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Objective: To assess the safety and efficacy of the nitric oxide
synthase inhibitor 546C88 in patients with septic shock. The
predefined primary efficacy objective was survival at day 28.
Design: Multiple-center, randomized, two-stage, double-blind,
placebo-controlled, safety and efficacy study.
Setting: A total of 124 intensive care units in Europe, North
America, South America, South Africa, and Australasia.
Patients: A total of 797 patients with septic shock diagnosed
for <24 hrs.
Interventions: Patients with septic shock were allocated to
receive 546C88 or placebo (5% dextrose) for up to 7 days (stage
1) or 14 days (stage 2) in addition to conventional therapy. Study
drug was initiated at 0.05 mL·kgⴚ1·hrⴚ1 (2.5 mg·kgⴚ1·hrⴚ1
546C88) and titrated up to a maximum rate of 0.4 mL·kgⴚ1·hrⴚ1 to
maintain mean arterial pressure between 70 and 90 mm Hg while
attempting to withdraw concurrent vasopressors.
Measurements and Main Results: Hemodynamic variables, organ
function data, microbiological data, concomitant therapy, and adverse event data were recorded at baseline, throughout treatment,
and at follow-up. The primary end point was day-28 survival. The

S

trial was stopped early after review by the independent data safety
monitoring board. Day-28 mortality was 59% (259/439) in the 546C88
group and 49% (174/358) in the placebo group (p < .001). The overall
incidence of adverse events was similar in both groups, although a
higher proportion of the events was considered possibly attributable
to study drug in the 546C88 group. Most of the events accounting for
the disparity between the groups were associated with the cardiovascular system (e.g., decreased cardiac output, pulmonary hypertension, systemic arterial hypertension, heart failure). The causes of
death in the study were consistent with those expected in patients
with septic shock, although there was a higher proportion of cardiovascular deaths and a lower incidence of deaths caused by multiple
organ failure in the 546C88 group.
Conclusions: In this study, the nonselective nitric oxide synthase inhibitor 546C88 increased mortality in patients with septic
shock. (Crit Care Med 2004; 32:21–30)
KEY WORDS: human; severe sepsis; septic shock; nitric oxide;
nitric oxide synthase inhibitor; NG-methyl-L-arginine hydrochloride; placebo-controlled study; norepinephrine; dopamine; dobutamine; nitrate; resolution of shock

eptic shock is the leading cause
of death in intensive care units
(ICUs) (1, 2). Although the
clinical features may vary between patients, vasodilatation resulting
in hypotension is a hallmark of patients
with septic shock (1). Nitric oxide has
been found to play an important role in
the development of vasodilatation during

septic shock (3, 4). In the healthy state,
nitric oxide is continuously produced at
low concentrations by a calcium-dependent nitric oxide synthase (NOS1 and
NOS3, cNOS) from the substrate L arginine. This enzyme resides in the vascular endothelial cells and plays an important role in the control of normal
vascular tone (5). Endotoxin and cyto-
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kines, released during the host response
to infection, induce a calcium-independent NOS (NOS2, iNOS). Induction of
iNOS can result in the sustained production of nitric oxide for a prolonged period of
time (up to 10 hrs), despite the presence of
negative feedback mechanisms (6).
Increased production of nitric oxide
has been demonstrated in both experimental and clinical sepsis (7–10). The
increased production of nitric oxide has
subsequently been associated with hypotension (11–13), decreased responsiveness to vasoconstrictors (14, 15), and development of multiple organ dysfunction
(16). Reducing the overproduction of nitric oxide by partial inhibition of NOS
could be postulated as a beneficial intervention in the treatment of septic shock.
Previous experimental studies have produced conflicting results from the use of
21

NOS inhibitors in models of septic shock
provoked by either endotoxin or bacterial
challenge (17–20). However, several
small clinical studies have shown that the
administration of NOS inhibitors (e.g.,
methylarginine, L-NMMA; nitroarginine,
L-NNA) to patients with septic shock can
restore hemodynamics and the vascular
responsiveness to vasoconstrictor therapy
without significant adverse effects (21, 22).
The safety and efficacy of 546C88 (NGmethyl-L-arginine hydrochloride), a NOS
inhibitor, was previously assessed in an
international, multiple-center, randomized, double-blind, placebo-controlled,
phase II clinical study (144-002) of its
administration to patients with septic
shock (23, 24). In that study, 546C88 was
given by intravenous infusion and titrated up to a maximum rate of 20
mg·kg⫺1·hr⫺1 for up to 72 hrs to maintain the mean arterial pressure (MAP) at a
target value of 70 mm Hg. Data from 312
patients with septic shock demonstrated
that: 1) there was a significant increase in
the proportion of patients who achieved
resolution of shock at 72 hrs in the
546C88 treatment group compared with
the placebo group (p ⫽ .004); 2) there
was a significant decrease in the proportion of patients requiring vasopressors at
72 hrs in the 546C88 treatment group
compared with the placebo group (p ⫽
.044); 3) the treatment groups had a similar incidence of complications of septic

shock (e.g., acute renal failure, thrombocytopenia, disseminated intravascular coagulopathy, respiratory failure, dysrhythmias, acute hepatic failure, altered
mental status), adverse events, and
deaths up to day 28; 4) although more
patients receiving 546C88 were reported
to experience an increase in pulmonary
artery pressure, the outcome of these patients was similar to patients in the placebo treatment group with this event and
to the patients who were not reported to
experience such an increase; and 5) the
median plasma nitrate concentration at
baseline was elevated in both treatment
groups. There was a reduction in plasma
nitrate concentration over time in the
546C88 treatment group, with no apparent change in the placebo group.
The current study was undertaken to
assess the safety and efficacy of the NOS
inhibitor 546C88 in patients with septic
shock, with the primary efficacy objective
being survival at day 28.

MATERIALS AND METHODS
This was an international, multiple-center,
randomized, double-blind, placebo-controlled
clinical study of the NOS inhibitor 546C88
administered to patients with septic shock.
The study was conducted in accordance with
the principles of Good Clinical Practice, including the Declaration of Helsinki. The protocol and procedure for obtaining informed

consent were reviewed and approved by the
local ethics committee/institutional review
board of each participating center. A data and
safety monitoring board (DSMB) was convened, and its responsibilities were determined before initiation of the study. The
members included a biostatistician and five
senior physicians with extensive practical experience in the practice of intensive care medicine or infectious diseases. They conducted
interim reviews of the available safety data
(including organ function variables, adverse
events, and survival status) during (after the
inclusion of 100 and 200 patients) and at the
end of stage 1 and at scheduled enrolment
milestones during stage 2. The DSMB had free
access to the data and were able to recommend changes to the study design or to request suspension of recruitment if there were
safety concerns.
Patients admitted to the participating ICUs
were screened for study eligibility based on the
following entry criteria: 1) age of ⱖ18 yrs; 2)
severe sepsis diagnosed ⬍72 hrs before randomization; 3) septic shock for ⬍24 hrs (defined as a syndrome characterized by severe
sepsis [Table 1]—a modification of the criteria
proposed by Bone et al. (25)) associated with
either a MAP consistently ⬍70 mm Hg for at
least 30 mins (despite fluid resuscitation) or a
requirement for vasopressor support. Vasopressor support was defined as a continuous
norepinephrine or dopamine infusion rate at
or above 0.05 or 5 g·kg⫺1·min ⫺1, respectively (or an equivalent dose of another vasopressor), administered for at least 30 mins to

Table 1. Study Definition of Severe Sepsis
1. Clinical evidence of infection and the introduction or change of systemic antimicrobial therapy within the previous 72 hrs
2. A systemic inflammatory response as evidenced by two or more of the following:
a) Core temperature of ⬍36°C (96.8°F) or ⬎38°C (100.4°F).
b) Tachycardia: defined by a heart rate of ⬎90 beats/min.
c) Tachypnea: defined by a respiratory rate of ⬎20 breaths/min or an arterial CO2 tension of ⬍32 mm Hg (4.3 kPa) during spontaneous ventilation
or the requirement for mechanical ventilation.
d) A white blood cell count of ⬎12 ⫻ 109/L or ⬍4 ⫻ 109/L or ⬎10% immature (band) forms.
3. Acute onset of end-organ dysfunction in the preceding 24 hrs, unrelated to the primary septic focus and not explained by any underlying chronic
disease as indicated by one or more of the following:
a) Acute deterioration in mental state, not due to sedation or primary underlying disease of the central nervous system.
b) Acute hypoxemic respiratory failure: defined by a PaO2/FIO2 ratio of ⬍300 mm Hg (40 kPa) in the absence of primary underlying pulmonary disease.
c) Acute renal failure: defined by either oliguria (a urine output of ⬍0.5 mL 䡠 kg⫺1 䡠 hr⫺1) for at least two consecutive hours or a rise in serum
creatinine concentrations ⱖ177 mol/L (2.0 mg/dL) within the previous 48 hrs in the absence of primary underlying renal disease.
d) Thrombocytopenia: defined by either a platelet count of ⬍75 ⫻ 109/L or an acute decrease of ⬎50% within the previous 24 hrs in the absence of
primary underlying bone marrow disease.
e) Acute hepatic failure: defined by at least two of the following in the absence of primary underlying hepatic disease:
i) A serum bilirubin concentration of ⬎43 mol/L (2.5 mg/dL).
ii) Serum alanine transaminase concentration more than twice the upper limit of normal range.
iii) Prothrombin time of ⬎1.5 times the control value or an International Normalized Ratio of ⬎1.5 in the absence of systemic anticoagulation.
f) Disseminated intravascular coagulopathy: defined by at least two of the following:
i) platelet count of ⬍75 ⫻ 109/L or an acute decrease of ⬎50% within the preceding 24 hrs
ii) Prothrombin time of ⬎1.5 times the control value or an International Normalized Ratio of ⬎1.5 in the absence of systemic anticoagulation.
iii) D-dimer titer of ⬎0.5 g/mL or fibrin split product titer of ⬎10 g/mL.
g) A plasma lactate of ⬎2 mmol/L or a base deficit of ⬎5 mmol/L.
The diagnostic elements of severe sepsis---1) clinical evidence of infection, 2) a systemic inflammatory response, and 3) the acute onset of end-organ
dysfunction---must have been documented within a 24-hr period such that the diagnosis was confirmed no more than 72 hrs before randomization for study
eligibility.
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maintain a MAP of ⱕ90 mm Hg. 4) If the
cardiac index was ⬍5.0 L·min⫺1·m⫺2, pulmonary artery occlusion pressure had to be between 8 and 18 mm Hg, inclusive, and in the
opinion of the investigator, the patient had to
be adequately fluid resuscitated. 5) The patient
had to have systemic and pulmonary arterial
catheters in place with continuous pressure
monitoring. 6) The clinician was prepared to
provide full life-support measures for the duration of the study; and 7) in female patients,
a history of a negative pregnancy test during
the study hospital admission unless she was
either postpartum, had undergone previous
tubal ligation, had a hysterectomy, or was
postmenopausal.
A variety of demographic data were recorded, including severity of illness on the day
of ICU admission using the Simplified Acute
Physiology Score (SAPS) II (26), date and time
of onset of severe sepsis and septic shock, date
and time of ICU admission and the treatment
location before admission. The primary site of
the causative infection (supported by the available microbiological data) was recorded for all
patients.
The study was conducted in two stages that
were designed prospectively. Individual patients were enrolled in only one stage of the
study. Stage 1 was designed to monitor the
safety and feasibility of treating with 546C88
for up to 7 days because previous experience
was limited to 72 hrs of treatment in patients
with septic shock. Using an allocation ratio of
2:1 between 546C88 and placebo and the results from the phase II study (144-002), it was
estimated that approximately 250 patients
would need to be recruited into the study to
obtain data for 50 patients treated with
546C88 for ⬎72 hrs. In consultation with regulatory authorities, 50 patients were agreed to
be an appropriate number to identify any serious safety concerns associated with the extension of the treatment duration. Stage 2
permitted treatment for up to 14 days and was
prospectively intended to provide the data for
the primary efficacy evaluation. The stages
were conducted consecutively.
Scheduled assessments were made before
treatment, during treatment, and during the
posttreatment period. Baseline data were recorded either immediately before the start of
the study drug infusion or at 4 hrs from the
time of randomization if the criteria for initiating the study drug had not been met (see
below). Hemodynamic measurements were
performed according to local institutional
guidelines. Derived variables were calculated
using standard formulas. Biochemical, hematologic, and coagulation variables were analyzed at either a central laboratory or by the
local laboratory services at each institution.
The hydrochloride salt of NG-methyl-Larginine (546C88) was manufactured and sup-
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plied to the investigators by Glaxo Wellcome
in 100-mL infusion bags containing an aqueous solution at a concentration equivalent to
50 mg/mL of the base. The placebo was supplied in identical bags containing the same
volume of 5% dextrose solution.
Treatment Regimen. Throughout the
study, all patients received conventional therapy according to local standard practice, including intravenous fluids, parenteral antibiotics, enteral or parenteral nutrition, and
surgery when indicated. The choice of conventional vasoactive drug infusions that could be
administered during the treatment period was
limited to norepinephrine, dopamine, epinephrine, phenylephrine, dopexamine, and
dobutamine.
Treatment with the study drug was initiated within 4 hrs of randomization when the
following predefined starting criteria were
met: 1) MAP of ⬍70 mm Hg for ⱖ30 mins or
MAP of ⱕ90 mm Hg with a requirement for
vasopressor support. 2) If the cardiac index
was ⬍5 L·min⫺1·m⫺2, the pulmonary artery
occlusion pressure was to be between 8 and 18
mm Hg. If the starting criteria were not
achieved within 4 hrs after randomization,
baseline assessments were made, and the
treatment period was considered to have
started. Treatment with the randomly allocated study drug could then be initiated at any
time within the subsequent 14 days if the
starting criteria were satisfied. The rationale
for the hemodynamic criteria described above
was that 546C88 was only to be used to treat
shock due to severe sepsis and not to treat
hypovolemic or cardiogenic shock.
The initial dose rate of the study drug for
all patients was 0.05 mL·kg⫺1·hr⫺1 (equivalent to 2.5 mg·kg⫺1·hr⫺1 546C88). The infusion rate was then reviewed and adjusted, if
necessary, every hour according to a predefined dosing algorithm. Concomitant vasopressor therapy was to be reduced and, if possible, withdrawn while maintaining the
patient’s MAP between 70 and 90 mm Hg by
using the minimum dose rate of the study
drug that achieved this target. The infusion
rate of the study drug could be titrated in
sequential dose increments or decrements
equivalent to 546C88 dose rates of 0.5, 1.0,
2.5, 5.0, 7.5, 10.0, 15.0, and 20.0
mg·kg⫺1·hr⫺1. Reduction of the study drug
was only to begin when conventional vasopressors had been discontinued, except for
reasons of patient safety. The infusion rates of
the concomitant vasopressors could be adjusted at any time as clinically indicated but
were assessed at least every 4 hrs. During the
treatment period, the cardiac index was to be
maintained at ⬎3 L·min⫺1·m⫺2 using dobutamine or dopexamine, as was clinically appropriate. The study drug was either temporarily or
permanently discontinued (according to clinical
judgment) if either the MAP exceeded 100 mm
Hg at any time in the absence of norepinephrine
or dopamine (⬎3 g·kg⫺1·min⫺1) and without

any other obvious cause or if the patient developed a serious adverse experience that had a
reasonable possibility of being caused by the
study drug. Otherwise, the study drug was administered as required until the end of the
treatment period, at which time it was discontinued, and the patients were subsequently
managed with conventional therapy alone.
Study drug could be adjusted, discontinued, or
restarted at any time during the treatment
period.
Safety Evaluation. Safety was assessed
during the treatment and posttreatment period by a variety of biochemical indices of
organ function, blood counts, coagulation
variables, serum troponin I, and urine output.
Adverse experiences that occurred or worsened during the treatment or posttreatment
periods of the study were recorded. Predefined
disease-related events were recorded separately from adverse experiences. All patients
were followed-up at day 90 (day 28 in stage 1)
to determine their survival status.
Efficacy Objectives and Sample Size Determination. The prospectively designed primary efficacy objective for this study was to
determine whether 546C88, compared with
placebo, resulted in a statistically significant
decrease in all-cause mortality before the end
of day 28. Secondary objectives were to determine whether 546C88 infusion compared with
placebo: 1) resulted in a statistically significant decrease in day-14 mortality; 2) resulted
in a higher proportion of patients who
achieved resolution of shock at 72, 168, and
336 hrs; and 3) resulted in an increased survival time measured until day 90 after study
entry. Resolution of shock was defined by a
patient simultaneously meeting all of the following criteria: 1) epinephrine, norepinephrine, phenylephrine, and dobutamine infusion
rates of 0 g·kg⫺1·min⫺1; 2) dopamine infusion rate of ⱕ3 g·kg⫺1·min⫺1; 3) dopexamine infusion rate of ⱕ1 g·kg⫺1·min⫺1; 4)
546C88/placebo infusion rate of 0
mL·kg⫺1·hr⫺1; and 5) systemic MAP of ⱖ70
mm Hg.
Randomization Process and Statistical
Analysis. Geographic territory and SAPS II
score category (⬍40, 40 – 60, ⬎60) were used
as stratification variables in the randomization. All patients were counted as being in the
treatment group to which they were randomized, regardless of whether the assigned drug
was actually administered. All patients randomized into the study were included in the
intention-to-treat primary efficacy analysis.
Survival Analysis. Using an allocation ratio
of 1:1 between 546C88 and placebo in stage 2,
a fixed sample size of approximately 4,400
patients would provide 90% power at a significance level of .05 (two-sided hypothesis) to
detect a 10% relative reduction in day-28 mortality in the 546C88-treated patients from a
predicted placebo mortality rate of 50%.
Day-28 mortality was assessed using the triangular test with Christmas-tree correction at
the stopping boundaries (Whitehead (27), pp
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Table 2. Patients’ Demographics

Variable
Age, yrs [mean (range)]
Sex, n (%)
Male
Female
Weight, kg [mean (range)]
SAPS II score, mean (range)
First ICU day
At randomization
Type of ICU admission, n (%)
Scheduled surgery
Medical
Unscheduled surgery
Co-morbidity, n (%)
Hypertension
Alcoholism
COPD
Diabetes mellitus
Cancer
Chronic heart failure
Chronic renal failure
Cirrhosis
Other

546C88
n ⫽ 439
64.0 (18–94)
276 (63)
163 (37)
75.0 (33.6–160.0)
49.0 (5–106)
52.0 (12–121)

Placebo
n ⫽ 358
64.0 (18–90)
216 (60)
142 (40)
75.0 (30.8–161)
52.0 (18–99)
52.0 (22–112)

15 (3)
250 (57)
174 (40)

28 (8)
185 (52)
145 (41)

113 (26)
66 (15)
66 (15)
46 (10)
38 (9)
26 (6)
25 (4)
19 (4)
190 (43)

104 (29)
49 (14)
47 (13)
47 (13)
39 (11)
25 (7)
14 (4)
15 (4)
163 (46)

SAPS, simplified acute physiology score; ICU, intensive care unit; COPD, chronic obstructive
pulmonary disease.
Table 3. Summary of Septic Episodes

Origin of infection, n (%)
Community
Hospital
Intensive care unit
Unknown
Primary site of infection, n (%)
Blood
Gastrointestinal tract
Intra-abdominal
Respiratory tract
Skin/soft tissue
Urinary tract
Other/missing
Confirmed infection, n (%)
No
Yes
Missing
Type of infection, n (%)
Gram negative
Gram positive
Mixed bacterial
Atypical
Fungal
Other/missing

80 –91), adjusted for SAPS II score at randomization (Whitehead (27), pp 212–221), and
stratified by geographic territory (Whitehead
(27), pp 209 –212) (28). Mortality was treated
as a binary response variable, SAPS II score
was treated as a continuous variable, and geographic territory was treated as a nominal
variable for this analysis. This test was to be
carried out after approximately 1,300 patients

24

546C88
n ⫽ 439

Placebo
n ⫽ 358

262 (60)
135 (31)
21 (5)
21 (5)

201 (56)
112 (31)
24 (7)
21 (6)

17 (4)
50 (11)
100 (23)
172 (39)
21 (5)
28 (6)
51 (12)

12 (3)
34 (9)
96 (27)
133 (37)
20 (6)
23 (6)
40 (11)

123 (28)
315 (72)
1 (⬍1)
n ⫽ 315
133 (42)
119 (38)
40 (13)
6 (2)
8 (3)
9 (3)

100 (28)
258 (72)
0
n ⫽ 258
105 (41)
100 (39)
41 (16)
4 (2)
2 (⬍1)
14 (5)

had been enrolled into stage 2 and then again
after approximately every 500 patients.
When each interim analysis was performed, if the corrected upper boundary was
crossed, the trial was to be stopped due to
efficacy. If the corrected lower boundary was
crossed, the trial was to be stopped due to
futility. Otherwise, the trial was to continue
until 4,800 patients had been enrolled into

stage 2 of the trial. Once the trial had been
discontinued for any of the reasons listed
above, and all data for the remaining patients
had been collected, the final p value and 95%
confidence interval on the log-odds ratio of
mortality between the treatment groups was
to be calculated such that values greater than
zero corresponded to differences in favor of
the 546C88 group.

RESULTS
Demographics. A total of 797 patients
(215 in stage 1 and 582 in stage 2) recruited by 126 centers located in 24
countries worldwide were enrolled into
the study, with 439 patients allocated to
the 546C88 group and 358 to the placebo
group. The greater number that received
546C88 was due to the 2:1 randomization
that applied during stage 1 of the study.
The first patient was enrolled on June 9,
1997, and the last on April 17, 1998. Patient demographics are summarized in
Table 2. There were no significant differences between the groups with respect to
age, sex, or severity of illness on the day
of ICU admission. Both groups had a similar probability of survival as determined
using the SAPS II customized probability
model for severe sepsis in adult ICU patients (26). The data in Table 2 confirm
that the randomization procedure resulted in good balance between the two
groups with respect to SAPS II score categories at the time of randomization.
A causative organism considered to be
responsible for the primary underlying
infection was identified in 315 (72%) and
258 (72%) of the patients in the 546C88
and placebo groups, respectively (Table
3). The majority of patients presented
with a community-acquired infection. Of
the patients with confirmed infection, the
frequency of Gram-positive, Gram-negative, mixed bacterial, and fungal isolates
was similar in the 546C88 and placebo
groups (Table 3).
Exposure to Study Drug and Other
Vasoactive Agents. The study drug
(546C88 or placebo) was administered to
98% of the patients in both groups. The
principal reasons for discontinuation
were 1) the study drug was not required
to maintain the MAP at ⬎70 mm Hg
(42% vs. 54%); 2) MAP exceeded 100 mm
Hg (6% vs. 5%); 3) adverse experience
(5% vs. 2%); and 4) death (39% vs. 31%)
in the 546C88 vs. placebo groups, respectively. At baseline, vasoactive drugs were
used in comparable proportions and infusion rates between groups (Table 4).
Survival Profile. The survival status of
Crit Care Med 2004 Vol. 32, No. 1

all patients was determined up to the end
of day 28. The Kaplan-Meier survival profile for stages 1 and 2 combined shows a
significantly worse outcome for the
546C88 group, with a separation of the
curves by day 3 (log-rank, p ⫽ .001) (Fig.
1). At day 28, 259 of 439 patients (59%) in
the 546C88 group and 174 of 358 patients
(49%) in the placebo group had died
(both stages combined). In stage 1 at day
28, 80 of 147 patients (54%) in the
546C88 group and 40 of 68 patients
(59%) in the placebo group had died.
Refractory shock followed by multiple organ failure were the most frequent reported causes of death in the 546C88
group. Multiple organ failure was the

most frequent reported cause of death in
the placebo group. Cardiac disorder and
respiratory failure were other important
causes of death (Table 5). Survival over
the 90-day study period was lower in patients administered 546C88 compared
with those patients administered placebo
(p ⬍ .001).
A number of post hoc analyses were
performed (Fig. 2). Patients who received
a lower maximum dose rate (ⱕ5
mg·kg⫺1·hr⫺1) of 546C88 had an improved survival rate relative to the placebo group, whereas patients administered higher doses of 546C88 (⬎5
mg·kg⫺1·hr⫺1) had a poorer outcome relative to the placebo group. Patients with

Table 4. Baseline Vasoactive Drugs
Study Group
Drug, n (%)
Infusion Rate, g䡠kg⫺1 䡠 min⫺1
[Median (Range)]
Norepinephrine
Dopamine
Dobutamine
Epinephrine
Phenylephrine
Dopexamine

546C88
n ⫽ 439
293
(67)
0.26 (0.01–112.00)
231
(53)
6.17 (0.80–41.02)
91
(21)
7.4 (0.98–33.30)
89
(20)
0.18 (0.01–9.24)
19
(4)
1.6 (0.16–330.00)
7
(2)
0.6 (0.48–1.57)

Placebo
n ⫽ 358
219
(61)
0.22 (0.01–25.00)
208
(58)
5.53 (0.99–60.60)
72
(20)
5.9 (0.19–45.45)
84
(23)
0.19 (0.03–3.00)
14
(4)
1.9 (0.50–10.8)
0

a baseline cardiac index of ⬍3
L·min⫺1·m⫺2 who were treated with
546C88 had a poorer outcome than those
patients with a cardiac index of ⱖ3
L·min⫺1·m⫺2. Survival was compared in
patients with a baseline pulmonary artery
pressure of ⱕ20, ⬎20 to 35, and ⬎35 mm
Hg. Across the range of pressures, placebo-treated patients had consistently
higher survival rates. At higher baseline
pulmonary artery pressures, there was a
smaller difference in survival between the
546C88 and placebo-treated groups.
DSMB Reviews.The DSMB reviewed
the safety data that were available after
the inclusion of 100 and 200 patients and
at the end of recruitment into stage 1 (n
⫽ 215). At the first and second safety
reviews, the DSMB reviewed a summary
of the adverse experiences and deaths. At
the review at the end of stage 1, the
DSMB reviewed the following data: mortality, resolution of shock, organ dysfunction, pulmonary and systemic hemodynamics, clinical laboratory data, and
adverse experiences. The information in
these summaries was unblinded at the
request of the DSMB. At the end of stage
1, the Kaplan-Meier survival plots showed
a trend for increased mortality at day 14
in the 546C88-treated group. This trend
was not maintained, however, so that by
day 28, the curves crossed. At the next
DSMB review (119 patients in stage 2),
there was increased mortality at day 14
(stage 1 and 2 patients combined, p ⫽
.031), but no difference at day 28, and so
the DSMB requested expedited collection
of mortality data. Ad hoc review of the
data by the project statistician (523 patients, 215 patients recruited into stage 1
and 308 patients recruited into stage 2)
during preparation for the next DSMB
review revealed a statistically significant
difference at day 14 (p ⫽ .002 for stage 1
and 2 patients) and a trend at day 28 (p ⫽
.109 for stage 1 and 2 patients). The
DSMB convened by telephone, and at this

Table 5. Causes of Death
Study Group

Figure 1. Kaplan-Meier survival plots up to day 90 for the 546C88 and placebo groups; stages 1 and 2
combined.
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Cause of death, n (%)

546C88
n ⫽ 275

Placebo
n ⫽ 189

Refractory shock
Multiple organ failure
Cardiac disorder
Respiratory failure
Craniocerebral injury
Metabolic disorder

98 (36)
75 (27)
38 (14)
32 (12)
8 (3)
5 (2)

48 (25)
78 (41)
12 (6)
23 (12)
10 (5)
1 (⬍1)
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Table 6. Summary of Disease-Related Events
Study Group
546C88
n ⫽ 439

Placebo
n ⫽ 358

Event, n (%)

Total

Serious

Total

Acute circulatory failure
Cardiac dysrhythmia
Acute respiratory failure
Metabolic acidosis
Thrombocytopenia
Acute renal failure
DIC
Acute deterioration in mental status
Acute hepatic failure

217 (49)
190 (43)
185 (42)
181 (41)
172 (39)
163 (37)
89 (20)
74 (17)
69 (16)

184 (42)
115 (26)
134 (31)
109 (25)
37 (8)
104 (24)
41 (9)
32 (7)
37 (8)

152 (42)
136 (38)
141 (39)
125 (35)
136 (38)
136 (38)
60 (17)
70 (20)
67 (19)

Serious
126 (35)
74 (21)
106 (30)
69 (19)
63 (18)
94 (26)
32 (9)
33 (9)
32 (9)

DIC, disseminated intravascular coagulopathy.

final review, the DSMB recommended
that enrollment into the study should be
discontinued. Final analyses of the data
showed a statistically significant difference in mortality at days 14, 28, and 90
(stage 1 and 2 patients, p ⫽ ⬍.001, .003,
and ⬍.001, respectively).
Resolution of Shock. At 72 hrs, a
greater proportion of patients in the
546C88-treated group had resolution of
shock than in the placebo group (27%
and 16%, respectively). The proportion of
patients at 72 hrs who had died, however,
was higher in the 546C88-treated group
compared with the placebo group (29%
and 17%, respectively). At 168 hrs, there
was no difference in the proportion of
patients whose shock was resolved, and
by 336 hrs, the proportion of patients
with shock resolved was lower in the

546C88-treated group compared with the
placebo-treated group (25% and 32%, respectively). The proportion of patients in
the 546C88-treated group who had died
at 168 and 336 hrs remained higher than
in the placebo group at these time points.
Hemodynamic Effects. The hemodynamic status of both groups was comparable at baseline (Fig. 3). Within an hour
of introducing the study drug, there was
a substantial increase in the median systemic vascular resistance in the 546C88
cohort. This had returned toward baseline after 24 hrs; however, it remained
persistently higher than the control
group value, which showed little change
throughout the duration of the study.
The increase in systemic vascular tone
was accompanied by a reduction in cardiac index, which was associated with a

Figure 2. Odds ratio for day-28 survival by maximal (max.) study drug infusion rate and baseline
characteristics (cardiac index, mean pulmonary artery pressure [PAP], stroke index, heart rate, and
Simplified Acute Physiology Score [SAPS] II categories).
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fall in stroke index and heart rate. These
effects in the 546C88-treated patients
were associated with a significant increase in the baseline mean systemic arterial blood pressure, which was maximal
after 1 hr and remained persistently
higher than the placebo group during the
treatment period. In contrast, the average
blood pressure for the placebo group remained relatively constant throughout
most of the treatment period.
The baseline mean pulmonary artery
pressure was increased above normal in
both groups and was somewhat more so
in the 546C88 group, indicative of modest pulmonary hypertension. The higher
pulmonary artery pressure in the 546C88
group persisted.
Organ Dysfunction. Almost all patients required mechanical ventilation
during their ICU admission. There was no
apparent effect of treatment with 546C88
on arterial pH or oxygen tension. The
PaO2/FIO2 ratio tended to be higher in the
546C88 group during the treatment period of the study.
The incidence of renal failure requiring renal replacement therapy was similar in both groups. There was no detectable difference over time between the two
treatment groups for any of the measured
indices of renal or hepatic function.
There were no treatment-emergent
differences in hemoglobin concentration,
white cell count, or platelet count. Similarly, there were no detectable effects on
indices of coagulation. No difference in
serum troponin I was observed.
Disease-Related Events and Other
Adverse Events. One or more predefined
disease-related event that either occurred
or worsened during the treatment period
was recorded for 354 (81%) and 270
(75%) of the patients in the 546C88 and
placebo groups, respectively. The nature,
seriousness, and frequency of these
events are summarized in Table 6. The
adverse experiences that were reported to
be possibly attributable to the study drug
in at least 2% of the patients (in either
treatment group) are summarized in Table 7. The overall number of patients who
experienced one or more adverse experience was similar between groups. In general, a greater proportion of patents in
the 546C88 group (n ⫽ 22, 5%) experienced serious events characterized by low
cardiac output (decreased cardiac output,
cardiac failure, and cardiogenic shock)
compared with the placebo treated group
(n ⫽ 3, ⬍1%).
Crit Care Med 2004 Vol. 32, No. 1

Figure 3. Mean arterial blood pressure, heart rate, cardiac index, systemic vascular resistance index (SVRI), stroke index, and mean pulmonary artery
pressure (PAP) over time (from 0 to 168 hrs). Vertical bars represent the 25th to 75th percentile range.

Table 7. Summary of Adverse Events Possibly or Reasonably Caused by Study Drug
Study Group
546C88
n ⫽ 439

Placebo
n ⫽ 358

Event, n (%)

Total

Serious

Total

Serious

Any event
Pulmonary hypertension
Decreased cardiac output
Cardiac failure
Cardiac arrest

81 (19)
26 (6)
19 (4)
9 (2)
5 (1)

42 (10)
14 (3)
9 (2)
9 (2)
5 (1)

29 (8)
3 (1)
2 (⬍1)
0
2 (⬍1)

17 (5)
2 (⬍1)
2 (⬍1)
0
2 (⬍1)

DISCUSSION
This randomized, double-blind, placebo-controlled phase III clinical study of
patients with septic shock detected an
increase in overall mortality associated
with treatment with the NOS inhibitor
546C88. This effect is in contrast to the
trend toward reduced mortality (which
was measured as a safety variable) observed in the previous phase II study
(study 144-002) (23). Given the relative
Crit Care Med 2004 Vol. 32, No. 1

sample sizes of the two studies, the obvious initial conclusion is that the larger
phase III study has simply revealed an
adverse outcome caused by treatment
with 546C88 that was not detected by the
smaller, exploratory, phase II trial. Although the design of the phase III study
was based on the earlier study, there were
several differences between the studies. It
is not possible to determine in retrospect
which differences in the studies contrib-

uted to the unexpected outcome of the
phase III study. Nevertheless, it is apparent that in the 546C88-treated group, relatively high exposure to the drug (in
terms of maximum dose rate and total
quantity of drug administered) was associated with a poorer outcome. The reduction in the minimum time between increases in dose rate from 4 hrs to 1 hr,
combined with the change in target MAP
from 70 mm Hg to a range of 70 –90 mm
Hg, could both have inadvertently promoted the use of higher doses of study
drug. A higher proportion of patients in
the 546C88 treatment group received the
maximum permitted dose rate of 20
mg·kg⫺1·hr⫺1 in the phase III compared
with the phase II study (56% and 35%,
respectively). By contrast, the increased
duration of the treatment period from 72
hrs up to 336 hrs does not seem to have
had any obvious adverse consequence because, retrospectively, the excess mortality seemed to be evident by 72 hrs. The
other notable difference between the
studies was that the phase III protocol
27

N

onselective nitric
oxide synthase
inhibitor 546C88

increased mortality in patients with septic shock.

permitted the inclusion of patients with
hypodynamic septic shock (i.e., cardiac
index of ⬍3 L·min⫺1·m⫺2). Although
these patients provided only 20% of the
total study population, it is apparent that
they were particularly intolerant of exposure to higher dose rates of 546C88 (i.e.,
⬎5 mg·kg⫺1·hr⫺1). Interestingly, post
hoc analysis suggests that low doses of
546C88 (i.e., ⱕ5 mg·kg⫺1·hr⫺1) may have
provided an overall survival benefit even
in patients with a low baseline cardiac
index. However, it should be emphasized
that inferences based on post hoc analyses
are less reliable than primary analyses.
The increase in mortality was evident
early in the course of treatment. This
increase reflected a higher proportion of
cardiovascular deaths but a reduced proportion of deaths due to multiple organ
failure. This may be explained by the fact
that multiple organ failure tends to occur
later in the course of septic shock, and
the earlier deaths were due to cardiovascular causes. In addition, there was a
higher proportion in the 546C88 group
with adverse experiences that were considered to be attributable to the study
drug. These events were typically hemodynamic in nature, for example, pulmonary hypertension, decreased cardiac output, or heart failure.
Overproduction of nitric oxide is central to the hemodynamic disturbance
characteristic of established human septic shock. Preclinical and the phase II
clinical data suggested that the suppression of nitric oxide activity could represent a novel and potentially effective approach to the treatment of septic shock
(3, 4, 22–24). Patients with septic shock
have circulatory abnormalities characterized by increased cardiac output, reduced
ejection fraction, peripheral vascular vasodilatation, and capillary leak (29, 30).
The typical hemodynamic profile of survivors is characterized by a modestly hyperdynamic circulation that sustains
both organ blood flow and perfusion pres28

sure. Conventional cardiovascular support for patients with septic shock includes fluids and vasopressors.
Adrenoceptor agonists increase systemic
vascular tone and also have inotropic effects that may not be manifest by an
increase in cardiac output due to the concomitant increase in ventricular afterload. The primary cardiovascular effect of
546C88 is a reversal of peripheral vascular failure. 546C88 has little or no direct
effect on myocardial contractility but
augments the inotropic effect of beta adrenoceptor agonists (e.g., dobutamine).
The mechanism underlying the overall adverse effect of 546C88 in the phase
III study remains unknown. It is interesting to note the apparent absence of adverse effects on noncardiovascular organ
function, the preponderance of possibly
attributable cardiovascular adverse
events (e.g., low cardiac output, pulmonary hypertension), and the increased
proportion of deaths due to refractory
shock in the 546C88 treatment group.
These observations suggest that in some
patients, treatment with 546C88 provoked a paradoxic worsening of their
acute circulatory failure or perhaps, more
specifically, myocardial dysfunction. This
may have been due to either overcorrection of vascular tone resulting in an excessive increase in ventricular afterload
compounded by inadequate inotropic
support or a previously unrecognized primary effect of 546C88 on myocardial performance.
Finally, the continuous and close involvement of the independent DSMB ensured that the emergent safety profile of
the study was closely monitored. This
preserved the integrity of the study but
also enabled it to be terminated when the
adverse outcome of the 546C88-treated
group became apparent.
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Department of Pulmonary Medicine, The
Cleveland Clinic Foundation, Cleveland,
OH; Dr. Julian Bion, University of Birmingham, Department of Anesthesia
and Intensive Care, Queen Elizabeth Hospital, Edgbaston, Birmingham, UK; Prof.
Dr. L. G. Thijs, Academic Hospital Free
University, Department Inwendige
Geneeskunde, de Boelelaan 1117, Amsterdam, Netherlands; Professor Jonathan Cohen, Department of Infectious Diseases,
Hammersmith Hospital, London, UK;
Prof. John Whitehead, MPS Research
Unit, University of Reading, Earley Gate,
Reading, UK; Dr. Janice Zimmerman,
Ben Taub General Hospital, Houston, TX.
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