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Cardiovascular management of septic shock

R. Phillip Dellinger, MD

T his review will cover septic
shock as a manifestation of se-
vere sepsis. The reader is re-
ferred to other articles, which

review the myriad multisystem dysfunc-
tions associated with severe sepsis (1–4),
and is reminded that as in all patients
with sepsis early initiation of appropriate
antibiotics and adequate source control
are key components of septic shock treat-
ment.

Ascertaining the incidence of septic
shock is limited by the variability in def-
initions used in epidemiologic studies,
the analysis of septic shock as a subset of
patients with severe sepsis, and short-
comings of methods used to calculate the
incidence of severe sepsis. In five recent
large clinical trials that enrolled a total of
5,461 patients with severe sepsis (criteria
� evidence of infection, systemic inflam-
matory response syndrome, and at least
one organ dysfunction/hypoperfusion),
the incidence of septic shock ranged from
52% to 71% of patients with severe sep-
sis, with a mean of 58% (5–9). A recent
study used International Classification of
Diseases (ICD)-9 hospital diagnostic
codes for infection and acute organ dys-
function to estimate 751,000 cases of se-
vere sepsis per annum in the United
States (10). Taking the incidence of septic
shock in severe sepsis from the five stud-
ies above, septic shock would, therefore,
be predicted to occur annually in 435,580
patients in the United States. The mor-

tality of septic shock can be estimated
more reliably. Table 1 shows a compila-
tion of septic shock mortalities drawn
from the placebo arms of clinical trials (8,
9, 11–22). Figure 1 shows improvement
in septic shock mortality over time (23).

Historical Perspective

The word sepsis is derived from the
Greek language (24). Pepsis was good,
embodying the natural processes of
maturation and fermentation. Sepsis,
however, was bad and synonymous with
putrefaction as characterized by bad
smell. It was thousands of years later
before Pasteur conclusively linked pu-
trefaction to a bacterial cause. The word
shock has its derivation from the
French root “choquer,” meaning “to
collide with.” Based on our current un-
derstanding of the pathophysiology of
septic shock, the collision of the body’s
defenses with the invading organism,
this seems to be particularly appropri-
ate terminology.

Current Definition of Septic
Shock

In 1992, the ACCP/SCCM Consensus
Conference Committee defined septic
shock as follows: “. . .sepsis-induced hy-
potension (systolic blood pressure � 90
mm Hg or a reduction of � 40 mm Hg
from baseline) despite adequate fluid re-
suscitation along with the presence of
perfusion abnormalities that may in-
clude, but are not limited to, lactic aci-
dosis, oliguria, or an acute alteration in
mental status. Patients who are receiving
inotropic or vasopressor agents may have
a normalized blood pressure at the time
that perfusion abnormalities are identi-
fied.” (25)

This definition has received general
acceptance with the exception that most
clinical trials have not considered inotro-
pic therapy alone as a qualifier for sepsis-
induced cardiovascular failure. As a gen-

eral rule, because most patients who
remain hypotensive after volume resusci-
tation will be started on vasopressors, va-
sopressor requirement for sepsis-induced
hypotension plus hypoperfusion abnor-
malities becomes a clinically useful sur-
rogate definition for septic shock.

Pathophysiology and Associated
Clinical Considerations

The hemodynamic profile of septic
shock is influenced by multiple sepsis-
induced physiologic changes (26–38) and
characterized by components of hypovo-
lemic, obstructive, cardiogenic, distribu-
tive, and cytotoxic shock (Table 2). This
hemodynamic profile is modified by fluid
resuscitation (Fig. 2). After adequate res-
toration of left ventricular filling, the
presence and severity of hypotension are
directly dependent on impairment of con-
tractility (both sepsis-induced and base-
line) and the degree of systemic vascular
resistance lowering (39, 40). Persistent
hypotension, despite adequate fluid re-
suscitation, mandates the use of vaso-
pressors and is the hallmark of septic
shock.

Even when cardiac output in septic
shock has been normalized or is su-
pranormal, hypoperfusion abnormalities
(lactic acidosis, decreased urine output,
or altered mental status) may persist.
This “distributive shock” may be related
to a maldistribution of blood flow at the
organ level (decreased blood flow to the
stomach, pancreas, and small bowel) or
microvascular level (shunting) and may
be associated with a cytotoxic component
(sepsis-induced cellular deficiency in uti-
lizing oxygen, despite adequate supply)
(41–47).

Diagnosis

Septic shock is diagnosed when
there is clinical evidence of infection,
persistent sepsis-induced hypotension,
despite volume resuscitation (or re-
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quirement for vasopressors), and evi-
dence of sepsis-related organ hypoper-
fusion (lactic acidosis, decreased urine
output, or altered mental status). Other
causes of shock potentially associated
with fever include pulmonary embo-
lism, acute myocardial infarction, and
adrenal crisis (48 –50). In patients be-
ing hemodynamically monitored, car-
diac output is decreased in pulmonary
embolism and acute myocardial infarc-
tion but following volume resuscitation
would typically be increased in septic
and adrenal shock. Serum troponin
may be elevated in septic shock, as well
as shock due to myocardial infarction
or pulmonary embolism, but markedly
increased only in myocardial infarction
(51–53). Bedside echocardiography is
useful in differentiating shock due to
pulmonary embolism (right ventricular
dilation), acute myocardial infarction
(focal wall motion abnormality), hypo-
volemic shock (poorly filled hyperdy-
namic left ventricle), and septic shock
(global decrease in contractility).

Invasive Monitoring

Because of the rapid changes in blood
pressure that may occur in the presence
of septic shock, arterial cannulation for
continual monitoring of blood pressure is
recommended. In addition, central ve-
nous catheters are needed to infuse vaso-
pressors. The role of central hemody-
namic monitoring is less clear. Although
one retrospective analysis using paired
cohorts suggested harm with pulmonary
artery catheterization, randomized, pro-
spective trials in patients with septic
shock are lacking (54). A study using his-
torical controls demonstrated improved
survival when on-site intensivists were
involved in the care of septic shock pa-
tients (55). Pulmonary artery catheters
were used more frequently during the
intensivist involvement period. It is now
well established that use of the pulmo-

nary artery catheter (PAC) is frequently
associated with inaccurate measurements
(56). Furthermore, even when measure-
ments are accurate, benefit could only be
gained when appropriate decisions are
made based on these measurements. It is
likely that only a randomized, prospective
trial in which both education on proper
measurements and consensus treatment
protocols are used will answer the ques-
tion of whether the PAC offers potential
benefit for patients with septic shock.
Nevertheless, central hemodynamic
monitoring technology continues to ad-
vance and less invasive alternatives for
the estimation of cardiac output are be-
ing made available (57–62). Although tri-
als with these technologies are encourag-
ing as to performance, the ability to
influence clinical outcome in septic
shock is unknown.

Therapy

Fluid Resuscitation. Despite universal
agreement on aggressive fluid resuscita-
tion as the initial intervention in septic
shock patients, the choice of optimum
fluid resuscitation has been less clear.
Although prospective studies of choice of
fluid resuscitation in septic shock are
lacking, meta-analyses of clinical studies
comparing crystalloid and colloid resus-
citation in general populations of primar-
ily surgical nonseptic shock patients in-
dicate no clinical outcome difference
between colloids and crystalloids (63–
65). Extrapolation of these results to sep-
tic shock patients is unclear. Although
less fluid is required with colloids to
achieve resuscitation goals and less
edema results, it is unlikely that these
nonoutcome-related events justify the
added expense (66). An exception would
be a clinical scenario in which hypoten-
sion is immediately life threatening and
colloid infusion is judged to offer more
rapid correction of volume deficit (lim-
ited access and low mL/min infusion rate
capability).

Over the years, there has been consid-
erable interest in targeting filling pres-
sures for fluid resuscitation therapy in
patients with central venous or pulmo-
nary artery catheters. This has included
targeting absolute values of central ve-
nous pressure between 8 and 14 mm Hg
or pulmonary artery occlusive pressure
between 14 and 18 mm Hg. Establishing
a narrow range for these filling pressures
is difficult because left ventricular filling
may vary based on physiology other than

Figure 1. Changes in septic shock mortality
(1958–2002). Adapted from Reference 23.

Table 2. Septic shock—A melting pot of shock
etiologies

Hypovolemic (loss of cardiac filling)
Capillary leak (absolute hypovolemia)
Venodilation (relative hypovolemia)

Cardiogenic
Decrease in contractility

Obstructive
Rise in pulmonary vascular resistance

Distributive (hypoperfusion, despite normal/
increased cardiac output)

Macrovascular
Decreased splanchnic blood flow

Microvascular
Shunting

Cytotoxic
Cellular inability to utilize oxygen, despite

adequate supply

Table 1. Compilation of septic shock mortalities drawn from placebo arms of clinical trials

Author Year Study Type

Control Group
Patients with
Septic Shock HMR (%)

Abraham et al. (11) 1998 RCT 930 398 (43)
Baudo et al. (12) 1998 RCT 23 20 (87)
Bollaert et al. (13) 1998 RCT 19 12 (63)
Briegel et al. (14) 1999 RCT 20 6 (30)
Angus et al. (15) 2000 RCT 317 145 (46)
Martin et al. (16) 2000 POS 97 70 (73)
Rank et al. (17) 2000 RCT 30 16 (53)
Abraham et al. (18) 2001 RCT 185 63 (34)
Warren et al. (8) 2001 RCT 544 235 (43)
Abraham et al. (19) 2001 RCT 46 19 (41)
Rivers et al. (9) 2001 RCT 70 40 (57)
Jensen et al. (20) 2002 POS 38 18 (47)
Cole et al. (21) 2002 RCT 12 4 (33)
Annane et al. (22) 2002 RCT 149 91 (61)
Total 2480 1137 (46)

HMR, hospital mortality rate; RCT, randomized, controlled trial; POS, prospective observational
study.
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filling pressure (such as ventricular wall
compliance, intrathoracic pressure, and
in the case of right-sided filling pressure,
pulmonary vascular resistance). In addi-
tion, the potential negative effects of in-
creasing pulmonary capillary leak in the
presence of acute lung injury must also
be considered as filling pressures are in-
creased. Fluid resuscitation of septic
shock often occurs in the absence of cen-
tral hemodynamic monitoring. In that
circumstance, bolus fluid therapy (250–
1000 mL crystalloid over 5–15 mins), re-
peated as long as the patient remains
hypotensive or until early clinical mani-
festation of high left-sided filling pres-
sures occur (crackles on auscultation of
lungs or a drop in oxyhemoglobin satu-
ration), is appropriate. This approach is
safer in patients mechanically ventilated
or those with good oxygen transfer and of
greater risk in nonintubated patients al-
ready receiving significant supplemental
oxygen.

Vasopressor and Inotropic
Therapy

Indications and Targets of Vasopres-
sor Therapy. Following adequate intra-

Figure 2. Cardiovascular changes associated with
septic shock and the effects of fluid resuscitation.
A, normal (baseline) state. B, in septic shock, left
ventricular blood return is reduced due to a com-
bination of capillary leak (inset), increased ve-
nous capacitance (VC), and increased pulmonary
vascular resistance. The stroke volume is further
compromised by a sepsis-induced decrease in left
and right ventricular (RV) contractility. Tachy-
cardia and increased left ventricular compliance
serve as countermeasures to combat low cardiac
output, the latter by increasing left ventricular
preload. However, cardiac output remains low to
normal. Finally, a decrease in arteriolar (systemic
vascular) resistance allows a higher stroke vol-
ume at any given contractility and left ventricular
filling state, but also the potential for severe
hypotension, despite restoration of adequate left
ventricular filling. C, aggressive fluid resuscita-
tion compensates for capillary leak, increased ve-
nous capacitance, and increased pulmonary vas-
cular resistance by re-establishing adequate left
ventricular blood return. Decreased arteriolar re-
sistance (AR), tachycardia, and increased left ven-
tricular compliance compensate for decreased
ejection fraction. Ejection fraction increases as
left ventricular filling increases. The net result is
that after adequate volume resuscitation, most
patients with severe sepsis have a high cardiac
output, low systemic vascular resistance state.
VR, venous return; RA, right atrium; LA, left
atrium; LV, left ventricle; AO, aorta; 3, blood
flow(cardiac output); ��, contractility.
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vascular volume repletion, the continued
presence of hypotension warrants the use
of vasopressor therapy (defined as an intra-
venous drug that raises blood pressure par-
tially or totally through a direct arteriolar
constrictive effect). A combined inotrope/
vasopressor may be chosen (1). Minimal
data exist to guide selection of the thresh-
old for blood pressure maintenance. Arbi-
trary values of a systolic blood pressure of
90 mm Hg or a mean arterial blood pres-
sure of 60–65 mm Hg have traditionally
been chosen. Mean arterial pressure is a
better reflection of arterial pressure-head,
but in the absence of an arterial line, sys-
tolic blood pressure is likely to be a more
accurate pressure measurement and is typ-
ically used. One study demonstrated that
mean arterial pressures between 65 and 85
mm Hg were associated with no difference
in organ perfusion variables (67). Because
increasing blood pressure through vaso-
constriction may be associated with a de-
crease in cardiac output, trade-off may exist
between raising blood pressure and de-
creasing cardiac index that varies based on
the choice of vasopressor or combined ino-
trope/vasopressor.

Vasopressor Agents

Dopamine, epinephrine, norepineph-
rine, phenylephrine, and vasopressin
have been demonstrated to be effective in
raising blood pressure in patients with
septic shock (68–73) (Table 3). Dopamine
and epinephrine are more likely to induce
or exacerbate tachycardia than norepi-
nephrine and phenylephrine. Because of
intense venoconstriction and associated
right atrial baroreceptor stimulation,
norepinephrine does not usually induce
or exacerbate tachycardia. As a pure �
agonist, phenylephrine should not pro-
duce tachycardia. Dopamine typically
raises both blood pressure and cardiac
index, as does norepinephrine, although
the rise in cardiac output with dopamine
is greater. Phenylephrine, as a pure �
agonist, might be expected to decrease

cardiac output (CO) as it raises blood
pressure. However, at least one study
documented an increase in CO with
phenylephrine (68). Although only one
small single-center, prospective, random-
ized study has shown benefit of norepi-
nephrine over dopamine, recent litera-
ture reports some potential advantages of
norepinephrine (74). The potential ad-
vantages of norepinephrine, compared
with dopamine, include minimal tachy-
cardia response and no interference with
hypothalamic pituitary axis (67, 75). In
addition, despite concerns in the past of
vasoconstriction-induced digital isch-
emia and decreased renal perfusion, there
is no evidence that these occur and data
in humans and animals demonstrate a
norepinephrine-induced increase in car-
diac output, renal blood flow, and urine
output when used in septic shock (76–
78). Norepinephrine is a more potent
agent than dopamine in refractory septic
shock (74, 79). An observational study
also reports a survival advantage of nor-
epinephrine over other vasopressor
choices in septic shock (80).

Role of Vasopressin

Although high endogenous levels of va-
sopressin in nonshock states (inappropriate
antidiuretic hormone syndrome) do not
produce hypertension, in shock states, va-
sopressin stimulation of vascular V1 recep-
tors appears to be an important mechanism
of blood pressure rise (81, 82). Recent lit-
erature supports vasopressin as an option
to raise blood pressure in septic shock and
to wean more traditional vasopressors al-
ready in place. Septic shock-associated ex-
haustion of neurohypophyseal stores due to
intense and prolonged stimulation, as well
as impairment of baroreflex-mediated stim-
ulation of vasopressin release, may lead to
inappropriately low levels of serum vaso-
pressin (81, 83, 84). Low doses of vasopres-
sin targeted to achieve serum vasopressin
levels, similar to that present in cardiogenic
shock, have been demonstrated to produce
a significant rise in mean arterial pressure
in septic shock, often leading to the discon-
tinuation of traditional vasopressors (85–
88). The effect of this strategy on clinical
outcome is unknown, because no random-
ized, prospective clinical outcome trials ex-
ist. If vasopressin is given, it seems most
appropriate in patients requiring high-dose
vasopressors, especially when blood pres-
sure remains inadequate. Dosing should be
limited to 0.01 to 0.04 units/minute be-
cause higher doses put the patient at a

greater risk for splanchnic and coronary
artery ischemia, as well as a decrease in
cardiac output (81).

Vasopressor Impact on Clinical
Outcome

A rise in blood pressure may or may
not be a surrogate of clinical benefit. In a
large placebo-controlled clinical trial, ad-
ministration of the nonselective nitric ox-
ide inhibitor NG-methyl-L-arginine in
septic shock produced both significant
increases in blood pressure and signifi-
cant increases in mortality (89). The ef-
fects of vasopressor choice on other vari-
ables, such as renal blood flow,
glomerular filtration pressure, splanch-
nic blood flow, hypothalami-pituitary
axis, and cerebral perfusion pressure, are
likely to be important issues.

Inotropic Support

Decreased global contractility is ex-
pected in patients with septic shock. De-
spite this decrease in ejection fraction,
the typical hemodynamic profile in septic
shock following fluid resuscitation is an
increased cardiac output. In the presence
of severe depression of cardiac contractil-
ity and low normal or decreased cardiac
output, inotropic therapy, i.e., dobut-
amine, may be considered in an attempt
to maintain a high normal range of car-
diac output. In the presence of hypoten-
sion, dobutamine would be administered
under the cover of vasopressor therapy.
This should be distinguished from the
institution of dobutamine to increase car-
diac output to high levels, even when
already elevated, as part of empirical su-
pranormal oxygen delivery (see discus-
sion below).

Bicarbonate Therapy

In years past, intravenous bicarbonate
became routine therapy for septic shock-
induced anion gap acidosis based on the
following: a) the inherent concept that
acidemia is bad and that it can be cor-
rected with intravenous bicarbonate; b)
the widespread belief that vasopressors
are not as effective in an acidic environ-
ment; and c) whole and isolated heart
muscle animal studies that suggest aci-
demia suppresses cardiac performance
(90–94). However, there has been a re-
cent paradigm shift in the use of bicar-
bonate therapy for septic shock because
of the following: a) the awareness that

Table 3. Vasopressor agents for use in septic
shock

Agent
Typical Intravenous

Dose Range

Dopamine 6–25 �g/kg/min
Epinephrine 1–10 �g/min
Norepinephrine 1–30 �g/min
Phenylephrine 40–180 �g/min
Vasopressin 0.01–0.04 units/min
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patients with septic shock are not dying
from lactic acidemia but are dying from
the inability of the cell to receive or uti-
lize oxygen, i.e., the acidemia is cosmetic;
b) in the presence of peripheral hypoper-
fusion, the generation of CO2 (H� �
�HCO3 3 H3CO3 3 H2O and CO2),
which may not be adequately cleared
from poorly perfused peripheral tissues,
is problematic; and c) clinical studies,
including one randomized, prospective
trial, failed to show any hemodynamic
benefit from bicarbonate therapy either
to increase cardiac output or to decrease
the vasopressor requirement, regardless
of degree of acidemia (91, 95, 96). Other
forms of base therapy, Carbicarb and di-
chloroacetate with buffering profiles that
might offer advantages over bicarbonate
have also been studied in lactic acidosis.
Carbicarb has demonstrated mixed re-
sults as to hemodynamic benefit, and the
only large randomized trial studied the
potential benefit of dichloroacetate and
failed to show a clinical outcome benefit
(97, 98).

Oxygen Delivery in Septic
Shock: How Much Is Enough?

Studies in septic shock patients dem-
onstrating that increasing oxygen con-
sumption as normal oxygen delivery was
increased to higher than normal values
supported the concept of “supranormal
O2 delivery” being potentially beneficial
in the treatment of septic shock to replete
an oxygen deficit as the cause of lactic
acidosis. Detractors from this approach
argued that the observed effect was due to
mathematical coupling because the same
key variables were used in calculating
both oxygen delivery and consumption,
causing movement in the same direction
(99). Numerous studies have demon-
strated that the lactate/pyruvate ratio, ex-
pected to increase in the face of oxygen
debt, remains unchanged in septic shock
and hyperlactatemia (100–102).

Clinical studies of “supranormal oxy-
gen delivery” demonstrate that the ability
to increase oxygen delivery with volume
resuscitation and inotropic therapy in a
patient with septic shock identifies a bet-
ter prognosis (103–107). However, two
large randomized, multiple-centered,
prospective clinical trials failed to dem-
onstrate a benefit of supranormal oxygen
delivery (108, 109). Targeting a specific
threshold of high oxygen delivery is not
recommended as therapy of septic shock.

Early Goal-Directed Therapy

A recent single-institution clinical
trial of 263 randomized patients pre-
sented to the emergency department with
septic shock to receive 6 hrs of either
traditional therapy consisting of volume
resuscitation (targeting a central venous
pressure of 8–12 mm Hg), followed by
vasopressor therapy (if required), to
maintain a mean arterial pressure of 65
mm Hg or “early goal-directed (EGT)
therapy,” which required a central ve-
nous catheter with the capability to mea-
sure central venous oxyhemoglobin satu-
ration (CVO2 sat), used to dictate further
resuscitation measures (9). If, following
volume resuscitation, the CVO2 sat re-
mained at �70%, EGT therapy involved,
first, transfusion of packed red blood cells
to a hematocrit of 30% and, then, if CVO2

sat remained at �70%, institution of do-
butamine therapy (blinded as to cardiac
output because no PAC was in place) to a
maximum of 20 �g/kg/min in an attempt
to achieve a CVO2 sat of 70%. A signifi-
cant clinical outcome benefit was demon-
strated in the EGT group with a 16%
absolute reduction in 28-day mortality.
Several points concerning this trial are
worthy of emphasis. The protocol treat-
ments were applied during the first 6 hrs
of septic shock management, which likely
provided more organized state-of-the-art
medical attention than the typical septic
shock patient receives during that time
period. The primary difference between
the two treatment groups was in red
blood cell transfusion. This is contrary to
recent studies that showed no benefit of
red blood cell transfusion in general in-
tensive care unit (ICU) populations (110).
This early approach of increasing oxygen
delivery in septic shock patients by tar-
geting a monitor of the oxygen supply/
demand relationship is significantly dif-
ferent from the supranormal O2 delivery
approach that targeted a specific oxygen
delivery target in general ICU patients.
Although these results are encouraging,
larger multiple-centered studies are
needed to validate this approach. Use of
this approach requires measurement of
CVO2 sat.

Steroids

Based on positive reports from animal
and single-center clinical studies, as well
as the anecdotal use of steroids for severe
infection (111–118), two multiple-center
clinical trials were performed in the

1980s, each giving large “industrial
strength” doses of steroids targeting day
1 of septic shock (119, 120). These trials
failed to show a clinical outcome benefit,
and empirical steroid therapy of septic
shock in the absence of the identification
of traditional adrenal insufficiency (very
low baseline serum cortisol in the face of
the stress of shock or failing to achieve a
specific serum cortisol level following the
corticotropin [ACTH] stimulation test)
was largely abandoned (121, 122). In the
late 1990s, several single-center studies
of septic shock using stress (low) doses of
steroids intravenously for 5– 8 days
showed promising results (123, 124). In
2000, a prospective observational study
used the response to a high-dose ACTH
stimulation test (250 �g) to characterize
the adrenal status of patients in septic
shock (125). A baseline cortisol measure-
ment was followed up by post-ACTH
stimulation cortisol levels at 30 and 60
mins. The highest value of the two post-
ACTH stimulation cortisols was com-
pared with the baseline level and sug-
gested that the inability to raise cortisol
following the ACTH stimulation test by
10 �g/dL or greater was more predictive
of a poor outcome than the basal level
itself. This group of patients was called
“nonresponders” and was identified as
having “relative adrenal insufficiency.”
Based on these findings, a 300-patient
multicenter, prospective, randomized,
blinded study of stress-dose steroid ther-
apy targeting this group of nonre-
sponders was performed and published in
2002 (126). Patients with septic shock
were randomized within the first 8 hrs of
presentation to receive either 50 mg of
intravenous hydrocortisone every 6 hrs
every day plus 50 �g by mouth of the
mineralocorticoid fludrocortisone every
day or placebo. Treatment continued for
7 days. The primary analysis group was
nonresponders to ATCH, defined as the
failure to increase serum cortisol levels
by 10 �g/dL or greater following ACTH
stimulation. Use of stress-dose (low-dose)
steroids in nonresponders was associated
with decreased mortality and decreased
vasopressor usage. There was no benefit
of steroids in responders to ACTH. The
benefit in nonresponders was best seen in
the Kaplan-Meier survival curve analysis,
in which death was both decreased and
prolonged by steroids. There was no sta-
tistically significant difference in the 28-
day chi-square point mortality, but statis-
tical significance was reached when
logistic regression adjustment (baseline
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cortisol, cortisol response, McCabe clas-
sification, Logistic Organ Dysfunction
Score, arterial lactate level, and PaO2/
FIO2) was performed. Although validation

of this study of 300 patients is clearly
needed (and is being done in the Euro-
pean CORTICUS trial), in the interim, it
is reasonable to consider stress-dose ste-

roids in select patients with early septic
shock. Patients most appropriate to tar-
get for this therapy would be those who
are requiring high-dose or increasing va-

Figure 3. Flow diagram for guidance in management decisions in septic shock.
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sopressor therapy within the first 8 hrs of
septic shock. In those patients, a reason-
able approach would be to give dexameth-
asone, 3 mg intravenously every 6 hrs
(does not interfere with cortisol assay),
until the high-dose ACTH stimulation
test can be performed. Hydrocortisone
and fludrocortisone would then be
started and continued or discontinued
based on the results of the ACTH stimu-
lation test. If the ACTH stimulation test is
not available, then empirical stress-dose
steroids should be considered.

Some investigators question the
choice of the 250-�g ACTH stimulation
test for the evaluation of adrenal reserve
in the critically ill patient and judge it to
be supraphysiologic and potentially over-
estimating of adrenal reserve (127). They
recommend a 1- to 2-�g ACTH dose as
more appropriate. The precise threshold
for separating responders and nonre-
sponders with the lower ACTH dose is,
however, unknown.

Activated Protein C

Extreme clinical manifestations of dis-
seminated intravascular coagulation,
such as purpura fulminans or digital
ischemia, have long been identified as a
poor prognostic sign of septic shock.
However, subclinical manifestations of
disseminated intravascular coagulation
are present in essentially all patients with
septic shock (some combination of in-
creased D-dimers, decreased protein C,
thrombocytopenia, and increased pro-
thrombin time), and consumptive coagu-

lopathy is likely an important facet of
pathophysiology in septic shock. The ac-
tivation of protein C from its inactive
zymogen is thought to be an important
body mechanism for modulating sepsis-
induced consumptive coagulopathy. In
patients with meningococcemia, the abil-
ity to activate protein C is impaired (128).
Drotrecogin alfa (recombinant activated
protein C) is the first innovative therapy
to be approved by the Food and Drug
Administration (FDA) for the treatment
of severe sepsis and septic shock. Ratio-
nale for the use of recombinant activated
protein C (rhAPC) relates to its anticoag-
ulant and profibrinolytic effect, which
targets the consumptive coagulopathy of
septic shock. A large prospective, ran-
domized and blinded clinical trial studied
the effect of 96 hrs of continuous infusion
of drotrecogin alpha (recombinant acti-
vated protein C) given at 24 �g/kg/hr vs.
placebo, with 75% of 1,690 severely septic
patients receiving vasopressors at the
time of study entry (7). Mortality was
significantly reduced from 30.8% with
placebo to 24.7% in those receiving dro-
trecogin alfa (activated) (a 6.3% absolute
reduction in mortality). Although debate
continues about some aspects of the trial
design and patient selection, rhAPC ap-
pears to have a significant role in the
treatment of septic shock (129–131). A
post hoc subgroup analysis of the four
stratified Acute Physiology and Chronic
Health Evaluation (APACHE) II quartiles
revealed enhanced drug performance in
the higher two APACHE II quartiles
(APACHE II �25, with 13% absolute re-
duction in mortality vs. placebo) and no
evidence of overall activity in the lowest
of the four APACHE II quartiles, where
slightly more deaths occurred in the dro-
trecogin alpha (activated) group. A recent
cost-benefit analysis suggests the higher
two APACHE II quartiles as the optimum
target for therapy (132). The FDA’s label-
ing for drotrecogin alpha (activated) rec-
ommends that it be given to patients with
severe sepsis and with a high risk of
death, such as APACHE II �25. Septic
shock is itself indicative of a high risk of
death and, if no contraindication exists,
identifies a good candidate for rhAPC.
The benefit of rhAPC in septic shock
must be weighed against the risk of
rhAPC-induced bleeding, which are well
characterized in the FDA’s labeling in-
structions. Other anticoagulant strate-
gies, promising early trials, failed to show
a clinical benefit in larger trials (19, 133,
134).

Experimental Therapies

Available therapies that remain “ex-
perimental” for the management of septic
shock without enough literature support
for integration into clinical practice in-
clude high-volume hemofiltration, plas-
mapheresis, and intravenous immuno-
globulin (135–142).

SUMMARY

The intensivist provides ICU manage-
ment and coordination across the total
spectrum of organ dysfunctions and sup-
port; however, no other disorder likely
requires the level of complex on-site phy-
sician skills needed for the successful
treatment of septic shock. After many
years in which there was more “opinion
and debate,” than prospective scientific
literature to guide therapy, multiple
studies now allow the potential for inte-
gration into critical care practice. Figure
3 depicts a decision tree capturing inte-
gration of both traditional thought and
recent advancements in management
guidelines for septic shock.

I thank Dr. Vinay Sharma for assis-
tance with the section on the incidence
and mortality of septic shock, Dr. Gordon
Bernard for input regarding Figure 3, and
Drs. Stephen Trzeciak, Sergio Zanotti,
and Janice Zimmerman for thoughtful
and insightful critique of the manuscript.

REFERENCES

1. Dellinger RP: Current therapy for sepsis.
Infect Dis Clin North Am 1999; 13:495–509

2. Kuhl DA: Current strategies for managing
the patient with sepsis. Am J Health Syst
Pharm 2002; 59:S9–S13

3. Sessler CN, Shepherd W: New concepts in
sepsis. Curr Opin Crit Care 2002;
8:465–472

4. Finney SJ, Evans TW: Emerging therapies
in severe sepsis. Thorax 2002; 57(Suppl II):
ii8–ii14100

5. Opal SM, Fisher CJ Jr, Dhainaut JF, et al:
Confirmatory interleukin-1 receptor antag-
onist trial in severe sepsis: A phase III, ran-
domized, double-blind, placebo-controlled,
multicenter trial. Crit Care Med 1997; 25:
1115–1124

6. Pittet D, Hrbarth S, Sutter PM, et al: Effi-
cacy and safety of recombinant human ac-
tivated protein C for severe sepsis. Am J
Respir Crit Care Med 1999; 160:852–857

7. Bernard G, Vincent JL, Laterre PF, et al:
Efficacy and safety of human rhAPC for se-
vere sepsis. N Engl J Med 2001; 344:
749–762

8. Warren BL, Eid A, Singer P, et al: Caring for
the critically ill patient. High-dose anti-

T he intensivist pro-

vides intensive

care unit manage-

ment and coordination

across the total spectrum of

organ dysfunctions and sup-

port; however, no other dis-

order likely requires the level

of complex on-site physician

skills needed for the success-

ful treatment of septic shock.

952 Crit Care Med 2003 Vol. 31, No. 3



thrombin III in severe sepsis: A randomized
controlled trial. JAMA 2001; 286:1869–1878

9. Rivers E, Nguyen B, Havstad S, et al: Early
goal-directed therapy in the treatment of
severe sepsis and septic shock. N Engl J Med
2001; 345:1368–1377

10. Angus DC, Linde-Zwirble WT, Lidicker J, et
al: Epidemiology of severe sepsis in the
United States: Analysis of incidence, out-
come, and associated costs of care. Crit
Care Med 2001; 29:1303–1310

11. Abraham E, Anzueto A, Gutierrez, et al:
Double-blind randomised controlled trial of
monoclonal antibody to human tumour ne-
crosis factor in treatment of septic shock.
Lancet 1998; 351:929–933

12. Baudo F, Caimi TM, de Cataldo F, et al:
Antithrombin III (ATIII) replacement ther-
apy in patients with sepsis and/or postsur-
gical complications: A controlled double-
blind, randomized, multicenter study.
Intensive Care Med 1998; 24:336–342

13. Bollaert PE, Charpentier, Levy B, et al: Re-
versal of late septic shock with supraphysi-
ologic doses of hydrocortisone. Crit Care
Med 1998; 26:645–650

14. Briegel J, Forst H, Halle M, et al: Stress
doses of hydrocortisone reverse hyperdy-
namic septic shock: A prospective, random-
ized, double-blind, single-center study. Crit
Care Med 1999; 27:723–732

15. Angus DC, Birmingham MC, Balk RA, et al:
E5 murine monoclonal antendotoxin anti-
body in gram-negative sepsis: A randomized
controlled trial. JAMA 2000; 283:1723–1730

16. Martin C, Viviand X, Leone M, et al: Effect of
norepinephrine on the outcome of septic
shock. Crit Care Med 2000; 28:2758–2765

17. Rank N, Michel C, Haertel C, et al: N-ace-
tylcysteine increases liver blood flow and
improves liver function in septic shock pa-
tients: Results of a prospective, randomized,
double-blind study. Crit Care Med 2000;
28:3799–3807

18. Abraham E, Laterre PF, Garbino J, et al:
Lenercept (p55 tumor necrosis factor recep-
tor fusion protein) in severe sepsis and early
septic shock: A randomized, double-blind,
placebo-controlled, multicenter phase III
trial with 1,342 patients. Crit Care Med
2001; 29:503–510

19. Abraham E, Reinhart K, Svoboda P, et al:
Assessment of the safety of recombinant
tissue factor pathway inhibitor in patients
with severe sepsis: A multicenter, random-
ized, placebo-controlled, single-blind, dose
escalation study. Crit Care Med 2001; 29:
2081–2089

20. Jensen AG, Wachmann CH, Espersen F, et
al: Treatment and outcome of Staphylococ-
cus aureus bacteremia: A prospective study
of 278 cases. Arch Intern Med 2002; 162:
25–32

21. Cole L, Bellomo R, Hart G, et al: A phase II
randomized, controlled trial of continuous
hemofiltration in sepsis. Crit Care Med
2002; 30:100–106

22. Annane D, Sebille V, Charpentier C, et al:

Effect of treatment with low doses of hydro-
cortisone and fludrocortisone on mortality
in patients with septic shock. JAMA 2002;
288:862–871

23. Friedman G, Silva E, Vincent JL: Has the
mortality of septic shock changed with
time? Crit Care Med 1998; 26:2078–2086

24. Majno G: The ancient riddle of sigma eta psi
iota sigma (sepsis). J Infect Dis 1991; 163:
937–945

25. American College of Chest Physicians/
Society of Critical Care Medicine Consensus
Conference: Definitions for sepsis and or-
gan failure and guidelines for the use of
innovative therapies in sepsis. Crit Care
Med 1992; 20:864–874

26. Marik PE, Varon J: The hemodynamic de-
rangements in sepsis: Implications for
treatment strategies. Chest 1998; 114:
854–860

27. Parrillo JE, Parker MM, Natanson C, et al:
Septic shock in humans: Advances in the
understanding of pathogenesis, cardiovas-
cular dysfunction, and therapy. Ann Intern
Med 1990; 113:227–242

28. Landry DW, Oliver JA: The pathogenesis of
vasodilatory shock. N Engl J Med 2001; 345:
599–595

29. Llewelyn M, Cohen J: New insights into the
pathogenesis and therapy of sepsis and sep-
tic shock. Curr Clin Top Infect Dis 2001;
21:148–171

30. Mackenzie IMJ: The haemodynamics of hu-
man septic shock. Anaesthesia 2001; 56:
130–144

31. Metrangolo L, Fiorillo M, Friedman G, et al:
Early hemodynamic course of septic shock.
Crit Care Med 1995; 23:1971–1975

32. Nishijima H, Weil MH, Subin H, et al: He-
modynamic and metabolic studies on shock
associated with Gram negative bacteremia.
Medicine 1978; 52:287–294

33. Marx G, Vangerow B, Burczyk C, et al: Eval-
uation of noninvasive determinants for cap-
illary leakage syndrome in septic shock pa-
tients. Intensive Care Med 2000; 26:
1252–1258

34. Kumar A, Haery C, Parrillo JE: Myocardial
dysfunction in septic shock. Crit Care Clin
2000; 16:251–287

35. Ellrodt AG, Riedinger MS, Kimchi A, et al:
Left ventricular performance in septic
shock: Reversible segmental and global ab-
normalities. Am Heart J 1985; 110:402–409

36. Parker MM, Shelhamer JH, Bacharach SL,
et al: Profound but reversible myocardial
depression in patients with septic shock.
Ann Intern Med 1984; 100:483–490

37. Weisel RD, Vito L, Dennis RC, et al: Myo-
cardial depression during sepsis. Am J Surg
1977; 133:512–521

38. Terborg C, Schummer W, Albrecht M, et al:
Dysfunction of vasomotor reactivity in se-
vere sepsis and septic shock. Intensive Care
Med 2001; 27:1231–1234

39. Groeneveld ABJ, Nauta JJP, Thijs LG: Pe-
ripheral vascular resistance in septic shock:

Its relation to outcome. Intensive Care Med
1988; 14:141–147

40. Vincent JL, Gris P, Coffernils M, et al: Myo-
cardial depression characterizes the fatal
course of septic shock. Surgery 1992; 111:
660–667

41. Ince C, Sinaasappel M: Microcirculatory ox-
ygenation and shunting in sepsis and shock.
Crit Care Med 1999; 27:1369–1377

42. Cohn JD, Greenspan M, Goldstein CR, et al:
Arteriovenous shunting in high cardiac out-
put shock syndromes. Surg Gynecol Obstet
1968; 127:282–288

43. Hotchkiss RS, Karl IE: Reevaluation of the
role of cellular hypoxia and biognergetic
failure in sepsis. JAMA 1992; 267:
1503–1510

44. Schwartz DR, Malhotra A, Fink MP: Cyto-
pathic hypoxia in sepsis: An overview. Sep-
sis 1998; 2:279–289

45. Ruokonen E, Takala J, Kari A, et al: Re-
gional blood flow and oxygen transport in
spetic shock. Crit Care Med 1993; 21:
1296–1303

46. Pastores SM, Katz DP, Kvetan V: Splanch-
nic ischemia and gut mucosal injury in
sepsis and the multiple organ dysfunction
syndrome. Am J Gastroenterol 1996; 91:
1697–1710

47. Fink MP: Cytopathic hypoxia: Is oxygen use
impaired in sepsis as a result of an acquired
intrinsic derangement in cellular respira-
tion? Crit Care Clin 2002; 18:165–175

48. Stein PD, Afzal A, Henry JW, et al: Fever in
pulmonary embolism. Chest 2000; 117:
39–42

49. Vella A, Nippoldt TB, Morris JC: Adrenal
hemorrhage: A 25-year experience at the
Mayo Clinic. Mayo Clin Proc 2001; 76:
161–168

50. Chien GL, Wolff RA, Davis RF, et al: “Nor-
mothermic range” temperature affects
myocardial infarct size. Cardiovasc Res
1994; 28:1014–1017

51. Ammann P, Fehr, Minder EI, et al: Eleva-
tion of troponin I in sepsis and septic shock.
Intensive Care Med 2001; 27:965–969

52. Ortega-Carnicer J, Porras L, Alcazar R, et al:
Silent transmural myocardial ischemia dur-
ing septic shock in a patient with normal
coronary arteries. Intensive Care Med 2001;
27:1098–1099

53. Wu AH: Increased troponin in patients with
sepsis and septic shock: Myocardial necrosis
or reversible myocardial depression? Inten-
sive Care Med 2001; 27:959–961

54. Connors AJ Jr, Speroff T, Dawson NV, et al:
The effectiveness of right heart catheteriza-
tion in the initial care of critically ill pa-
tients. JAMA 1996; 276:889–897

55. Reynolds HN, Haupt MT, Thill-Baharozian
MC, et al: Impact of critical care physician
staffing on patients with septic shock in a
university hospital medical intensive care
unit. JAMA 1988; 260:3446–3450

56. Squara P, Bennett D, Perret C: Pulmonary
artery catheter: Does the problem lie in the
users? Chest 2002; 121:2009–2015

953Crit Care Med 2003 Vol. 31, No. 3



57. Stok WJ, Baisch F, Hillebrecht A, et al:
Noninvasive cardiac output measurement
by arterial pulse analysis compared with
inert gas rebreathing. J Appl Physiol 1993;
74:2687–2693

58. Mehwald PS, Rusk RA, Mori Y, et al: A
validation study of aortic stroke volume us-
ing dynamic 4-dimensional color Doppler:
An in vivo study. J Am Soc Echocardiogr
2002; 15:1045–1050

59. Laupland KB, Bands CJ: Utility of esopha-
geal Doppler as a minimally invasive hemo-
dynamic monitor: A review. Can J Anaesth
2002; 49:393–401

60. Chaney JC, Derdak S: Minimally invasive
hemodynamic monitoring for the intensiv-
ist: Current and emerging technology. Crit
Care Med 2002; 30:2338–2345

61. Clements FM, de Bruijn NP: Noninvasive
cardiac monitoring. Crit Care Clin 1988;
4:435–454

62. Buhre W, Weyland A, Kazmaier S, et al:
Comparison of cardiac output assessed by
pulse-contour analysis and thermodilution
in patients undergoing minimally invasive
direct coronary artery bypass grafting.
J Cardiothorac Vasc Anesth 1999; 13:
437–440

63. Choi PTL, Yip G, Quinonez LG, et al: Crys-
talloids vs. colloids in fluid resuscitation: A
systemic review. Crit Care Med 1999; 27:
200–210

64. Cook D, Guyatt G: Colloid use for fluid
resuscitation: Evidence and spin. Ann In-
tern Med 2001; 135:205–208

65. Schierhout G, Roberts I: Fluid resuscitation
with colloid or crystalloid solutions in crit-
ically ill patients: A systematic review of
randomised trials. BMJ 1998; 316:961–964

66. Rackow EC, Falk JL, Fein IA, et al: Fluid
resuscitation in circulatory shock: A com-
parison of the cardiorespiratory effects of
albumin, hetastarch, and saline soluntions
in patients with hypovolemic and septic
shock. Crit Care Med 1983; 11:839–850

67. LeDoux D, Astiz ME, Carpati CM, et al:
Effects of perfusion pressure on tissue per-
fusion in septic shock. Crit Care Med 2000;
28:2729–2732

68. Gregory JS, Bonfiglio MF, Dasta JF, et al:
Experience with phenylephrine as a compo-
nent of the pharmacologic support of septic
shock. Crit Care Med 1991; 19:1395–1400

69. Hanneman L, Reinhart K, Grenzer O, et al:
Comparison of dopamine to dobutamine
and norepinephrine for oxygen delivery and
uptake in septic shock. Crit Care Med 1995;
23:1962–1970

70. Jindal N, Hollenberg SM, Dellinger RP:
Pharmacologic issues in the management
of septic shock. Crit Care Clin 2000; 16:
233–249

71. Levy B, Bollaert PE, Charpentier C, et al:
Comparison of norepinephrine and dobut-
amine to epinephrine for hemodynamics,
lactate metabolism, and gastric tonometric
variables in septic shock: A prospective, ran-

domized study. Intensive Care Med 1997;
23:282–287

72. Susla GM, Takanishi G, Dellinger RP: Drugs
used in critical care medicine. In: Critical
Care Medicine: Principles of Diagnosis and
Management in the Adult. Second Edition.
Parrillo JE, Dellinger RP (Eds). St. Louis,
Mosby, 2001, pp 312–368

73. Task Force for Hemodynamic Support of
Sepsis in Adult Patients: Practice parame-
ters for hemodynamic support of sepsis in
adult patients. Crit Care Med 1999; 27:
639–660

74. Martin C, Papazian L, Perrin G, et al: Nor-
epinephrine or dopamine for the treatment
of hyperdynamic septic shock? Chest 1993;
103:1826–1831

75. Van den Berghe G, de Zegher F: Anterior
pituitary function during critical illness and
dopamine treatment. Crit Care Med 1996;
24:1580–1590

76. Desjars P, Pinaud M, Bugnon D, et al: Nor-
epinephrine therapy has no deleterious re-
nal effects in human septic shock. Crit Care
Med 1989; 17:426–429

77. Martin C, Eon B, Saux P, et al: Renal effects
of norepinephrine used to treat septic shock
patients. Crit Care Med 1990; 18:282–285

78. Rendl-Wenzl EM, Armbruster C, Edelmann
G, et al: The effects of norepinephrine on
hemodynamics and renal function in severe
septic shock states. Intensive Care Med
1993; 19:151–154

79. Meadows D, Edwards JD, Wilkins RG, et al:
Reversal of intractable septic shock with
norepinephrine therapy. Crit Care Med
1988; 16:663–666

80. Martin C, Viviand X, Leone M, et al: Effect of
norepinephrine on the outcome of septic
shock. Crit Care Med 2000; 28:2758–2765

81. Holmes CL, Patel BM, Russell JA, et al:
Physiology of vasopressin relevant to man-
agement of septic shock. Chest 2001; 120:
989–1002

82. Altura BM: Dose-response relationships for
arginine vasopressin and synthetic analogs
on three types of rat blood vessels: Possible
evidence for regional differences in vaso-
pressin receptor sites within a mammal.
J Pharmacol Exp Ther 1975; 193:413–423

83. Sharshar T, Carlier R, Blanchard A, et al:
Depletion of neurohypophyseal content of
vasopressin in septic shock. Crit Care Med
2002; 30:497–500

84. Reid IA: Rise of vasopressin deficiency in
the vasodilation of septic shock. Circulation
1997; 95:1108–1110

85. Morales MD, Madigan J, Cullinane S, et al:
Reversal by vasopressin of intractable hypo-
tension in the late phase of hemorrhagic
shock. Circulation 1999; 100:226–229

86. Argenziano M, Choudhri AF, Oz M, et al: A
prospective randomized trial of arginine va-
sopressin in the treatment of vasodilatory
shock after left ventricular assist device
placement. Circulation 1997; 96:II-286–II-
290

87. Dunser MW, Mayr AJ, Ulmer H, et al: The

effects of vasopressin on systemic hemody-
namics in catecholamine-resistant septic
and postcardiotomy shock: A retrospective
analysis. Anesth Analg 2001; 93:7–13

88. Malay MB, Ashton RC, Landry DW, et al:
Low-dose vasopressin in the treatment of
vasodilatory septic shock. J Trauma 1999;
47:699–705

89. Grover R, Lopez A, Larente J, et al: Multi-
center, randomized, placebo-controlled,
double blind study of the nitric oxide-
synthase inhibitor 546C88: Effect on sur-
vival in patients with septic shock. Abstr.
Crit Care Med 1999; 27(Suppl):A33

90. Poole-Wilson PA, Langer GA: Effect of pH
on ionic exchange and function in rat and
rabbit myocardium. Am J Physiol 1975:229;
570–581

91. Forsythe SM, Schmidt GA: Sodium bicar-
bonate for the treatment of lactic acidosis.
Chest 2000; 117:260–267

92. Shapiro JI: Functional and metabolic re-
sponses of isolated hearts to acidosis: Ef-
fects of sodium bicarbonate and carbicarb.
Am J Physiol 1990; 258:H1835–H1839

93. Nakanishi T, Okuda H, Kamata K, et al:
Influence of acidosis on inotropic effect of
catecholamines in new born rabbit hearts.
Am J Physiol 1987; 253:H1441–H1448

94. von Planta I, Weil MH, von Planta M, et al:
Hypercarbic acidosis reduces cardiac resus-
citability. Crit Care Med 1991; 19:
1177–1182

95. Cooper DJ, Walley KR, Wiggs BR, et al:
Bicarbonate does not improve hemodynam-
ics in critically ill patients who have lactic
acidosis: A prospective, controlled clinically
study. Ann Intern Med 1990; 112:492–498

96. Mathieu D, Neviere R, Billard V, et al: Ef-
fects of bicarbonate therapy on hemody-
namics and tissue oxygenation in patients
with lactic acidosis: A prospective, con-
trolled clinical study. Crit Care Med 1991;
19:1352–1356

97. Rhee KH, Toro LO, McDonald GG, et al:
Carbicarb, sodium bicarbonate, and sodium
chloride in hypoxic lactic acidosis: Effect on
arterial blood gases, lactate concentrations,
hemodynamic variables, and myocardial in-
tracellular pH. Chest 1993; 104:913–918

98. Stacpoole PW, Wright EC, Baumgartner
TG, et al: A controlled clinical trial of di-
chloroacetate for treatment of lactic acido-
sis in adults. N Engl J Med 1992; 327:
1564–1569

99. Archie JP: Mathematic coupling of data.
Ann Surg 1981; 193:296

100. Levy B, Bollaert PE, Charpentier C, et al:
Comparison of norepinephrine and dobut-
amine to epinephrine for hemodynamics,
lactate metabolism, and gastric tonometric
variabiles in septic shock: A prospective,
randomized, study. Intensive Care Med
1997; 23:282–287

101. Gore DC, Jahoor F, Hibbert JM, et al: Lactic
acidosis during sepsis is related to increased
pyruvate production, not deficits in tissue

954 Crit Care Med 2003 Vol. 31, No. 3



oxygen availability. Ann Surg 1996; 224:
97–102

102. Gammaitoni C, Nasraway SA: Normal lac-
tate/pyruvate ratio during overwhelming
polymicrobial bacteremia and multiple or-
gan failure. Anesthesiology 1993; 80:
213–216

103. Boyd O, Grounds RM, Bennett ED: A ran-
domized clinical trial of the effect of delib-
erate perioperative increase of oxygen deliv-
ery on mortality in high-risk surgical
patients. JAMA 1993; 270:2699–2707

104. Yu M, Levy MM, Smith P, et al: Effect of
maximizing oxygen delivery on morbidity
and mortality rates in critically ill patients:
A prospective, randomized, controlled
study. Crit Care Med 1993; 21:830–838

105. Shoemaker WC, Appel PL, Kram HG, et al:
Prospective trial of supranormal values of
survivors as therapeutic goals in high-risk
surgical patients. Chest 1988; 94:
1176–1186

106. Shoemaker WC, Appel PL, Kram HB, et al:
Sequence of physiologic patterns in surgical
septic shock. Crit Care Med 1993; 21:
1876–1889

107. Tuchschmidt J, Fried J, Astiz M, et al: Ele-
vation output and oxygen delivery improves
outcome in septic shock. Chest 1992; 102:
216–220

108. Gattinoni L, Brazzi L, Pelosi P, et al: A trial
of goal-oriented hemodynamic therapy in
critically ill patients. N Engl J Med 1995;
333:1025–1032

109. Hayes MA, Timmins AC, Yau EHS, et al:
Elevation of systemic oxygen delivery in the
treatment of critically ill patients. N Engl
J Med 1994; 330:1717–1722

110. Hebert PC, Wells G, Blajchman MA, et al: A
multicenter, randomized, controlled clini-
cal trial of transfusion requirements in crit-
ical care. N Engl J Med 1999; 340:409–417

111. Cassidy JE: Therapy in collapse due to me-
ningococcus infection. Ann Intern Med
1957; 46:1099–1104

112. Meduri GU: An historical review of glu-
cocorticoid treatment in sepsis: Disease
pathophysiology and the design of treat-
ment investigation. Sepsis 1999; 3:21–38

113. Wagner HM, Bennett IL, Lasagna L, et al:
The effect of hydrocortisone upon the
course of pneumococcal pneumonia treated
with penicillin. Bull Johns Hopkins Hosp
1956; 98:197–215

114. Weil MH, Shubin H, Biddle M: Shock
caused by Gram-negative microorganisms:

Analysis of 169 cases. Ann Intern Med 1964;
60:384–400

115. Weil MH, Spink WW: The shock syndrome
associated with bacteremia due to Gram-
negative bacilli. Arch Intern Med 1958; 101:
184–193

116. Weitzman S, Berger S: Clinical trial design
in studies of corticosteroids for bacterial
infections. Ann Intern Med 1974; 81:36–42

117. Kinsell LW, Jahn JP: The use of corticoids
in association with antibiotics in the man-
agement of unusually severe infections.
Ann Intern Med 1955; 43:397–407

118. Schumer W: Steroids in the treatment of
clinical septic shock. Ann Surg 1976;
333–341

119. Bone RC, Fisher CJ, Clemmer TP, et al: A
controlled clinical trial of high-dose meth-
ylprednisolone in the treatment of severe
sepsis and septic shock. N Engl J Med 1987;
317:653–658

120. Sprung CL, Caralis PV, Marcial EH, et al:
The effects of high-dose corticosteroids in
patients with septic shock. N Engl J Med
1984; 311:1137–1143

121. Cronin L, Cook DJ, Carlet J, et al: Cortico-
steroid treatment for sepsis: A critical ap-
praisal and meta-analysis of the literature.
Crit Care Med 1995; 23:1430–1439

122. Lefering R, Neugebauer EAM: Steroid con-
troversy in sepsis and septic shock: A meta-
analysis. Crit Care Med 1995; 23:1294–1303

123. Bollaert PE, Charpentier C, Levy B, et al:
Reversal of late septic shock with supra-
physiologic doses of hydrocortisone. Crit
Care Med 1998; 26:645–650

124. Briegel J, Forst H, Haller M, et al: Stress
doses of hydrocortisone reverse hyperdy-
namic septic shock: A prospective, random-
ized, double-blind, single-center study. Crit
Care Med 1999; 27:723–732

125. Annane D, Sebille V, Troche G, et al: A
3-level prognostic classification in septic
shock based on cortisol levels and cortisol
response to corticotropin. JAMA 2000; 283:
1038–1045

126. Annane D, Sebille V, Charpentier C, et al:
Effect of treatment with low dose of hydro-
cortisone and fludrocortisone on mortality
in patients with septic shock. JAMA 2002;
288:862–871

127. Marik PE, Zaloga GP: Adrenal insufficiency
in the critically ill: A new look at an old
problem. Chest 2002; 122:1784–1796

128. Faust SN, Levin M, Harrison OB, et al: Dys-
function of endothelial protein C activation

in severe meningococcal sepsis. N Engl
J Med 2001; 345:408–416

129. Wenzel RP: Treating sepsis. N Engl J Med
2002; 347:966–967

130. Warren HS, Suffredini AF, Eichacker PQ, et
al: Risks and benefits of activated protein C
treatment for severe sepsis. N Engl J Med
2002; 347:1027–1030

131. Siegel JP: Assessing the use of activated
protein C in the treatment of severe sepsis.
N Engl J Med 2002; 347:1030–1034

132. Manns BJ, Lee H, Doig CJ, et al: An eco-
nomic evaluation of activated protein C
treatment for severe sepsis. N Engl J Med
2002; 347:993–1000

133. Fourrier F, Chopin C, Huart JJ, et al: Dou-
ble-blind, placebo-controlled trial of anti-
thrombin III concentrates in septic shock
with disseminated intravascular coagula-
tion. Chest 1993; 104:882–888

134. Warren BL, Eid A, Singer P, et al: High-dose
antithrombin III in severe sepsis. JAMA
2001; 286:1869–1878

135. De Vriese AS, Colardyn FA, Philippe JJ, et al:
Cytokine removal during continuous hemo-
filtration in septic patients. J Am Soc
Nephrol 1999; 10:846–853

136. Cole L, Bellomo R, Journois D, et al: High-
volume haemofiltration in human septic
shock. Intensive Care Med 2001; 27:
987–986

137. Ronco C, Brendolan A, Lonnemann G, et al:
A pilot study of coupled plasma filtration
with absorption in septic shock. Crit Care
Med 2002; 30:1250–1255

138. Mariano F, Tetta C, Guida G, et al: Hemo-
filtration reduces the serum priming activ-
ity on neutrophil chemiluminescence in
septic patients. Kidney Int 2001; 60:
1598–1605

139. Reiter K, Bellomo R, Ronco C, et al: Pro/con
clinical debate: Is high-volume hemofiltra-
tion beneficial in the treatment of septic
shock? Crit Care 2002; 6:18–21

140. Busund R, Koukline V, Utrobin U, et al:
Plasmapheresis in severe sepsis and septic
shock: A prospective, randomized, con-
trolled trial. Intensive Care Med 2002; 28:
1434–1439

141. Stegmayr BG: Plasmapheresis in severe sep-
sis or septic shock. Blood Purif 1996; 14:
94–101

142. Werden K: Intravnous immunoglobulin for
prophylaxis and therapy of sepsis. Curr
Opin Crit Care 2001; 7:345–361

955Crit Care Med 2003 Vol. 31, No. 3


