiency virus 
(HIV), 1 1-13 

mucous membrane exposure, 
11  

percutaneous exposure, 11  



postexposure management, 
1 1-13, 121 

Hydrochloric acid infusion, for 
treatment of metabolic al
kalosis, 387-388 

Hydrocortisone 
for treahnent of adrenal insuffi

ciency, 605, 6061, 624 
for treatment of hypercalcemia, 

4651, 466 
for treatment of severe sepsis 

and septic shock, 528 
for treatment of thyroid storm, 

611 
Hydrogen ion concentration, 

349-350, 3501 
Hydromorphone, 653, 6541 
Hydrostatic pulmonary edema, 

acute respiratory distress 
syndrome vs., 258-260 

Hydroxyethyl starch (hetastarch), 
165-166 

Hypercalcemia, 463--467 
clinical manjfestations, 463--464 
etiologies, 463 
management, 464-467, 4651 

Hypercapnia 
permissive, 262, 290 
total parentera l nutrition and, 

600 
Hypercatabolism, amino acid so

lutions for, 592-593 
Hyperchloremic metabolic acido

sis, 159, 359 
Hyperglycemia 

dextrose solutions and, 162 
non-ketotic, 419--420 
stroke and, 649 
total parenteral nutrition and, 

599 
Hyperkalemia, 433--439 

acute management, 437--439, 
4381 

drugs that cause, 4341 
ECG abnormalities and, 

436-437, 436/ 
enhanced ceUuJar release, 

434-435 
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impaired renal excretion, 
435--436 

pseudohyperkalemja, 433--434 
Hyperlactatemia, 1 35-136 

stress, 364 
Hypermagnesemia, 452--454 

clinical manifestations, 453--454 
etiologies, 453 
management, 454 

Hypernatremia, 412--414. See nlso 
Hypovolemic hyperna
tremja 

causes of, 412--413, 4121 
extracellular volume, 413--414 
management of, 413/ 

Hypernatremic encephalopathy, 
415 

Hyperphosphatemia, 472--473 
Hypertension 

stroke and, 648-649 
treating, in acute aortic d issec

tion, 228, 2291 
vasodilator therapy of hyper

tensive emergencies, 695t 
Hyperthermia, malignant, 

507-508 
Hyperthyroidism, 6071, 609-61 1  

apathetic thyrotoxjcosis, 609 
clinical manifestations, 609-610 
diagnosis, 610 
management, 610-611 
thyroid storm, 609-610 

Hypertonic, 411 
Hypertonjc and hypotonjc condi

tions, 409--426 
diabetes insipidus, 417--418 
hypernah·emia, 412--414, 4121, 

413/ 
hyponatremfa, 420--425, 423/ 
hypovolemjc hypernatremia, 

414--417, 4141 
non-ketotic hyperglycemia, 

419--420 
osmotic activi ty, 409--411 

Hypertonkity, 415 
Hypertonic resuscitation, 169-170 
Hypervolemic hyponatremia, 422 
Hypoactive delirium, 615 



756 Index 

Hypocalcemia 
ionized, 459-463, 461-4621 
magnesium depletion and, 448 

H ypokalemia, 428-433 
clinical manifestations, 430-431 
diagnostic approach, 430/ 
management, 431-433 
metabolic alkalosis and, 381 
potassium depletion, 429-430, 

4321 
refractory, 433 
transcellular shift, 428-429 

Hypomagnesemia. See also Mag
nesium 

replacement protocols for, 
451-452 

Hyponatremia, 420-425 
changes in total body sodium 

and water in, 4121 
diagnostic approach, 421-422, 

423/ 
hypervolemic, 422 
hypovolemic, 421-422 
isovolemic, 422 
management, 424-425 
pseudohyponatremia, 420-421 
symptoms, 422-423 

Hypophosphatemia, 467-472 
clinical manifestations, 

469-471, 470/ 
etiologies, 467-469 
magnesium depletion and, 

448 
phosphorus replacement, 

471-472, 4711 
total parenteral nutrition a.nd, 

599 
Hypos, 372 
Hypotension, blood loss and, 142, 

1431 
Hypothermia, induced, following 

cardiac arrest, 2031 
Hypothyroidism, 606-609, 6071 

clinical manifestations, 607-608 
d iagnosis, 608 
euthyroid sick, 606-607 
management, 608-609 

Hypotonic, 411 

Hypoventilation, metabolic alka
losis and, 383/, 392-383 

Hypovolernia. See Hemorrhage 
and hypovolemia 

Hypovolemic hypernatrernia, 
414-417 

consequences of hypo tonic 
fluid loss, 415 

free water rep lace men t, 
415-417 

volume replacement, 415 
H ypovolemic hyponatremia, 

421-422 
Hypovolemic shock, 141, 144 

end-points of volume resuscita
tion, 153-154 

hemodynarnk patterns in, 
1101 

volume infusion and, 145-146 
Hypoxia, cytopathic, 364, 529 

IABP, for treatment of cardiogeruc 
shock, 2261 

Iatrogenic fever, 511 
Ibuprofen, as antipyretic, 518, 649 
lbutilide 

for pharmacologic cardiover
sion, 239, 2401 

torsades de pointes and, 2521 
ICU patients, daily energy re

quirements, 564-565, 5651 
Ideal body weight, 659, 662, 693, 

731 
Imipenem, 677-678 

for treatment of abdominal ab
scess, 555 

for treatment of catheter
related septicemia, 90, 911 

for treatment of pneumonia, 
5431 

for treatment of urinary tract 
infection, 558 

lnln1Lme-modulating enteral feed
ing formulas, 5811 

Inunune suppression, transfu
sions and, 490 



Immunoglobulin G 
for treatment of Guillain-Barre 

syndrome, 634 
for treatment of myasthenia 

gravis, 634 
Irnn1w1onuh·ition, 581 
IMV. See Intermittent mandatory 

ventilation 
Indirect calorimeh·y, 565-566 
Indwelling vascular catheter. See 

Vascular catheter, in
dwelling 

Infarction, fever and, 511 
Infection control, 1-17 

blood-borne infections, 10-16 
enteral feeding and, 577-578 
protective barriers, 5-10 
skin hygiene, 1-5 

Infections. See also Infection con
trol; Sepsis; Shock 

catheter-related, 83-94 
catheter tip cultmes, 85-86, 

86t 
clinical features, 85 
empiric antibiotic coverage, 

88-90, 89/ 
persistent sepsis, 92-94 
quantitative blood cultures, 

86-88, 88/ 
routes of, 83-84, 84/ 
treatment of catheter-related 

septicemia, 90-92, 911 
types of, 84 

inflammation and, 523. See also 
Inflammatory injury 

Infectious Disease Society of 
America, 558 

Inferior vena cava filters, to pre
vent pulmonary emboliza
tion, 50 

Inflammation 
anemia of critical i l lness and, 

478 
antioxidant vitamins and, 573 

Inflammatory injury, 521-524 
clinical conditions, 522 
malignant intravascular i.nflam

mation, 522 
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multiorgan injmy, 523-524, 5241 
renal, 398 
systemic inflammatory re

sponse syndrome, 
522-523, 5231 

Inflammatory response, anaphy-
laxis and, 529 

Infusion rate, of enteral tube feed
ing, 584 

Inodilators, for treatment of heart 
failure, 182 

Inspiratory resistance, 295-296 
Insulin-dextrose therapy, for hy

perkalernia, 439 
Insulin therapy 

for treatment of diabetic keto
acidosis, 369, 3691 

for treatment of non-ketotic hy
pergl ycernia, 420 

Intermittent mandatory ventila
tion (IMV), 303-304 

Intermittent pneumatic compres
sion (IPC) devices, 35 

Internal jugular vein, as venous 
access site, 661, 67-68 

anatomy, 67 
anterior approach, 67 
benefits and risks, 68 
posterior approad1, 67 

Intracardiac shunts, pulmonary 
artery catheter and, 103 

Intracellular organisms, in bron
choalveolar lavage speci
mens, 539-540 

lntraosseous (IO) route, 196 
lntravascular pressure, trans

mural pressure vs, 113 
Intravenous route, 195-196 
Intrinsic positive end-expiratory 

pressure (intrinsic PEEP), 
190, 326-330, 326/ 

consequences, 328 
management, 329-330 
monitoring, 328-329 
pathogenesis, 326-327, 326/ 
predisposing factors, 327 

Introducer catheters, 57-58, 58/, 
147 
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Intubation 
h·acheaJ, 287-288 
translaryngeal, 342-343 

Inverse ratio ventilation (IRV), 
305-306, 306/ 

Iodide, for treatment of hyperthy
roidism, 610-611 

Iodophors, as antiseptic agents, 
2-3, 21 

Ionized calciLUn, 457-458, 458/, 
4581 

Ionized hypocalcemia, 459-463, 
461-4621 

calcium replacement therapy, 
461-463, 4621 

clinical ma11jfestations, 461 
etiologies, 459-461, 461 1  

IO route. See Intraosseous route 
IpatropiLUn bromide 

for treatment of asthma, 275, 
2751 

for treatment of clu-onic ob
structive pulmonary dis
ease, 277-278 

IPC devices. See Intermittent 
pneumatic compression 
devices 

IRV. See Inverse ratio ventilation 
Ischemic stroke, 641, 643/ 
Isosthenuria, 394 
Isotonic, 411 
Isotonic saline, 158-159 

adverse effects, 159 
composition, 158-159 

Isovolem.ic hyponatremia, 
422 

J 
Jacobson formula, for body sur

face area, 731 

K 
Ketoacidosis 

alcoholic, 367/, 371-373 
diabetic. See Diabetic ketoaci

dosis 

Ketorolac, 657-658 
Klebsielln pne111nonine, 5131 

as cause of catheter-related sep
ticemia, 88 

Knee surgery, thromboprophy
laxis for, 391, 41 

L 
Labetalol 

for acute control of hyperten
sion, 649, 6951 

in treatment of acute aortic dis
section, 229 

Lactated Ringer's solution, 148, 
159-160 

adverse effects, 159-160 
composition, 159 
drug interaction, 159-160 

Lactate production, dextrose solu
tions and enhanced, 162 

Lactic acidosis, 363-366 
alkali therapy, 366 
clinical presentation, 363 
D-lactic acidosis, 365-366 
etiologies, 363-365, 364/ 

D-Lactic acidosis, 365-366 
Laryngeal damage, 316 
Laryngeal edema, 342-345, 344/ 
Latex allergy, 6-7 
Lazarus' sign, 623 
LDUH. See Low-dose unfraction

ated heparin 
Left-sided diastolic heart failme, 

185-186 
Left-sided systolic heart failure, 

180-185 
LepirudiJl, for treatment of he

parin-induced thrnmbocy
topenia, 495-496, 4961 

Leukocyte-poor red cells, 483 
Levofloxacin, 680, 6811 

torsades de pointes and, 2521 
for treahnent of du·onic ob

structive pulmonary dis
ease, 2791 

for treatment of pneumonia, 
541, 5431 



Levothyroxine, for treatment of 
hypothyroidism, 608-609 

Lidocaine 
for h·eatment of cardiac arrest, 

197t, 1 98 
for treatment of venh·icular 

tachycardia, 250 
via endotracheal route, 196 

Life support 
advanced, 191-199 
basic, 189-191 

airway patency, 189 
chest compressions, 190-191 
ventilation, 189-190 

Linezolid, 684-685 
lactic acidosis and, 365 
for MRSA or vancomycin

resistant strains, 516, 528 
for treatment of catheter

related septicemia, 91 1  
for treatment of  pneumonia, 

543, 5431 
for treatment of severe sepsis 

a11d septic shock, 528 
for treahnent of urinary tract 

infection, 558 
Linoleic acid, 567 
Lipid calories, in total parenteral 

nutrition, 598 
Lipid content, of feeding formu-

las, 580-581 ,  581 t 
Lipid emulsions, 593-594, 5941 
Lipids, 567 
Liposomal amphotericin B, 

675 
Lithium, neuroleptic malignru1t 

syndrome and, 510t 
LMWH. See Low-molecular

weight heparin 
Lone atrial fibrillation, 237 
Loop diuretics, magnesium defi

ciency and, 446 
LorazepM1, 659t, 660 

for treahnent of seizures, 630 
Low-dose heparin 

complications, 37 
dosing regimen, 36 
indications, 36 
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for thromboprophylaxis, 36-37, 
371 

Low-dose unfractionated heparin 
(LDUH), for thrombopro
phylaxis, 34t 

Low-molecular-weight heparin 
(LMWH) 

as adjunct to reperfusion ther
apy, 220-221 

in antithrombotic therapy, 
47-48 

risk of heparin-induced throm
bocytopenia and, 495 

for thromboprophylaxis, 341, 
38-40, 391 

Low-volume ventilation, 288-290 
for acute respiratory distress 

syndrome, 262-264, 2631 
PEEP during, 311 
protocol for initiating, 2891 

Lugol's solution, iodide added to, 
611 

Lung inflation, during ventilator 
breath, 300 

Lung injury, red blood cell 
transfusions and acute, 
489-490 

Lung mechrulics, 290-296 
inspiratory resistance, 295-296 
mechanical properties of the 

lungs, 290 
practical applications, 293-294, 

294/ 
proximal airway pressures, 

291-293, 291/, 292t 
thoracic compliance, 295 

Lung recruitment, 309-310, 309/ 
Lung scan, for evaluation of ve

nous thromboembolism, 
45-46 

Lusitropic effects, 186 

M 
Magnesium, 443-456 

hypermagnesemia, 452-454 
magnesiwn balance, 443-445, 

4441, 445/ 
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Magnesium (continued) 
magnesium deficiency. See 

Magnesium deficiency 
preparations, 450-451, 4511 
reference ranges for, 4441 
serum, 443-444 
thiamine and, 571 
for treatment of cardiac arrest, 

1971, 198-199 
for treahnent of multifocal 

atrial tachycardia, 243-244 
for treatment of torsades de 

pointes, 252 
urinary, 444, 445/ 

Magnesium deficiency, 445-452 
as cause of ionized hypocal-

cem.ia, 459 
clinical manifestations, 447-449 
diagnosis, 449-450 
incidence, 445 
magnesium preparations, 

450-451 ,  451 1  
magnesium retention test, 4491, 

450 
markers of, 4461 
predisposing conditions, 

445-447 
refractory hypokalemia and, 

433 
replacement protocols, 451-452 

Magnesium preparations, 
450-451 ,  4511 

Magnesium retention test, 4491, 
450 

Magnesiwn sulfate, 450-451, 4511 
Magnetic resonance imaging, in 

evaluation of stroke, 
646-647 

Malignant hyperthermia (MH), 
507-508 

Malignant intravascular inflam
mation, 398, 522 

Masks, face, 8 
vascular cam1ulation and, 61 

Maximum inspiratory pressure, 
335-336 

MDls. See Metered-dose inhalers 
Mean arterial pressure, 200 

Measurement 
of body size, 731 
of gas exchange, 732 
Lmits of, in Systeme Interna

tionale, 719-720 
Mechanical complications, of 

acute cardiac syndromes, 
224-225 

Mechanical compression devices, 
for thromboprophylaxis, 
341, 35 

graded compression stockings, 
35 

pneumatic compression de
vices, 35 

Mechanical ventilation, 283-297. 
See also Positive-pressure 
breathing; Ventilator
dependent patient 

discontinuing, 333-347 
failure to wean, 339-341, 

339/, 341/ 
identifying candidates, 

333-336, 334-3351, 336/ 
post-extubation period, 

345-346 
spontaneous breathing trials, 

336-338 
tracheal decannulation, 

342-345, 344/ 
initiating, 287-290, 2891 
monitoring lung mechanics, 

290-296, 291/, 2921, 
294/ 

positive-pressure ven tila ti on, 
283-287, 284/, 286/ 

Membrane antagonism, hyper
kalemia and, 437-438 

Men 
body fluid distribution in, 729 
body fluid volumes in, 139, 

1401 
creatinine clearance in, 3951 
desirable weights in, 728 
normal peak flow rates for, 270, 

270/ 
normal range of values for red 

cell parameters in, 4781 



peak expiratory flow rates for, 
729-730 

Meningitis, nosocomial, 515 
Mentation d isorders, 613--625 

brain death, 620-624, 6221 
coma, 616-620, 6171, 618/, 

6201 
delirium, 614-616, 615/ 
states of consciousness, 

613-614, 6141 
Meperidine, 655 
Meropenem, 678 

for treatment of catheter-re
lated septicemia, 90, 911 

for treatment of gram-negative 
infections, 516 

for treatment of pneumonia, 
542, 5431 

for treatment of severe sepsis 
and septic shock, 528 

for treatment of urinary tract 
infection, 558 

Metabolic acid-base d isorders, 
350, 3511, 352-353, 352/ 

Metabolic acidosis, 350, 3511, 352/, 
353 

anion gap of, 358-359 
hyperchloremic, 359 
mixed, 361 
primary, 355 

Metabolic alkalosis, 350, 3511, 
352/, 353, 361, 379-389 

chloride-resistant, 385, 3851 
chloride-responsive, 385, 3851 
classification of, 384-385, 3851 
hypoventilation, 382-383, 

383/ 
management of, 386--388 
neurologic manifestations, 382 
origins of, 379-382 
systemic oxygenation, 383-384, 

384/ 
Metaclopramide, neuroleptic ma

l ignant syndrome and, 
5101 

Metered-dose inhalers (MDis), 
271-273 

nebulizers vs., 273, 274/ 
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Metformin, lactic acidosis and, 
365 

Methadone, torsades de pointes 
and, 2521 

Methanol intoxication, 375-376, 
375/ 

Methemoglobinemia, of nitro
glyce1in, 696 

Meth ici l l in-resistant Slnphylococ
ws n11re11s (MRSA) 

antibiotics for, 516, 528, 542, 683 
vancomycin for, 683 

Methimazole, for treatment of hy
perthyroidism, 610 

Methylprednisolone 
for treatment of acute respira

tory distress syndrome, 
265 

for treatment of adrenal insuffi
ciency, 6061 

for treatment of anaphylaxis, 
531 

for treatment of astluna, 2751, 
276 

for treatment of duonic ob
structive pulmonary dis
ease, 278 

Metoclopramide, for treatment of 
gastric resid uaJs, 586-587 

Metoprolol 
for treahnent of acute cardiac 

syndromes, 213 
for treatment of atrial fibrilla

tion, 240, 2401 
for treatment of mu1tifoca1 

atrial tachycardia, 244 
Metronidazole, for treatment of C. 

difficile colitis, 553 
MG. See Myasthenia gravis 
MH. See Malignant hyperthermfa 
Midazolam, 659--660, 6591 

erythromycin and, 661 
Migration, of indwelling endotra

cheal tubes, 315-316 
Mill wheel murn1ur, 72 
MiJrinone, for treatment of acute 

heart failure, 1801, 1 82-183, 
1 86 
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Minocycline, on catheters, 57 
Mitra! regurgitation, acute, 225 
Mixed metabolic and respiratory 

acid-base disorder, 355 
Mixed respiratory acidosis and 

metabolic alkalosis, 356 
Morphine, 653, 654t 

fentanyl vs., 654-655 
for relief of chest pain, 

210-212 
Mortality rate 

acute respiratory distress syn
drome, 255 

multiorgan injury, 524 
severe sepsis and septic shock, 

525, 525/ 
tracheostomy, 318 
ventilator-assisted pneurnon.ia, 

536 
Movement d isorders, 627-640 

neuromuscular blockers, 
636-638, 637t 

neuromuscular weakness, 
632-635 

critical illness polyneuropa
thy and myopathy, 635 

Guillain-Barre syndrome, 
632t, 634 

myasthenia gravis, 632-634, 
6321 

seizures, 627-632 
acute management, 630-631, 

630/ 
predisposing conditions, 629, 

6291 
types of, 627-629 

Movements 
associated with seizures, 627 
spontaneous, brain death and, 

623 
Moxifloxacin, 680, 6811 

for treahnent of chronk ob
structive pulmonary dis
ease, 279t 

for treahnent of pneumonia, 
541 

MRSA. See Methkillin-resistant 
Stnpilylococws nureus 

Mucociliary clearance, 319 
Mucolytic agent, 320 
Mucolytic therapy, 320-321 

with N-acetylcysteine, 3201 
Mucosa! disruption, 549-550 
Multifocal atrial tachycardia, 

243-244 
Multilobar pneumonia, 258 
Multi. lumen catheters, 55 
Multiorgan injmy, 523-524 

mortality rate, 524 
Muscle weakness, hypophos

phatemia and, 469-470 
Myasthen.ia gravis (MG), 632-634, 

6321 
advanced cases, 633-634 
dinical features, 632-633, 632t 
diagnosis, 633 
predisposing conditions, 632 
treatment, 633 

M yasthen.ic crisis, 633 
Mycobncteri11111 tuberrnlosis, respi

ratory precautions for, 9f 
Mycoplas111n p11e11mo11ine, fluoro

quinolones for, 680 
Myocardial infarction. See nlso 

Non-ST-segment elevation 
myocardial infarction 

risk of thrornboembolism and, 
33 

Myoclonic movement, 627 
Myoglobi.nuric renal failure, 

400-401 
Myopathy 

critical illness, 341 
steroids and, 276 

Myxedema coma, 608 

N 
NAC. See N-Acetylcysteine 
NafciJJ.in, for treatment of 

catheter-related sep
ticemia, 91t 

Naloxone, for opioid toxicity, 
713-715, 7141 

Narrow QRS complex tachycar
dias, 233, 235, 236/ 



ational lnstitute of Neurological 
Disorders and Stroke, 641 

Nebulizers, 271 
metered-dose inhalers vs., 273, 

274/ 
Necrotizing wound infections, 

513-514 
Needles, safety-engi11eered, 10 
Needlestick injuries, 10 

risk of HCV infection from, 16 
risk of HIV infection from, 11  

Neisserin 111eningitidis, respiratory 
precautions for, 9/ 

Neplu·ogenic d iabetes insipidus, 
418 

Neph.rotoxicity 
amphotericin B and, 675 
vancomycin and, 684 

Nesiritide, for treatment of heart 
failure, 185 

Neuroleptic malignant syndrome 
(NMS), 510-511, 5101, 665 

Neurologic findings 
in magnesium depletion, 

448-449 
in metabolic alkalosis, 382 

Neu.rologic outcome, post-CPR, 
204-205 

Neuromuscular blockers, 636--638 
disadvantages, 638 
drugs, 636-638, 637t 
mechanisms, 636 
monitoring, 638 

Neuromuscular excitability, ion
ized hypocalcemia and, 
461 

Neuromuscular weakness 
critical illness polyneuropathy 

and myopathy, 635 
Guillain-Barre syndrome, 6321, 

634 
myasthenia gravis, 632-634, 

6321 
weaning from mechanical ven

tilation and, 341 
Neuromuscular weakness syn

dromes, risk of th.rom
boembolism and, 33-34 

/ 
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Neurotoxici ty, of beta-blockers, 
711 

Nicardipine, for acute conh·oi of 
hypertension, 649 

Nitrate tolerance, nitroglycerin 
and, 697 

Nih·ogen balance, 568-569 
enteral tube feeding and, 584 
nonprotein calories and, 569, 

569/ 
Nitroglycerin (NTG), 694-697, 

6951 
actions, 694 
administration, 695-696 
ad verse effects, 696 
clinical uses, 694-695 
nitrate tolerance, 697 
for relief of chest pain, 210 
for tream1ent of acute heart fail

ure, 1801, 181, 182, 183, 1 86 
vasodilator therapy of hyper

tensive emergencies, 6951 
Nitroprusside, 6951, 697-701 

actions, 697 
clinical uses, 697 
cyanide accumulation, 698/, 

699-700, 7001 
dose administration, 698 
lactic acidosis and, 365 
thiocyanate toxici ty, 700-701 
for treatment of acute aortic 

dissection, 2291 
for treatment of acute heart fail

ure, 1801, 181-182 
NKH. See Non-ketotic hyper

glycemia 
NMS. See Neuroleptic malignant 

syndrome 
Non-depolarizing agents, 636 
Non-hemolytic fever, red blood 

cell transfusions and, 
487-488 

Non-ketotic hyperglycemia 
(NKH), 419-420 

Non-opioid analgesia, 657-658 
Nonprotein calories, 566 

in enteral tube feeding, 583-584 
Nonprotein intake, 566-567, 5671 
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Non-recruitable lung, 309 
Non-STEMJ. See Non-ST-segment 

elevation myocardial in
farction 

onsterile gloves, 5-6 
Non-ST-segment elevation myocar

dial infarction (non-STEMI), 
209. See nlso Acute coronary 
syndromes 

heparin for, 220 
platelet glycoprotein inhibitors 

for, 223-224 
Norepinephrine, 701-702 

for treahnent of anaphylactic 
shock, 532 

for treatment of severe sepsis 
and septic shock, 527 

Normal body temperature, 505 
Nosocomial infections, 511-515 

endocarditis, 514 
meningitis, 515 
necrotizi.ng wound, 51 3-514 
para nasal sinusitis, 514 
prevalence and pathogens, 

511-512, 512-513t 
spontaneous bacterial peritoni

tis, 515 
surgical wound, 512-513 

NS Aills 
as antipyretic, 518 
as cause of acute interstitial 

nephritis, 4001 
as cause of hyperkalemia, 4341 

NTG. See Nitroglycerin 
Nucleoside reverse transcriptase 

inhibitors, lactic acidosis 
and, 365 

Nutrient fuels, oxidation of, 
563-564, 5641 

utritional requirements, 563-576 
conditionally essential, 581-582 
d a ii y energy expenditure, 

563-566, 564-5651 
essential trace elements, 

573-574 
daily requirements, 573--574, 

5731 
selenium, 574 

0 

substrate requirements, 
566-569 

nonprotein intake, 566-567, 
5671 

protein intake, 567-569 
vitamin requirements, 570-573 

antioxidant vitamins, 573 
daily, 570, 571 1 
thiamine deficiency, 570-573, 

5721 

Obligate nephrotox.ins, 673 
Occlusion of catheters, 80-83, 811 

restoring patency, 80-82, 81t  
sources of obstruction, 80 

Occult PEEP, 327 
Ocular reflexes, evaluation of 

coma and, 618, 618/ 
OcuJocephalic reflex, 618, 618/ 
Oculovestibular reflex, 618, 618/ 
02ER. See Oxygen extraction ratio 
OLiguria and acute renal failure, 

391-407 
acute interstitial nephritis, 

399-400, 4001 
categories, 391-393 
causes of, 391-393, 3921 
contrast-induced renal faiJme, 

398-399 
definition, 391 
evaluation, 393-397 
inu11ediate concerns, 397-398 
inflammatory renal injury, 

398 
myoglobinmic renal failure, 

400-401 
prerenaJ azotemia vs., 3931 
renal replacement therapy, 

401-405 
hemodialysis, 402-404, 403/ 
hemofiltration, 403/, 404-405 

Omega-3 fatty acids, in feeding 
formulas, 581 

Omeprazole (Prilosec), 23, 231 
Opioids, 653-657 

ad verse effects, 656-657 



intravenous, 653-655, 6541 
meperidine, 655 
patient-controlled analgesia, 

656 
toxicity of, 713-715, 7141 

Opioid-sparing effect, 657 
Oral anticoagulation, for treat

ment of atrial fibriUation, 
2421 

Oral decontamination, 544-545 
colonization of oropharynx, 544 
digestive, 551 1 
regimens, 544-545 

Organ donor, potential, 623-624 
hemodynamics, 623 
pituitary failure, 624 

Organjc acidoses, 363-378 
alcoholic ketoacidosis, 371-373 
diabetic ketoacidosis, 366-371, 

367/, 3691 
lactic acidosis, 363-366, 364/ 
toxic alcohols, 373-376, 375/ 

Organic anions, metabolic alkalo
sis and administration of, 
381-382 

Organ injury 
clinical consequences of inflam

matory, 5241 
multiorgan, 523-524 

Oropharynx, colonization of, 
542-543, 544 

Orthopedic surgery, risk of ve
nous thromboembolism 
and, 33 

Osmolali ty, 410 
of feed ing formulas, 580 

Osmolarity, 410 
Osmotic activity, 409-411 

definjtions, 409-410 
effective, 411 
of plasma, 410-411 

Ototoxicity, vancomycin and, 684 
Overfeeding, weaning from me

chanical ventilation and, 
340-341,  341/ 

Oxaci l l in, for treatment of 
catheter-related sep
ticemia, 91 1  

Index 765 

Oxidation of nutrient fuels, 
563-564, 5641 

Oxidative energy production, hy
pophosphatemia and, 469, 
470/ 

Oxygen, in blood, 125-126, 1271 
dissolved, 126 
hemoglobin-bound, 125-126 
total content, 126 

Oxygenation. See Systemic oxy
genation 

Oxygen consumption, oxygen up
take and, 128 

Oxygen delivery (002), 1051, 108, 
127-128, 1281 

critical, 132 
effect of red blood cell transfu

sion on, 485, 485/ 
relation to oxygen uptake, 

131-133, 133/ 
Oxygen extraction 

role of, 131 
tissue oxygenation and, 134 
transfusion trigger and, 482 

Oxygen extraction ratio (02ER), 
1051, 109, 130-131 

Oxygen therapy, for chronic 
obstructive pulmonary 
disease, 279 

Oxygen transport 
anemia and, 479-480 
response to red blood ceU 

transfusions, 485-486, 485/ 
severe sepsis and septic shock 

and, 528-529, 529/ 
Oxygen transport parameters, 

1051, 108-109 
oxygen delivery. See Oxygen 

delivery 
oxygen extraction ratio, 1051, 

109 
oxygen uptake. See Oxygen up

take 
Oxygen uptake (V02), 1051, 

108-109, 108-110,128-131 
ca !cu lated, 128-129 

measured vs., 129-130, 1301 
control of, 131-133, 133/ 
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Oxygen uptake (continued) 
effect of red blood cell transfu-

sion on, 485-486, 485/ 
hypovolemia and, 144 
measured, 129 
relation to oxygen delivery, 

131-133, 133/ 
tissue oxygenation and, 134 

Oxyhemoglobi.n dissociation, 
phosphate depletion and, 
469 

p 
Packed cells, 148, 150, 482-483 
Parnidronate, for treatment of hy-

percalcemfa, 4651, 
466 

Pancreatic enzyme, for treatment 
of feeding tube occlusion, 
588 

Pancreatitis, as cause of ionized 
hypocalcemia, 460 

Pancuronjurn, 636, 6371 
Pantoprazole, 23, 231 
ParaJ1asal sinusitis, 316, 514 
Parenteral therapy, for asthma, 

273-274 
Paroxysmal supraventricuJar 

tachycardia (PSVT), 
244-247 

AV nodal re-entrant tachycar
dia, 245-247, 2461 

Partial (focal) seizures, 628 
Partially compensated respiratory 

acidosis, 356 
Partially compensated respiratory 

alkalosis, 356 
Pnsleurelln 11111/tocidn, influence of 

temperature on, 517/ 
Pathogens 

in bloodstream infections, 5131 
in nosocornial infections, 511, 

5131 
in ventilator-assisted pneumo-

1ua, 535, 5361 
Patient-controlled analgesia 

(PCA), 656 

Patient selection, for enteraJ tube 
feeding, 578 

PCA. See Patient-controlled anal
gesia 

PCV. See Pressure-controlled ven
tilation 

PCWP. See Pulmonary capillary 
wedge pressure 

Peak airway pressure, during 
ventilator breath, 
300-301 

Peak expiratory flow rate (PEFR), 
269-271, 270/ 

for healthy females, 730 
for healthy males, 729-730 

Peak flow mete1� 269 
Peak pressure, 291, 294/ 
PEEP. See Positive end-expiratory 

pressure; 
PEFR. See Peak expiratory flow 

rate 
Pelvis, sepsis from. See under Sep

sis 
Penjciilins, 681-682 

a.ntipseudomonal, 682 
drng fever and, 5091 
extended-spectrum, 682 

Pentamidine, torsades de pointes 
and, 2521 

Pentobarbital, for treatment of re
fractory status epilepticus, 
631 

Peripheral blood culture, 88/ 
Peripherally-inserted central 

catheters (PICCs), 61, 
63-65 

Peripheral vein catheters, 55 
replacing, 79 

Peripheral veins, for venous ac
cess, 63 

Permissive hypercaprua, 262, 290 
pH, re1ationsrup to hydrogen ion 

concentration in arterial 
blood, 350, 3501 

Pharmaceutical toxins and anti-
dotes, 705-717 

acetanU.nophen, 705-709, 
7081 



benzodiazepines, 709-710 
beta-receptor antagonists, 

711-713, 712/ 
opioids, 713-715, 7141 

Pharmacologic cardioversion, 
238-241, 2401 

Phenothiazines, neuroleptic ma
lignant syndrome and, 
5101 

Phenytoin 
drug fever and, 5091 
interaction with sucralfate, 

26 
for treatment of seizures, 631 

pH fluids, normal, 160-161 
Phlebotomy, anemia and, 478-479 
Phosphate, for treatment of dia-

betic ketoacidosis, 3691, 
370-371 

Phosphate-binding agents, as 
cause of hypophos
phatemia, 468 

Phosphorus, 457, 467-473 
in blood, 4581 
hyperphosphatemia, 472-473 
hypophosphatemia, 467-472 

Phosphorus replacement, 
471-472, 4711 

PICCs. See Peripherally-inserted 
central catheters 

Pipericillin, 682 
Pipericillin-tazobactarn, 682 

for h·eatment of gram-negative 
infections, 516 

for treatment of pneumonia, 
5431 

for treahnent of severe sepsis 
and septic shock, 528 

Pituitary failure, potential organ 
donor and, 624 

Plasma 
calciwn in, 457-459, 4581 
osmotic activity of, 410-411 

Plasma D-dirner levels, in venous 
thromboernbolism, 42-43 

Plasma exchange, for treatment of 
thrornbocytic thrombocy
topenia purpura, 499 

Plasmapheresis 
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for treatment of Guillain-Barre 
syndrome, 634 

for h·eatment of myasthenia 
gravis, 634 

for treatment of thrombocytic 
thrombocytopenia pur
pura, 499 

Plasma retention ratio, 152-153 
Plasma volume, 140, 1401 
Plateau pressure, 291-292, 294/ 
Platelet glycoprotein inhibitors, as 

adjLmct to reperfusion 
therapy, 222-224, 2231 

Platelet transfusions, 501-503 
complications, 502-503 
contraindications, 499-500 
random donor platelets, 501 
response to transfused 

platelets, 501-502 
transfusion trigger, 499-501 

Pleural drainage system, 323-325, 
325/ 

Pleural evacuation, 322-323 
Pleur-Evac Chest Drainage 

System, 323-325 
Plicamycin, for treatment of hy

percalcemia, 4651, 466-467 
Pneumatic compression devices, 

35 
Pneumocyslis jiroveci pneumoniae, 

322 
Pneumomediastinum, 321 
Pneumonia, ICU-acquired, 

535-547 
antimicrobial therapy, 541-544, 

5421 
duration of, 544 
empiric, 541-543, 5431 

clinical features, 535-536 
clinical manifestations, 536-537 
community-acquired, 541 
diagnostic evaluation, 537-541 

blood cultures, 537 
bronchoalveolar lavage, 

539-540 
choosing culture method, 

540-541 
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Pneumonia, ICU-acqu ired 
(continued) 

protected specimen brush, 
539 

tracheal aspirates, 537-538, 
5381 

oral decontamination, 544--545 
pathogens in, 513t, 536t 
ventilator-assisted, 535-536, 

536t 
Pneumoperitoneum, 321 
Pneumothorax, 72-73, 321-323, 

323/ 
delayed, 73 
tension, 322 

Polymyxin, for oral decontamina
tion, 545 

Polymyxin E, for digestive decon
tamination, 551t 

Polyneuropathy, critical illness, 
341 

Positive end-expiratory pressure 
(PEEP), 115, 263-264, 
307-311 

cardiac performance, 310, 311/ 
clinical uses of, 311-311 
extrinsic, 326, 329, 330 
featmes, 307-308, 308/ 
intrinsic, 190, 326-330, 326/ 
during low-volume ventilation, 

290 
lung recruitment, 309-310, 309/ 
occult, 327 

Positive-pressure breathing, 
299-313. See nlso Positive 
end-expiratory pressure 

assist-control ventilation, 
301-303, 303/ 

assisted ventilation, 302 
continuous positive airway 

pressure, 311-312 
controlled ventilation, 302 
i.ntermittent mandatory ventila

tion, 303-304, 303/ 
inverse ratio ventilation, 

305-306, 306/ 
pressure-controlled ventilation, 

305, 306/ 

pressure-modulated ventila
tion, 305-307, 306/ 

pressure-supported ventilation, 
306f 307 

ventilator breath, 299-301, 300/ 
Positive-pressure ventilation, 

283-287 
cardiac performance, 285-287, 

286/ 
pressure-volLUne relationships, 

283-284, 284/ 
pressure vs. volrnne control, 

284--285 
Post-extubation stridor, 345-346 
Postoperative fever, 506-507 
Postrenal obstruction, 392t, 393 
Potassitun, 427--441 

deficits in hypokalemfa, 
429--430, 4321 

distribution of, 427--428, 428/ 
hyperkalemia, 433--439, 434t, 

436f 438t 
hypokalemia, 428--433, 4321 
total body vs. serum, 427, 428/ 
for treatment of diabetic ke-

toacidosis, 3691, 370 
Potassi tun chloride, for treatment 

of metabolic alkaJosis, 387 
Potassium depletion, 429--430 
Povidone-iodine, 2 

insertion site decontamination 
with, 62 

PPls. See Proton prnnp i11hibi tors 
Predicted body weight, 262, 

288-289 
Prednisone 

for treatment of adrenal insuffi
ciency, 6061 

for treatment of anaphylaxis, 
531 

for treatment of astlm1a, 276 
for treatment of chronic ob

structive pulmonary dis
ease, 278 

for treatment of rnyasthenia 
gravis, 633 

Prerenal azoternia, 396 
acute renal failure vs., 3931 



Prerenal conditions, 391, 3921 
Pressure, volume vs., 1 20-121 
Pressure control, volume control 

vs.' 284--285 
Pressure-controUed ventilation 

(PCV), 305, 306/ 
Pressure conversions, 722 
Pressure-modulated ventilation, 

305-307, 306/ 
inverse ratio ventilation, 

305-306, 306/ 
pressure-controlled ventilation, 

305, 306/ 
pressure-supported ventilation, 

306/, 307, 337 
Pressure-supported ventilation 

(PSV), 306/, 307, 337 
Pressure-volume curves, in sys

tolic and diastolic heart 
failure, 174/, 175-177 

Pressure-volume relationships, 
283-284, 284/ 

Primary metabolic acidosis, 355 
Procainamide 

drug fever and, 5091 
torsades de pointes and, 2521 

Prochlorperazine, neuroleptic 
malignant syndrome and, 
5101 

Progressive heart failure, 173-175, 
174/, 1751 

cardiac performance in, 1751 
Propofol, 661-662, 6631 

lactic acidosis and, 365 
Propofol infusion syndrome, 662 
Propranolol, for treatment of hy

perthyroidism, 610 
Propylene glycol, 631 

lactic acidosis and, 365 
Propylene glycol toxicity, 660 
Propylthiouracil, for treatment of 

hyperthyroidism, 610 
Protected specimen brush (PSB), 

539, 540 
Protective barriers, 5-10 

airborne illness, 8-10, 9/ 
gloves, 5-7, 7tt 
masks, 8 
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Protective dressings, for in
dwelli.ng vascular 
catheters, 77 

Protein content, of feeding formu
las, 580 

Protein intake, 567-569 
of enteral tube feeding, 584--585 
estimating daily protei.n needs, 

567-568 
nitrogen balance, 568-569 
nitrogen balance and nonpro

tein calories, 569, 569/ 
Protein requirements, dai ly, in en

tera I tu be feeding, 583 
Protein-sparing effect, of dextrose 

solutions, 1 61 
Proton pump inhibitors (PPis), 

22-24, 231 
Proximal airway pressures, 

291-293, 29lf, 292t 
PSB. See Protected specimen 

brush 
Pseudohyperkalemia, 433-434 
Pseudohyponatremia, 420-421 
Pseudomembranous enterocolitis, 

551 
Pseudo111onns, aminoglycosides 

and, 672 
Pse11do111onns nemginosn 

as cause of catheter-related sep
ticemia, 88, 91t  

as cause of ICU infections, 513t, 
514 

as cause of pneumonia, 535, 
536t, 542, 543 

ceftazid ime for, 679 
ciprofloxacin for, 680 
penicillins for, 682 

PSV. See Pressure-supported ven
tilation 

PSVT. See Paroxysmal supraven
tricular tachycardia 

Psychogenic polydipsia, 422, 423/ 
Pulmonary angiography, for eval

uation of venous throm
boembolism, 47 

Pulmonary artery catheters, 59, 
97-111 
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Pulmonary artery catheters 
(conti1111ed) 

applications, 109-110 
hemodynamic profiles, 109, 

1101 
oxygen uptake, 109-110 

design, 97-98, 98/ 
hemodynamic parameters, 

104-109, 105t 
cardiovascula1� 104-108, 1051 
oxygen transport, 1051, 

108-109 
placement, 98-101, 100/ 
principle, 97 
thermodiJution, 101-104, 102/ 

Pulmonary artery occlusion pres
sure, 116-120 

capillary hydrostatic pressure 
vs., 119-120 

checking for accuracy, 118-119 
principle of, 117-118, 118/ 
wedge pressure tracing, 

116-117 
Pulmonary capillary wedge pres

sure (PCWP), 99, 105, 1051 
for d istinguishing acute respi

ratory distress syndrome 
and hydrostatic pul
monary edema, 258-259 

dopamine and, 692 
right heart failure and, 186 

Pulmonary edema, 537 
cardiogenic, 258, 312 
hydrostatic, 258-260 

Pulmonary embolism 
clinical and laboratory findings 

in patients with, 42t 
fever and, 511 

Pulmonary interstitial emphy
sema, 321 

Pulmonary vascular resistance 
index (PVRI), 1051, 
107-108 

Pupils, evaluation of coma and, 
617, 6171 

Purpura fulminans, 497 
PVRI. See Pulmonary vascular re

sistance index 

Pyridostigmine, for treatment of 
myasthenia gravis, 633 

Pyridoxine, for treatment of eth
ylene glycol intoxication, 
375 

Q 
QRS duration, in diagnosis of 

tachycardia, 233 
QT interval, torsades de pointes 

and, 251 
Qual itative cultures of tracheal 

aspirates, 537-538 
Quantitative cultures 

blood, 86-87, 86t 
choice of methods, 87-88 

bronchoalveolar lavage, 539 
tracheal aspirate, 538, 538t, 540 

Quinidine 
interaction with sucralfate, 26 
torsades de pointes ru1d, 252t 

Quinolones, for treatment of 
pneumonia, 541, 5431 

R 
Radiography 

for diagnosis of acute respiratory 
distress syndrome, 257/ 

for diagnosis of pneumothorax, 
72-73 

Radionuclide !wig scan, for eval
uation of venous throm
boembolism, 45-46 

Ramsay scale for scoring seda
tion, 665t, 666 

Random donor platelets, 501 
Ranitidine 

interaction with sucralfate, 26 
reasons to avoid gastric acid 

suppression with, 27-28 
stress ulcer prophylaxis with, 

22, 231, 26-28, 27/ 
Rapid ACTH stimulation test, 

604, 6051 
Rapid-shallow breathing index 

(RSBl), 334-335 



Reactive central nervous system 
magnesium deficiency, 449 

Readiness criteria, for discontinu
ing mechanical ventilation, 
333, 3341 

Receptive aphasia, 644 
Recruitable lw1g, 309 
Red cell parameters, normal 

range of values, 4781 
Red cells, washed, 483 
Red man syndrome, 683-684 
REE. See Resting energy expendi-

t1.1re 
Reference ranges, 725-730 

body fluid distribution in 
healthy adults, 729 

clin ical laboratory tests, 
725-726 

desirable weights for adults, 
728 

electrolyte content of body flu
ids, 729 

peak expiratory flow rates for 
healthy females, 730 

peak expiratory flow rates 
for healthy males, 729-730 

vitan1ins and trace elements, 
727 

Refractory hypokalemia, 433 
Refractory status epilepticus, 631 
Renal disorders, 392, 398-401. See 

also Oliguria and acute 
renal failure 

acute interstitial nephritis, 
399-400, 4001 

contrast-induced renal failure, 
398-399 

inflammatory renal injw-y, 398 
myoglobinuric renal failure, 

400-401 
Renal excretion, impaired, hyper

kalemia and, 435-436 
Renal failure, 392, 3921. See also 

Oliguria and acute renal 
failure 

amino acid solu tions for, 593 
ionized hypocalcemia and, 

460 

Index 771 

Renal function, quantitative as
sessment of, 3951 

Renal i11sufficiency 
hypermagnesemia and, 453 
magnesium replacement and, 

452 
Renal potassium loss, 429-430 
Renal replacement therapy (RRT), 

401-405 
hemodialysis, 402-404, 403/ 
hemofiltration, 404-405 

Renal ultrasoLmd, in evaluation of 
rena I fa ii ure, 396-397 

Reocclusion, thrombolytic ther
apy and, 218 

Reperfusion therapy, 214-220 
adjuncts to, 220-224 
for cardiac pump failure, 227 
coronary angioplasty, 219-220 
thrombolytic therapy, 214-218, 

215-2161 
Replacement fluids, for hy

pokalemia, 431-432 
Respirators, 8 
Respiratory acid-base disorders, 

350, 3511, 352f 353-354 
Respiratory acidosis, 350, 3511, 

352f 354 
Respiratory aJkalosis, 350, 35lt, 

352f 354 
as cause of hypophosphaternia, 

468 
Respiratory depression, opioids 

and, 656 
Respiratory distress, bedside 

evaluation of, 293 
Respiratory precautions, for air

borne illness, 9/ 
Respiratory secretions, 318-319 

clearing, 318-321, 3201 
Resting energy expenditt.u·e 

(REE), 565-566 
Resuscitation. See also Colloid flu

ids; Crystalloid fluids 
end-points of, 153-154 
hypertonic, 169-170 

Resuscitation fluids 
cost comparison for, 1 671 
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Resuscitation fluids (continued) 
efficacy of, 150-151 
flow characteristics, 148, 149/ 
types of, 148 

Resuscitation strategies, 149-154 
correcting anemia, 153 
end-points of resuscitation, 

153-154 
promoting cardiac output, 

149-152, 151/ 
resuscitation volume, 152-153 

Resuscitation volume, estimating, 
152-153 

RetepJase, for tJu·ombolytic ther
apy, 49, 2161, 217, 218 

Rhabdomyolysis, as cause of hy-
perkalemia, 434 

Rifarnpin, on catheters, 57 
Right heart failure, 178, 186 
Right ventricular end-diastolic 

volume (RVEDV), right 
heart failure and, 186 

Risk categories, for embolic 
stroke, 241-242 

Rocuronium, 636-637, 6371 
Roll-plate method, of catheter-tip 

cultures, 85-86, 861 
R-R intervals, diagnosis of tachy

cardia and wUforrnity of, 
234-235 

RRT. See Renal replacement ther
apy 

RSBI. See Rapid-shallow breath
ing index 

RVEDV. See Right ventricular 
end-diastolic volume 

s 
Safety-engi.neered needles, 10 
Saline, tracheal injections of, 

319-320 
Saline infusion 

for treatment of hypercalcemia, 
464 

for treatment of metabolic alka
losis, 386 

Saline solutions, 148 

SBT. See Spontaneous breathing 
trial 

Secretions, clearing 
mucolytic therapy, 320-321, 

3201 
respi.ratory secretions, 318-319 
tracheal injections of saline, 

319-320 
Secretory diarrhea, magnesium 

deficiency and, 447 
Sedation, 658-669 

agitated patient, 666/, 667 
with benzodiazepiJ1es, 658-661, 

6591 
dexmedetomidi.ne, 662-663, 

6631 
haloperidol, 663-665, 6641 
interrupting sedative infusions, 

665-666 
monitoring, 6651, 666 
propofol, 661-662, 6631 

Seizures, 627-632 
acute management, 630-631, 

630/ 
generalized, 628 
imipenem and generalized, 

677-678 
lactic acidosis and, 365 
partial (focal), 628 
predisposing conditions, 629, 

6291 
temporal lobe, 628 
types of, 627-629 

Seldinger technique, 63, 64/ 
Selenium, 5731, 574 
Semipermeable dressings, for i.n-

d welling vascular 
catheters, 77 

Sensorimotor function 
evaluation of coma and, 

618-619 
evaluation of stroke and, 644 

Sepsis, 522. See also Severe sepsis 
and septic shock 

from abdomen and pelvis, 
549-561 

abdomiJ1al abscess, 555 
acalculous cholecystitis, 554 



bowel, 549-551 
Closlridiuni difficile colitis, 

551-553 
urinary tract infections, 

556-559, 5571 
as cause of ionized hypocal

cemia, 459 
gastric acid suppression and, 

28 
lactic acidosis and, 364 
persistent, 92-94 

Sepsis syndrome, acute respira
tory d istress syndrome 
and, 256 

Septic shock, 28, 522 
Serial dilution method, of 

catheter-tip cultures, 86, 
861 

Serum magnesium, 443-444 
Serum potassium, 427, 428/ 

d1anges in, 427-428 
Severe sepsis and septic shock, 

522, 525-529 
blood lactate and, 135-136 
corticosteroids, 528 
early goal-directed therapy, 

525-527, 5261 
empiric antimicrobial therapy, 

528 
oxygen transport, 528--529, 529/ 

Shock. See nlso Severe sepsis and 
septic shock 

anaphylactic, 530, 531-532 
cardiogenic, llOI, 183, 2261, 

693 
circulatory, 363-364, 364/ 
hemodynamic patterns in, 1 101 
hypovolemic, llOI, 141, 144, 

145-146, 153-154 
vasogenic, 1 101 

SJ. See Stroke index; Systeme In
ternationale 

SIA DH. See Syndrome of inappro-
priate ADH 

Sinusitis, paranasal, 316, 514 
Si.nus tachycardia, 233 
SrRS. See Systemic inflammatory 

response syndrome 
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Skin hygiene, 1-5 
antiseptic agents, 1-3 
handwashing, 3-5 
soap and water, 1 

Sleep apnea, continuous positive 
airway pressure for, 312 

Soap and water, skin hygiene 
and, 1 

Society of Critical Care Medicine, 
506, 663 

Sodium, in lost body fluids, 4141 
Sodium deficit, treatment of hy

ponatremia and, 425 
Sodium iodide, 611 
Sodium polystyrene suLfonate, for 

hyperkalemia, 439 
Solute concentrations, converting 

w1its of, 720-721 
Solvent drag, 404 
Solvent toxicity, nitroglycerin 

and, 696 
Sorbitol, diarrhea and, 588-589 
Sotalol, torsades de pointes and, 

2521 
Spinal cord injuries, risk of 

thromboembolism and, 33 
Spiral CT angiography, for evalu

ation of venous throm
boembolism, 46-47 

Spontaneous bacterial peritonitis, 
515 

Spontaneous breathing trial 
(SBT), 336-338, 339/ 

identifying patients fo1� 
333-336, 334--3351 

Spontaneous movement, brain 
death and, 623 

Spore-forming organisms, anti
septic agents and, 3 

SRMI. See Stress-related mucosa I 
iJ1jury 

Standard amino acid solutions, 592 
Slnphylococrns n11re11s 

as cause of catheter-related sep
ticemia, 89 

as cause of endocarditis, 92 
as cause of ICU infections, 5131, 

514 
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Staphylococcus a11re11s (conli1111ed) 
as cause of pneumonia, 535, 

5361, 541 
imipenem fo1� 677 
skin hygiene and, 1 
vancomycin f01� 682 

Staphylococrns epiderlllidis, 5131 
as cause of catheter-related 

septicemia, 88, 90, 911, 92 
imipenem for, 677 
skin hygiene and, 1 
vancomycin for, 683 

"Static" compliance, 295 
Status epilepticus, 629 
STEM!. See ST-segment elevation 

myocardial infarction 
Sterile gloves, 5 

for vascular cam1ulation, 61 
Steroid therapy 

for treatment of acute respira
tory d istress syndrome, 
265 

for treatment of adrenal insuffi
ciency, 605, 6061 

for treatment of anaphylaxis, 531 
for treatment of laryngeal 

edema, 344-345 
Streptococcus p11e11111011iae, chronic 

obstructive pulmonary 
disease and, 278 

Streptokinase, 2161, 217 
Stress hyperlactemia, 364 
Stress-related mucosa] injury 

(SRMI), 19-29 
clinical manifestations, 20 
pathogenesis, 19 
predisposing conditions, 20-21 
preventive measures, 21-28 

en teral tube feedings, 21 
gastric cytoprotection, 25-26 
gastric cytoprotection vs. re-

duced gastric acidity, 
26-28 

reduced gastric acidity, 
22-25, 231, 241, 25/ 

Stress ulcers, 19. See also Stress
related mucosa[ injury 

indications for prophylaxis, 201 

Stridor, post-extubation, 345-346 
Stroke. See Acute stroke 
Stroke index (SI), 1051, 106-107 
ST-segment elevation myocardial 

infarction (STEMI), 209. 
See also Acute coronary 
syndromes 

heparin for, 220 
Subclavian vein, as venous access 

site, 65-66, 661 
Subclavian vein thrombosis, 

82-83 
Subcutaneous emphysema, 321, 322 
Substrate solutions, 591-596 

additives, 595-596, 5951 
amino acid solutions, 591-593, 

5921 
dextrose solutions, 591, 5921 
lipid emulsions, 593-594, 5941 

Succinylcholine, 637-638 
Sucralfate 

as cause of hypophosphatemia, 
468 

drug interaction, 26 
for stress ulcer prophylaxis, 231, 

25-27, 27/ 
for treatment of hyperphos-

phatemia, 472-473 
Superior vena cava syndrome, 82 
Supply-dependent, 132 
Suppurative thrombosis, 92 
Supraventricular tacl1ycardia 

(SVT), 233 
ventricular tachycardia vs., 

247-249, 248/ 
Surgery, risk of venous thrombo

embolism and, 31-33, 321 
Surgical masks, 8 
Surgical wound infections, 

512-513, 5121 
Sv02. See Venous oxygen satura

tion 
SVRI. See Systemic vascular re

sistance index 
Syndrome of inappropriate ADH 

(SIADH), 422, 423/ 
Systeme Internationale (SI), 

719-720 



Systemic inflammatory response 
syndrome (SIRS), 522-523 

diagnostic criteria, 5231 
significance, 523 

Systemic oxygenation, 125-137 
anemia and, 479-481, 480/ 
control of oxygen uptake, 

131-133 
as end-point of volume resusci

tation, 154 
metabolic alkalosis and, 

383-384, 384/ 
systemic oxygen traJ1sport, 

125-131 
oxygen content of blood, 

125-126, 1271 
oxygen delivery, 1 27-128, 

1281 
oxygen extraction, 130-131 
oxygen uptake, 128-130 

tissue oxygenation, 133-136, 
1331 

blood lactate, 135-136 
oxygen transport parame

ters, 134-135 
Systemic oxygen transport, 

144 
Systemic vascular resistance 

index (SVRI), 1051, 
1 07 

Systolic heart failure 
diastolic heart failure vs., 

1 75-178, 1771 
left-sided, 180-185 

T 
TA. See Trad1eal aspirates 
Tachyarrhythmias, dopamine in-

fusions and, 693 
Tachycardias, 233-254 

atrial fibrillation, 237-243 
acute rate control, 239-241,  

2401 
adverse consequences, 

237-238 
anti thrombotic therapy, 

241-242, 2421 
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DC cardioversion, 238 
pharmacologic cardiover

sion, 238-239 
predisposing factors, 237 
Wolff-Parkinson-White syn

drome, 243 
diagnostic approach, 233-236, 

234/ 
atria 1 activity, 235-236, 236/ 
QRS duration, 233, 234/ 
uniformity of R-R intervals, 

234-235 
multifocal ah·ial tachycardia, 

243-244 
paroxysmal supraventricular 

tachycardia, 244-247 
AV nodal re-entrant tachy

cardia, 245-247, 2461 
features, 244-245 

torsades de pointes, 250-252 
drugs that can trigger, 2521 

ventricular tachycardia, 
247-250 

acute management, 249-250, 
249/ 

supraventricuJar tachycardia 
vs., 247-249, 248/ 

Temperature conversions, 722 
Temporal lobe seizures, 628 
Tenecteplase, 2161, 217, 218 
Tension pnelllnothorax, 322 
Terbutaline, for treatment of 

asthma, 274 
Tetracycline, interaction with su

cralfate, 26 
Theophylline 

benzod iazepines and, 661 
ciprofloxacin and, 681 
sucralfate and, 26 

Therapeutic hypothermia, 
203-204, 2031 

Thermodilution, 101-104, 102/ 
confoLmding conditions, 103 
continuous cardiac output 

measurements, 103-104 
method, 101 
technical considerations, 102 
variability, 103 
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Thiamine, for treatment of ethyl
ene glycol intoxication, 375 

Thiamine deficiency, 570-573 
carbohydrate metabolism, 570 
clinical manifestations, 571-572 
diagnosis, 572-573 
laboratory evaluation of thi-

amine status, 5721 
lactic acidosis and, 364-365 
predisposing factors, 570-571 

Thiazide dimetics, magnesium 
deficiency and, 446 

Thienopyridines, for treatment of 
acute cardiac syndromes, 
212 

Thiocyanate toxicity, 700-701 
Thiopental, Ringer's solution 

and, 159 
Thioridazine, torsades de pointes 

and, 2521 
Thoracic compliance, 295 
Thoracic pressure, 113-115 

end of expiration, 1 14  
positive-end-expiratory pres

sure, 115 
spontaneous va1·iations, 115 

Thorax, venous pressures in, 
113-115 

Thrombocytic thrombocytopenfa 
purpura (TIP), 498-499 

Thrornbocytopenia, 493-504 
defined, 493 
etiologies, 493-499, 4941 

disseminated i.ntravascular 
coagulation, 497-498, 4981 

heparin-induced thrombocy
topenia, 494-497, 4961 

thrombotic thrombocytope
nia pu1·pura, 498-499 

platelet transfusions, 501-503 
transfusion trigger, 499-501 

Thrombolytic agents, 2161, 
217-218 

Thrombolytic therapy, 49, 214-218 
bleeding and, 218 
candidates for, 644, 6451 
contrai.ndications to, 2151 
coronary angioplasty vs., 219 

fibrinolytic agents, 2161, 
217-218 

indications, 214-215 
reocclusion and, 218 
timing, 215-216 
for treahnent of stroke, 644, 

6451, 647 
Thromboprophylaxis, 35-41, 371 

adjusted-dose warfarin, 391, 40 
after hip and knee surgery, 41 
fondaparinux, 40-41 
for general surgery, 341 
for hip ai1d k.nee surgery, 391 
low-dose heparin, 36-37, 371 
low-molecular-weight heparin, 

341, 371, 38-40, 391 
mechanical compression de

vices, 341, 35 
Thrombosis 

femoral vein, 83 
subclavian vein, 82-83 
suppurative, 92 

Thrombotic occlusion, 81-82 
Thrombotic stroke, 641 
Thyroid dysfunction. See Hyper

thyroidism; Hypothy
roidism 

Thyroid storm, 609-610 
treatment of, 611 

Thyroxine, interaction with su
cralfate, 26 

TIA. See Transient ischernic attack 
Ticlod ipi.ne, for treahnent of acute 

cardiac syndromes, 212 
Tidal volume, 288 

in spontaneous breathing trial, 
338, 339f 

Tirofiban, as adjwict to reperfu
sion therapy, 222, 2231 

Tissue factor, 497 
Tissue oxygenation, 133-136 

blood lactate, 135-136 
clinical markers of tlu·eatened 

or impaired, 1331 
oxygen transport parameters, 

134-135 
Tissue plasmi.nogen activator 

(tPA) 



for treabnent of acute coronary 
syndromes, 216t, 217 

for treatment of stroke, 647 
Tobramycin, 671 

for digestive decontamination, 
5511 

for oral decontamination, 545 
for treabnent of pneumonia, 

543t 
Tonicity, 411 
Tonic movement, 627 
Torsades de pointes, 250-252 

etiologies, 251 
features, 250-251 
fluoroquinolones and, 681 
haloperidol and, 665 
magnesium depletion and, 448 
management, 198, 251-252, 

2521 
Total body potassium, 427, 

428/ 
Total inspiratory resistance, 295 
Total oxygen content, 126 
Total parenteral nutrition (TPN), 

591-601 
creating a regimen, 596-599 

carbohydrate calories, 
597-598 

daily requirements, 596 
lipid calories, 598 
TPN orders, 598-599 
volume of mixture, 597 

hypophosphatemia and, 467, 
468/ 

metabolic complications, 
599-600 

hypercapnia, 600 
hyperglycemia, 599 
hypophosphatemia, 599 

substrate solutions, 591-596 
additives, 595-596, 5951 
amino acid solutions, 

591-593, 5921 
dextrose solu tions, 591 ,  5921 
lipid emulsions, 593-594, 

5941 
thiamine and, 571 
trophic effects, 577 
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Toxic alcohols, 373-376 
ethylene glycol intoxication, 

373-375, 375/ 
methanol intoxication, 375-376, 

375/ 
Toxic megacolon, 552 
Toxins. See Pharmaceutical toxins 

and antidotes; Toxic alco
hols 

tPA. See Tissue plasminogen 
activator 

T-piece trials, 337 
TPN. See Total parenteral nutri

tion 
Trace elements 

reference ranges, 727 
i.n total parenteral nutrition, 

5951, 596 
Tracheal aspirates (TA), 537-538, 

540 
qualitative cultures, 537-538 
quantitative cultures, 538, 5381, 

540 
Tracheal decarn1ulation, 342-345, 

344/ 
Tracheal injections of saline, 

319-320 
Tracheal intubation, 287-288 
Tracheostomy, 317-318, 343 
TRALL See Transfusion-related 

acute lung injury 
Transcellular shift, 428-429 

treatment of hyperkalemia a.nd, 
439 

Transfusion-related acute lung in
jury (TRALl), 489 

Transh1sions. See Erythrocyte 
transfusions; Platelet 
transfusions 

Transfusion trigger 
for erythrocyte transfusion, 

481-482 
for platelet transfusion, 

499-500 
Transient ischemic attack (TlA), 

642 
Translaryngeal intubation, 

342-343 
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Translocation, 550 
Transmural pressure, 115/ 

intra vascular pressure vs., 113 
Transthoracic compliance, 293 
Transthoracic pressures, 292 
Trawna, risk of venous throm-

boembolism and, 33 
Trendelenburg position, 150 
Tricuspid regurgitation, pul

monary artery catheter 
and, 103 

Trophic effects, of enteral tube 
feeding, 577-578 

Trousseau's sign, 461 
TTP. See Tlu-ombotic tlu-ombocy

topenia purpura 
Tubercle bacillus, respirators to 

block transmission of, 8 

u 
Ulcers, stress, 19. See also Stress

related mucosa! injury 
Unfractionated heparin 

as adjunct to reperfusion ther
apy, 220- 221 

in antithrombotic therapy, 47 
risk of heparin-induced tlu-om

bocytopenia and, 495 
Units a11d conversions, 719-723 

apothecary and household con-
versions, 721 

French sizes, 723 
gauge sizes, 723 
measmement in the SI, 719-720 
pressure, 722 
solute concentration, 720-721 
temperature, 722 

Unstable angina (UA), 209. See 
also Acute coronary syi1-
dromes 

heparin for, 220 
platelet glycoprotein inhibitors 

for, 223-224 
Upper extremity venous access 

si tes, 63-65 
Urinary magnesiLun, 444, 445/ 

Urinary h·act infection (UTI), 
556-559 

candidmia, 558-559 
diagnostic criteria, 556, 5571 
empiric antibiotics, 557-558 
pathogens in, 5131 

Urine cultures, 556 
Urine m.icroscopy 

in evaluation of renal failure, 
395 

in evaluation of minary tract 
infection, 556 

Urine osmolality, in evaluation of 
renal failure, 394-395 

Urine sodiw11, in evaluation of 
renal failure, 393-394 

Urticaria, 489, 503 
UTI. See Urinary tract infection 

v 
Valsartan, for treatment of acute 

cardiac syndromes, 214 
Vancomyci.n, 682-685 

activity and clinical uses, 
682-683 

ad verse effects, 683-684 
dosing, 683 
drug fever and, 5091 
for MRSA, 516, 528 
replacements, 684-685 
for treahnent of C. difficile coli

tis, 553 
for treatment of catheter

related septicemia, 90, 9 l t  
for treatment of pneumonia, 

542, 5431 
for treatment of severe sepsis 

and septic shock, 528 
for treatment of minary tract 

infection, 558 
Vancomycin-resistant strains, an

tibiotics for, 516, 528 
VAP. See Ventilator-assisted pneu-

1nonja 
Vascular cannulation preparation, 

61-62 



Vascular catheters, 53-60 
central venous catheters, 55-57, 

561, 58/ 
features, 53-54 
flow rate determinants, 54 
hemodialysis catheters, 58-59, 

59/ 
introducer catheters, 57-58, 58/ 
peripheral vein catheters, 55 
pulmonary artery catheters, 59 
size of, 53, 541 
types of, 55-59 

Vascular catheters, indwelling, 
77-96 

catheter-related infections, 
83-94 

catheter tip cultures, 85-86, 
861 

clinical features, 85 
empiric antibiotic coverage, 

88-90, 89/ 
persistent sepsis, 92-94 
quantitative blood cultures, 

86-88, 88/ 
routes of, 83-84, 84/ 
treatment of catheter-related 

septicemia, 90-92, 9lt  
types of, 84 

occluded, 80-83, 811  
routine care, 77-80 

antimicrobial ointment, 
78 

dressings, 77 
flushing catheters, 78 
replacing central venous 

catheters, 79-80 
replacing peripheral venous 

catheters, 79 
Vasodilator effects, of nitroglyc

erin, 694 
Vasodilators 

for treatment of acute aortic 
dissection, 229, 2291 

for treatment of heart failure, 
2261 

Vasogenic shock, hemody:namic 
patterns in, 1101 

Vasopressin 
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for treatment of cardiac arrest, 
197-198, 1971 

for treatment of diabetes in
sipid us, 418 

for treatment of severe sepsis 
and septic shock, 527 

via endotracheal route, 196 
Vasopressors 

for treatment of cardiac arrest, 
196-198, 1971 

for treatment of severe sepsis 
and septic shock, 527 

Vena cava, catheter tip against 
wall of, 74 

Venipuncture sites, 515 
Venous access, establishing, 61-75 

catheter insertion technjques, 
62-63, 64/ 

catheter position, 73-74 
pneurnothorax, 72-73 
preparation for vascular carn1u-

lation, 61-62 
venous access sites, 63-71 

femoral vein, 66t, 68-71,  69f, 
70/ 

internal jugular vein, 661, 
67-68 

subclavian vein, 65-66, 661 
upper extremity, 63-65 

venous air embolism, 71-72 
Venous access si tes, 63-71 

femoral vein, 661, 68-71, 69/, 70/ 
internal jugular vein, 661, 67-68 
subclavian vein, 65-66, 661 
upper extremity, 63-65 

Venous air embolism, 71-72 
Venous blood gases, monitoring 

during CPR, 202 
Venous oxygen saturation (Sv02), 

134-135 
Venous pressures in the thorax, 

113-115, 1141 
Venous thromboembolism (VTE), 

31-52 
antithrombotic therapy, 47-49, 

481 



780 I ndex 

Venous thromboembolisrn (VTE) 
(contin ued) 

diagnostic approach, 41-47, 
421 

clinkal evaluation, 42-44, 44/ 
pulmonary angiography, 47 
radionuclide llmg scan, 

45-46 
spiral CT angiography, 46-47 
venous ultrasound, 44-45 

inferior vena. ca.va filters, 50 
patient at risk, 31-34, 321, 341 
tluomboprophylaxis, 35-41, 

371, 391 
Venous thrombosis, 82-83 

femoral vein thrombosis, 83 
subcla.vian vein tluombosis, 

82-83 
Venous ultrasound, for evaluation 

of venous tluomboem
boLism, 44-45 

Venovenous hernofiltration, 405 
Ventilation. See nlso Mechanical 

ventilation; Positive-
pressure breathing 

cardiopulmonary resuscitation, 
189-190 

Ventilator, breathing tluough, 
336-337 

Ventilator-assisted pneumon.ia 
(YAP), 535-536. See nlso 
Pnellffionia 

Ventilator breath, 299-301, 300/ 
Ventilator-dependent patient, 

315-331 
alveolar disruption, 321-325, 

323/, 325/ 
clearing secretions, 318-321 ,  

3201 
indwelling endotracheal tubes, 

315-316 
intrinsic PEEP, 326-330, 326/ 
tracheostomy, 317-318 

Ventilator-induced llmg injury, 
260-261 ,  261/, 288 

Ventricular compliance, 1 22 
Ventricular ejection fraction, 

1 77-178 

Ventricular emptying, during 
positive-pressure ventila
tion, 285-286 

Ventricular end-diastolic volume, 
measuring, 120-121, 121/ 

Ventricular fibrillation (V-Fib) 
defibrillation for, 191,  192-1 94/ 
drugs for treatment of, 1 98 
therapeutic hypothermia and, 

203 
Ventricular filli11g, during posi

tive-pressure ventilation, 
285 

Ventricular free wall rupture, 225 
Ventricular septa.I rupture, 225 
Ventricular tachycardia (VT, 

V-Tach), 247-250 
a.cute management, 198, 

249-250, 249/ 
defibrillation for, 191,  192-193/ 
supra.ventricular tachycardia. 

vs., 247-249, 248/ 
therapeutic hypotherrn.ia and, 

203 
VerapamiJ, for treatment of multi

focal atrial tacllycardia, 
244 

V-Fib. See Ventricular fibrillation 
Viruses, respiratory precautions 

for, 9/ 
Vitamins 

c, 573 
E, 573 
reference ranges, 727 
requirements, 570-573 

antioxidant vitamins, 573 
daily requirements, 570, 571 1 
thiamine deficiency, 570-573, 

5721 
in total parenteral nutrition, 595 

V02• See Oxygen uptake 
Volume, pressure vs., 1 20-121 
Volume control, pressure control 

vs., 284-285 
Volume deficits, correcting in 

oliguria, 397 
Volume depletion, metabolic a.1-

kalosis and, 380-381 



Volume effects 
of albumin solutions, 

164-165 
of colloid fluids, 163-164 
of dextra11s, 167 
of dextrose solutions, 161 
of hydroxyethyl starch, 165-166 
of hypertonk resuscitation, 169 

Volume infusion, 145-148 
catheter size, 146-147, 147/ 
for treatment of contrast

induced renal failure, 399 
type of resuscitation fluid, 148 

Volume replacement, in hypov
olemic hypernah·emia, 415 

Volume resuscitation 
for treahnent of anaphylactic 

shock, 531 
for treatment of severe sepsis 

and septic shock, 526-527 
Volutrauma, 261 
VT. See Ventricular tachycardia 
V-Tach. See Ventricular tachycar-

dia 
VTE. See Venous thromboem

bolism 

w 
Warfarin 

i11 a11tithrombotic therapy, 49 
ciprofloxacin and, 681 
for th.romboprophylaxis, 39t, 40 

Washed red cells, 483 
Water intoxication, 422 
Wedged blood P02, 119 
Wedge pressure (pulmonary ar

tery occlusion pressure), 
116-120 

capillary hydrostatic pressure 
vs., 119-120 
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checki11g for accuracy, 118-119 
principle of, 117-118, 1 18/ 
wedge pressure tracing, 

116-117 
Wedge pressure (pulmonary cap

illary wedge pressure), 99, 
105, 105t 

for distinguishing acute respi
ratory distress syndrome 
and hydrostatic pul
monary edema, 258-259 

dopamine and, 692 
right heart failure and, 186 

Weights, desirable, for adults, 728 
Wide QRS complex tachycardia, 

235 
Withdrawal syndrome, benzodi

azepines and, 661 
Wolff-Parkinson-White (WPW) 

syndrome, 243 
Women 

body fluid distribution in, 
729 

body fluid volumes in, 139, 
140t 

creatinine clearance in, 3951 
desirable weights in, 728 
normal peak flow rates for, 270, 

270/ 
normal range of values for red 

cell parameters in, 4781 
peak expiratory flow rates for, 

730 
WPW syndrome. See Wolff

Parkinson-White syn
drome 

z 
Zoledronate, for treatment of hy

perca lcemia, 465t, 466 






