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IMPORTANCE No effective pharmaceutical agents have yet been identified to treat acute
kidney injury after cardiac surgery.

OBJECTIVE To determine whether fenoldopam reduces the need for renal replacement
therapy in critically ill cardiac surgery patients with acute kidney injury.

DESIGN, SETTING, AND PARTICIPANTS Multicenter, randomized, double-blind,
placebo-controlled, parallel-group study from March 2008 to April 2013 in 19 cardiovascular
intensive care units in Italy. We randomly assigned 667 patients admitted to intensive care
units after cardiac surgery with early acute kidney injury (�50% increase of serum creatinine
level from baseline or oliguria for �6 hours) to receive fenoldopam (338 patients) or placebo
(329 patients). We used a computer-generated permuted block randomization sequence for
treatment allocation. All patients completed their follow-up 30 days after surgery, and data
were analyzed according to the intention-to-treat principle.

INTERVENTIONS Continuous infusion of fenoldopam or placebo for up to 4 days with a
starting dose of 0.1 μg/kg/min (range, 0.025-0.3 μg/kg/min).

MAIN OUTCOMES AND MEASURES The primary end point was the rate of renal replacement
therapy. Secondary end points included mortality (intensive care unit and 30-day mortality)
and the rate of hypotension during study drug infusion.

RESULTS The study was stopped for futility as recommended by the safety committee after a
planned interim analysis. Sixty-nine of 338 patients (20%) allocated to the fenoldopam group
and 60 of 329 patients (18%) allocated to the placebo group received renal replacement
therapy (P = .47). Mortality at 30 days was 78 of 338 (23%) in the fenoldopam group and 74
of 329 (22%) in the placebo group (P = .86). Hypotension occurred in 85 (26%) patients in
the fenoldopam group and in 49 (15%) patients in the placebo group (P = .001).

CONCLUSIONS AND RELEVANCE Among patients with acute kidney injury after cardiac surgery,
fenoldopam infusion, compared with placebo, did not reduce the need for renal replacement
therapy or risk of 30-day mortality but was associated with an increased rate of hypotension.
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M ore than 1 million patients undergo cardiac surgery ev-
ery year in the United States and Europe alone.1 One
of its most common complications is acute kidney in-

jury (AKI), which is associated with morbidity and mortality.2

Moreover, AKI requiring renal replacement therapy (RRT)
(dialysis) affects approximately 5% of patients admitted to the
intensive care unit (ICU), is associated with a mortality rate of
up to 60%,3 and markedly increases the cost of care.

The pathophysiology of AKI after cardiac surgery is com-
plex. However, renal and especially medullary ischemia is a ma-
jor mechanism of renal injury in this setting. Fenoldopam me-
sylate is a selective dopamine receptor D1 agonist, which induces
vasodilation of the renal, mesenteric, peripheral, and coro-
nary arteries.4 Unlike dopamine, fenoldopam has no signifi-
cant affinity for D2 receptors; thus, theoretically, it can induce
greater vasodilation in the renal medulla than in the cortex.5 Be-
cause of these hemodynamic effects, fenoldopam has been
widely promoted for the prevention and therapy of AKI in the
United States and many other countries with apparent favor-
able results in cardiac surgery6 and in other settings.7 Meta-
analyses of randomized trials reported a reduction in the inci-
dence and progression of AKI8 together with decreased use of
RRT and mortality.8 However, the absence of a definitive trial
leaves clinicians uncertain as to whether fenoldopam should be
prescribed after cardiac surgery to prevent deterioration in re-
nal function. To date, few interventions9 and no pharmacologi-
cal agents are proven to be efficacious in treating perioperative
AKI. Recent literature10,11 on treatment of cardiac surgery–
associated AKI suggests that further studies with adequate sta-
tistical power are needed for fenoldopam.

Accordingly, we conducted an investigator-initiated,
double-blind, randomized, placebo-controlled, multicenter
trial to test whether fenoldopam infusion reduces the need for
RRT, mortality rates, or both among critically ill cardiac sur-
gery patients with AKI.

Methods
We performed a multicenter, prospective, randomized (1:1),
double-blind, placebo-controlled, parallel-group study in 19
Italian hospitals in the period from March 2008 to April 2013
after local ethics committee approval. Patients aged 18 years
or older signed written consent the day before surgery and were
randomized while in the ICU after cardiac surgery if they had
AKI, defined by the R (risk) criteria of the RIFLE (Risk, Injury,
Failure, Loss, End Stage) classification12 (≥50% postoperative
increase in serum creatinine or oliguria, defined as urinary out-
put <0.5 mL/kg/h for ≥6 hours).

Exclusion criteria included previous allergy to fenoldo-
pam, glaucoma, fenoldopam administration within the pre-
vious 30 days, use of preoperative RRT (for these patients we
did not request preoperative consent), expected ICU stay less
than 24 hours after randomization, RRT already started or
about to start, do-not-resuscitate orders, and participation in
other randomized studies within the previous 30 days (these
patients had signed written consent preoperatively but were
not randomized even if they developed AKI) (Figure 1).

The study protocol (in Supplement 1)13 and details of
planned statistical analyses14 have been published. Our re-
port accords with the CONSORT 2010 statement.

Randomization and Treatment
Patients scheduled for cardiac surgery were assessed by a mem-
ber of the local research team to explain the study protocol and
obtain signed informed consent preoperatively. We used a
computer-generated permuted block (up to a size of 20 and
a 1:1 allocation) randomization sequence. Randomization was
stratified by center. Treatment allocation was prepared by an
independent operator not otherwise involved in the trial and
was concealed by opaque, sealed envelopes that were sequen-
tially numbered. Race/ethnicity was determined by clini-
cians and collected because there is an association between
ethnicity and serum creatinine levels.

After patients developed AKI as defined, they were ran-
domized to receive placebo (saline) or fenoldopam (Corlopam;
Teva Italia) by continuous infusion. Fenoldopam and placebo
were identical in shape, color, appearance, and size. The par-
ticipants and ICU staff were blinded to treatment allocation
throughout the entire study.

The study drug was administered as a continuous intrave-
nous infusion for a total of 96 hours or until ICU discharge or
death. The starting dose was 0.1 μg/kg/min (range, 0.025-0.3 μg/
kg/min). Dose increases to 0.2 μg/kg/min and 0.3 μg/kg/min, re-
ductions (for hypotension) to 0.05 μg/kg/min and 0.025 μg/kg/
min, or discontinuations (for hypotension in spite of dose
reduction) were allowed, and the dose was recorded hourly.
Hypotension was defined by the clinician at the bedside.

Patient Evaluation and Follow-up
Initiation of RRT in the ICU (continuous venovenous hemo-
filtration or hemodialysis, according to center guidelines and
protocols) was at discretion of the attending physicians be-
cause of the lack of guidelines or consensus statements to de-
fine widely accepted criteria for initiation. However, we col-
lected the number of patients who reached predefined criteria
for RRT (eTable 1 in Supplement 2) but did not receive RRT. We
also used standardized criteria for ICU discharge to the post-
operative cardiac surgery ward (peripheral capillary oxygen
saturation ≥94% with a fraction of inspired oxygen ≤0.5 by face
mask, adequate hemodynamic stability, absence of clinically
significant arrhythmias, chest tube drainage less than 50 mL/h,
urine output greater than 0.5 mL/kg/h, no intravenous ino-
tropic or vasopressor therapy, and no seizure activity). From
the main ward, patients were then transferred to rehabilita-
tion centers following local standards.

End Points
The primary end point was the rate of RRT administration in
the ICU. Secondary end points included mortality (ICU mor-
tality and mortality 30 days after surgery), time receiving me-
chanical ventilation (hours), length of ICU and hospital stay
(days), peak serum creatinine level (mg/dL), and the inci-
dence of AKI (according to the RIFLE score I and F definitions).12

Independent monitors verified adherence to required clini-
cal trial procedures and confirmed accurate collection of data
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according to good clinical practice guidelines following cur-
rent national and international requirements.15

Statistical Analysis and Sample Size
Following published literature,8,16 we hypothesized a need for
RRT of 5% in the treatment group vs 10% in the control group
(50% relative risk reduction) and estimated that 870 patients
would have to be enrolled (435 patients per group) in the trial
to achieve an 80% power at an α of .05. This number was in-
creased by 15% (leading to a total of 1000 patients) to take into
account possible loss to follow-up or withdrawal of consent.

The first 2 planned interim analyses were conducted at 250
and 500 patients, and the safety committee recommended con-
tinued enrolment for this superiority trial. The third, planned
interim analysis was anticipated (from 750 to 667 patients) as
requested by the major ethics committee for the trial because
of the overall high mortality rate. After such additional interim
analysis, the study was stopped for futility as suggested by the
independent safety committee. This decision was strength-
ened by the higher-than-expected rate of RRT (18% instead of
the anticipated 10% in the placebo group), which increased the
power to detect the hypothesized 50% relative risk reduction.
Data analysis followed the method suggested by Reboussin et
al17 as applied in the dedicated software PASS (PASS version
08.0.11, NCSS) and based on previous work by Lan and DeMets18

with continuity correction. Adjustments for multiple interim
analyses are detailed in eTable 2 in Supplement 2.

Data were stored electronically and analyzed by Stata ver-
sion 13.0 (StataCorp). All 667 randomized patients completed
their follow-up 30 days after surgery for major outcomes (RRT
and survival). Missing data for baseline characteristics and sec-
ondary outcomes were less than 10% if not otherwise stated in
tables. We did not apply any imputation for missing data. All
data analysis was carried out according to a preestablished in-
tention-to-treat analysis plan,13,14 including those few patients
who were later discovered not to have satisfied the inclusion cri-
teria (the serum creatinine increase from baseline was slightly
<50% at randomization in 8 patients and 1 patient was later dis-
covered to have recently received fenoldopam) or those who did
not properly receive the study drug (they died or had RRT be-
fore receiving the study drug, or they had study drug interrup-
tion or the wrong dose per physician decision or mistake). We
continuedtocollectalldataaboutthesepatientseveninthepres-
ence of a protocol deviation. We also performed per-protocol
analyses as reported in eTables 3, 4, and 5 in Supplement 2.

Dichotomous data (including the primary outcome) were
compared by 2-tailed χ2 test with the Yates correction or Fisher
exact test when appropriate. Continuous measurements were
compared using the Mann-Whitney U test. Two-sided signifi-
cance tests were used throughout. Data are presented as me-

Figure 1. Assessment, Randomization, and Follow-up of Study Patients

329 Included in primary analysis

12 014 Individuals assessed for eligibility

9235 Enrolled

727 Met study criteria after surgery

2779 Excluded
2401 Declined to participate

277 Had glaucoma
101 Previous RRT

60 Excluded
26 Decision of the attending physician
34 Logistical reasons

8508 Excluded
51 Decision to start RRT already made
32 Participation in other randomized studies
21 Already receiving open-label fenoldopam

8404 Did not develop AKI or developed AKI but
fit for ICU discharge

667 Randomized

329 Randomized to receive placebo 338 Randomized to receive fenoldopam

338 Included in primary analysis

1 Did not meet inclusion criteria

12 Study drug interruption
2 Error in drug dosage

8 Died or began RRT before starting
study drug

7 Did not meet inclusion criteria

11 Study drug interruption
4 Error in drug dosage

6 Died or began RRT before starting
study drug

1 Met exclusion criteria

AKI indicates acute kidney injury; ICU,
intensive care unit; RRT, renal
replacement therapy (dialysis).
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dians (interquartile ranges [IQRs]) or as means (SDs). Means
and standard deviations were used when the variables were
normally distributed, while medians and IQRs were used with
nonnormally distributed variables. Differences between the
fenoldopam and placebo groups were assessed using univari-
ate and multivariate regression analysis. For the univariate
analysis, the cutoff level for significance was set at P < .05. Risk
difference was assessed for categorical variables. Mean or per-
centile differences were calculated for continuous variables
where appropriate. Multivariate regression analyses were per-
formed for RRT and for the composite end point, RRT and/or
death. A logistic regression model using stepwise selection was
used. The prerandomization clinical data and centers were en-
tered into the model if they had a univariate P value <.10. Treat-
ment group (fenoldopam vs placebo) was forced into the mul-
tivariate model. In the multivariate analyses, clinical factors
or potential confounding variables were expressed as odds ra-
tio with 95% confidence intervals. In all the subgroup analy-
ses, the heterogeneity was estimated by the χ2 test for hetero-
geneity and the I2 statistic.

All P values reported are 2-sided. The outcome para-
meters and the method of statistical analysis, including the sub-
group analyses, were defined before unblinding, with the ex-
ception of the post hoc subgroup analyses that are described
in eFigures 1, 2, and 3 in Supplement 2.

Results
From March 2008 to April 2013, 9235 patients signed the writ-
ten consent in 19 centers. A total of 667 (7.2%) patients devel-
oped early postoperative AKI according to trial criteria and were
randomized (338 to the fenoldopam group and 329 to pla-
cebo) and analyzed according to the intention-to-treat prin-
ciple (Figure 1). All patients completed their follow-up 30 days
after surgery.

The 2 groups of patients had similar characteristics at base-
line (Table 1 and Table 2). Mean age was 70 years, 423 (64%)
were men, and 290 (48%) fulfilled the criteria for New York
Heart Association (NYHA) class III or IV. Patients were ran-
domized when reaching the AKI criteria at a median of 32 hours
(IQR, 26-52 hours) after the beginning of surgery, with serum
creatinine increasing from a mean (SD) of 1.1 (0.40) mg/dL to
2.0 (0.69) mg/dL in the fenoldopam group and from a mean
(SD) of 1.1 (0.41) mg/dL to 2.0 (0.72) mg/dL in the placebo group.

Study Treatment
Study drug was administered at a mean dose of 0.12 μg/kg/
min (fenoldopam) and 0.13 μg/kg/min (placebo) for a total of
62 (31.3) hours and 65 (30.3) hours, respectively (Table 3), with
653 of 667 patients effectively receiving it. Six patients in the
fenoldopam group and 8 patients in the placebo group died or
the decision to start RRT was made after the decision to ran-
domize and before starting the study drug (Figure 1).

Study Outcomes
Acute kidney injury (Table 3) progressed to treatment with RRT
in 69 of 338 patients (20%) in the fenoldopam group and 60 of

329 patients (18%) in the placebo group (P = .47). In addition,
predefined criteria for RRT were reached by 25 patients (9 in
the fenoldopam group and 16 in the placebo group), with an
overall risk to develop severe AKI (Table 3) of 78 of 338 pa-
tients (23%) in the fenoldopam group vs 76 of 329 patients (23%)
in the placebo group (P = .99). Serum creatinine values in the
2 groups were similar during the study period (Figure 2) and
after excluding patients requiring RRT. Indications and treat-
ment variables for RRT are reported in Table 4.

Intensive care unit mortality was 58 of 338 patients (17%)
in the fenoldopam group and 58 of 329 patients (18%) in the
placebo group (P = .87), while 30-day mortality was 78 of 338
(23%) in the fenoldopam group and 74 of 329 (22%) in the pla-
cebo group (P = .86).

Planned subgroup analyses and per-protocol analyses
(eFigure 1 and eTables 3, 4, and 5 in Supplement 2) showed no
difference in the rate of RRT in the treatment and control groups
(all P > .05, test for interaction = .99). The rate of RRT accord-
ing to center is reported in eFigure 2 (all P > .05, test for inter-
action = .48). Exploratory analyses including only centers using
study drug at high doses did not show any difference (eFig-
ure 3 with all P > .05, test for interaction = .91).

Factors associated with use of RRT are listed in eTable 6
in Supplement 2, and factors associated with the composite
end point, RRT and/or death, are in eTable 7 in Supplement 2.

Safety and Toxicity
In the fenoldopam group, there was a statistically significant
(P = .003) difference in arterial blood pressure compared with
the placebo group (mean [SD], 124 [20.4] mm Hg vs 120 [18.5]
mm Hg) 1 hour after starting the study drug (Table 3). More-
over, the number of patients experiencing hypotension dur-
ing study drug infusion was 85 (26%) in the fenoldopam group
vs 49 (15%) in the placebo group (P = .001) (Table 3).

Discussion
In this multicenter, double-blind, randomized clinical trial
(RCT) among cardiac surgery patients with early renal dys-
function, we found that fenoldopam was not effective in at-
tenuating the course of AKI from an early stage to initiation
of RRT. There were also no significant differences in mortal-
ity rates or in any other secondary outcomes. The effect on RRT
rate did not differ significantly in predefined subgroups.
Fenoldopam induced greater hypotension than placebo. The
study was stopped early for futility, as recommended by the
study safety committee, based on a planned interim analysis.

Relationship to Previous Studies, Meta-analyses, and
Consensus Statements
Our results are not in agreement with previous small RCTs,23-27

subgroup analyses of middle-sized RCTs, 6 , 2 8 and
meta-analyses8,16 that suggested that fenoldopam is an effec-
tive nephroprotective agent. In fact, fenoldopam was consid-
ered to be one of the few drugs with a potential beneficial ef-
fect on renal function in critically ill patients with or at risk for
AKI.29-31
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Cardiac surgery appeared to be the best setting to test the
putative beneficial renal effects of fenoldopam, both because
of previously published small RCTs23-27 and meta-analyses8,16

and because of pathophysiological principles. Although the eti-
ology of AKI in cardiac surgery is multifactorial,19 the reduc-
tion in cardiac output that is frequently observed in patients un-
dergoing cardiac surgery may play a major role by decreasing
renal perfusion through a reduction in renal blood flow and

through the activation of the sympathetic nervous system and
the renin-angiotensin system.32 In this setting, a selective re-
nal vasodilator appeared a logical and promising intervention.

Moreover, dopamine receptors are widely expressed in the
kidney. D1 receptors are expressed in the medial layer of renal
vessels and induce a dose-dependent vasodilation of renal ca-
pacitance vessels. Fenoldopam activates adenylate cyclase,
causing arterial vasodilatation and natriuresis by inhibiting so-

Table 1. Patient Characteristics: Baseline and Intraoperative

Placebo
(n = 329)

Fenoldopam
(n = 338)

Baseline

Age, mean (SD), y 70 (9.4) 70 (8.2)

Female sex, No. (%) 128 (39) 111 (33)

Weight, mean (SD), kg 74 (14.3) 74 (14.6)

Height, mean (SD), cm 165 (9.0) 166 (8.5)

White race, No. (%) 323 (99) 336 (99)

Elective surgery, No. (%) 292 (90) 308 (92)

Reoperative surgery, No. (%) 68 (21) 57 (17)

Predictive scores, median (IQR)

CICSS19,a,b 7 (5-9) 7 (4-9)

Thakar et al20,a,c 2 (1-4) 2 (1-4)

Mehta et al21,d 14 (12-18) 14 (12-18)

Wijeysundera et al22,e 2 (1-2) 2 (1-2)

Endocarditis, No. (%)f 17 (5.3) 10 (3.0)

Myocardial infarction, No. (%)f 40 (12) 32 (9.6)

Hypotension, No. (%)f 51 (16) 39 (12)

Hypertension, No. (%)f 78 (24) 92 (28)

Atrial fibrillation, No. (%)f 118 (37) 128 (38)

Left ventricular ejection fraction, mean (SD), % 52 (11.6) 52 (11.7)

NYHA classification, No. (%)

I 31 (11) 43 (14)

II 113 (39) 131 (42)

III 124 (42) 112 (36)

IV 25 (8.5) 29 (9.2)

Pulmonary hypertension, No. (%)f 35 (11) 34 (10)

Chronic lung disease, No. (%)f 79 (25) 75 (23)

Peripheral vascular disease, No. (%)f 39 (12) 48 (15)

Diabetes under medical treatment, No. (%) 66 (21) 76 (23)

Obesity, No. (%)f 73 (22) 73 (22)

IABP, preoperative, No. (%) 10 (3.2) 15 (4.6)

Total bilirubin, preoperative, mean (SD), mg/dL 0.9 (0.62) 0.8 (0.50)

Intraoperative

Cardiopulmonary bypass time, median (IQR), min 117 (86-161) 120 (90-161.5)

Aortic cross-clamp time, median (IQR), min 80 (56-114.5) 82 (60-111)

CABG surgery, No. (%) 139 (43) 148 (45)

Mitral valve surgery, No. (%) 142 (44) 153 (46)

For insufficiency 131 (41) 131 (41)

Aortic valve surgery, No. (%) 133 (41) 127 (38)

Tricuspid valve surgery, No. (%) 54 (17) 64 (19)

Ascending aorta surgery, No. (%) 49 (15) 37 (11)

Other cardiac surgery, No. (%) 77 (24) 85 (26)

Transfusion, intraoperative, No. (%) 193 (60) 168 (52)

Hematocrit, minimum intraoperative, mean (SD), % 23.3 (3.46) 23.7 (3.78)

Abbreviations: AKI, acute kidney
injury; CABG, coronary artery bypass
graft; IABP, intra-aortic balloon pump;
ICU, intensive care unit; IQR,
interquartile range; NYHA, New York
Heart Association.

SI conversion factor: To convert
bilirubin to μmol/L, multiply by
17.104.
a Missing values between 10% and

15%.
b The Continuous Improvement in

Cardiac Surgery Study score.19

Score range, 0-32: low risk, 0-5;
medium, 6-10; high, 11-15; very high,
�16.

c The clinical score to predict AKI
after cardiac surgery.20 Score range,
0-17: low risk, 0-2; medium, 3-5;
high, 6-8; very high, >8.

d The simplified model to predict
postoperative dialysis.21 This score
identifies as predictors of risk serum
creatinine, age, surgery type (CABG
plus valve or valve only vs CABG
only), diabetes, recent myocardial
infarction, race, chronic lung
disease, reoperation, NYHA class,
and cardiogenic shock. Score range,
0-83. Risk of postoperative dialysis
is expressed as continuous, ranging
from 0% to >85%.

e The simplified renal index scoring
scheme for estimating risk of
postoperative renal replacement
therapy.22 Score range, 0-9: low
risk, �1; intermediate, 2-3; high, �4.

f Comorbidities were documented in
the medical history. Hypotension
was defined as systolic blood
pressure (SBP) <120 mm Hg before
surgery. Hypertension was defined
as SBP >160 mm Hg before surgery.
Atrial fibrillation was documented
as paroxysmal or permanent.
Pulmonary hypertension was
defined as pulmonary artery
pressure >60 mm Hg. Obesity was
defined as body mass index �30
(calculated as weight in kilograms
divided by height in meters
squared).
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dium-potassium ATPase-dependent processes at the proxi-
mal convoluted tubule and in the thick part of the ascending
loop of Henle.33 Fenoldopam,34 0.1 μg/kg/min, significantly in-
creases renal blood flow in hemodynamically stable patients
with preserved renal function undergoing cardiac surgery.

The results of our study differ from those of several pre-
vious small RCTs that showed a preserved creatinine clear-
ance in elective coronary revascularization patients,25 a de-
crease in postoperative serum creatinine level in patients who
had a serum creatinine level greater than 1.5 mg/dL before car-

diac surgery,26 and a lower incidence of AKI after complex car-
diac operations.27 More importantly, our findings also differ
from the results of a double-blind, single-center RCT24 with
193 patients and a subgroup analysis of a multicenter RCT,6 re-
spectively, in which fenoldopam had been used in the cardiac
surgery setting to prevent AKI24 and its progression.6

Implication of Study Findings
Fenoldopam is available in Europe and the United States. It was
approved by the US Food and Drug Administration (FDA) in 1997

Table 2. Patient Characteristics: Renal Function and ICU (at Randomization)

Placebo
(n = 329)

Fenoldopam
(n = 338)

Renal Function

Creatinine level

Preoperative, by quartile, No. (%)

First (<0.084 mg/dL) 84 (26) 81 (24)

Second (0.85-1.00 mg/dL) 88 (27) 88 (26)

Third (1.01-1.29 mg/dL) 74 (23) 80 (24)

Fourth (>1.29 mg/dL) 78 (24) 85 (25)

At randomization, mean (SD), mg/dL 2.0 (0.72) 2.0 (0.69)

Peak in ICU, mean (SD), mg/dL 2.4 (1.05) 2.5 (1.03)

Creatinine ≥1.5 mg/dL, No. (%)

Preoperative 43 (16) 50 (15)

At randomization 247 (76) 258 (77)

eGFR, No. (%), mL/min/1.73 m2

Chronic kidney disease stage 3-5 (eGFR <60) 118 (36) 123 (37)

≥90 38 (12) 47 (14)

60-89 167 (52) 163 (49)

45-59 58 (18) 58 (17)

30-44 47 (23) 46 (37)

≤29 13 (4.1) 19 (5.7)

ICU

Blood pressure, mean (SD), mm Hg

Systolic 122 (20.5) 123 (20.7)

Mean arterial pressure 79 (13.5) 80 (12.5)

Diastolic 59 (11.6) 59 (11.8)

Inotropic drugs, No. (%)a 218 (75) 241 (81)

Diuretic drugs, No. (%)a 246 (85) 246 (82)

Mechanical ventilation, No. (%) 120 (40) 134 (41)

IV fluids in last 6 h before randomization, median (IQR), mL 620 (400-920) 610 (360-1000)

Transfusions in ICU, No. (%)a 198 (69) 196 (68)

Main cause of AKI, No. (%)

Low cardiac output syndrome 142 (46) 158 (49)

Renal hypoperfusion 70 (23) 70 (22)

Major cardiac surgery 48 (15) 42 (13)

Hypovolemia 16 (5.1) 20 (6.1)

Nephrotoxic drugs 13 (4.2) 12 (3.7)

Other cause 12 (3.7) 15 (4.6)

Microembolization 6 (1.9) 5 (1.5)

Septic shock 4 (1.3) 4 (1.2)

Time from beginning of surgery to randomization, median (IQR), h 32.5 (25.5-52.0) 32.5 (26.0-51.4)

Met R criteria of RIFLE, No. (%)12b

Oliguriaa 55 (20) 67 (23)

Creatinine 264 (83) 265 (80)

Abbreviations: AKI, acute kidney
injury; eGFR, estimated glomerular
filtration rate; ICU, intensive care
unit; IQR, interquartile range; IV,
intravenous; RRT, renal replacement
therapy.

SI conversion factor: To convert
creatinine to μmol/L, multiply by
88.4.
a Missing values between 10% and

15%.
b RIFLE is a classification scheme for

AKI devised by the Acute Dialysis
Quality Initiative Group. Acronym
indicates the 5 stages of the
classification: risk of renal
dysfunction, injury to the kidney,
failure of kidney function, loss of
kidney function, and end-stage
kidney disease. The patient is
classified according to serum
creatinine (SCr) level and urine
output (UO) separately and can
fulfill criteria for classification stages
through changes in each or both SCr
and UO, whichever is worst.
Changes are intended from baseline
values (preoperative data in our
study). The criteria for each stage
are as follows: Stage R: SCr ×1.5 (or
GFR decrease >25%) or UO <0.5
mL/kg/h for 6 h. Stage I: SCr ×2 (or
GFR decrease >50%) or UO <0.5
mL/kg/h for 12 h. Stage F: SCr ×3 (or
GFR decrease >75%) or UO <0.3
mL/kg/h for 24 h or anuria for 12 h.
Stage L: persistent AKI (need for
RRT for >4 wk). Stage E: end-stage
renal disease (need for RRT for >3
mo). Note that the F stage is
achievable even if the increase in
SCr is <3 times the baseline value as
long as the new SCr is >4.0 mg/dL
with an acute increase of �0.5
mg/dL. The designation RIFLE-FC

should be used in this case to
denote “acute-on-chronic” disease.
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Table 3. Outcomes, End Points, and Adverse Events

Placebo
(n = 329)

Fenoldopam
(n = 338)

Mean, Risk, or Percentile
Difference (95% CI)

P
Value

End points, No. (%)

RRT in ICU 60 (18) 69 (20) −2.17 (−8.16 to 3.81) .47

Mortality in ICU 58 (18) 58 (17) 0.47 (−5.28 to 6.22) .87

Mortality at 30 da 74 (22) 78 (23) −0.58 (−6.95 to 5.78) .86

RRT according to standardized criteria 76 (23) 78 (23) 0.0002 (−0.06 to 0.06) .99

RRT and/or mortality in ICU 92 (28) 98 (29) −0.01 (−0.8 to 0.06) .77

ICU

Study drug administration

Mean dose, μg/kg/min 0.13 (0.06) 0.12 (0.06) 0.01 (−0.004 to 0.02) .006

Administration time, h 62 (31.3) 65 (30.3) −2.74 (−7.42 to 1.94) .25

Pressure 1 h after randomization, mm Hg

Systolic blood pressure 124 (20.4) 120 (18.5) 4.54 (1.55 to 7.53) .003

Mean arterial pressure 79 (12.9) 77 (11.9) 2.75 (0.63 to 4.87) .01

Diastolic blood pressure 59 (11.2) 57 (10.9) 1.81 (0.09 to 3.51) .04

Inotropic drugs 1 h after randomization, No. (%) 206 (71) 230 (77) −6.16 (−13.21 to 0.89) .09

Diuretic drugs first day after randomization,
No. (%)

236 (82) 230 (79) 3.46 (−2.98 to 9.90) .29

Hypotension during study drug infusion,
No. (%)b

49 (15) 85 (26) −10.39 (−16.55 to 4.24) .001

Mechanical ventilation time, median (IQR), h 24 (15-72) 27 (17-70) −1.00 (−4.75 to 2.00) .50

Time in ICU after randomization,
median (IQR), d

4 (2-7) 4 (2-6) 0.00 (0.00 to 0.00) .74

IABP, No. (%) 52 (16) 66 (20) −3.63 (−9.44 to 2.17) .22

Catecholamine drugs for >48 h, No. (%) 178 (56) 189 (58) −1.82 (−9.46 to 5.82) .64

Sepsis, No. (%) 37 (12) 37 (11) 0.21 (−4.71 to 5.14) .93

Tracheostomy, No. (%) 34 (11) 27 (8.4) 2.40 (−2.16 to 6.98) .30

Hypoacusia, No. (%) 2 (0.7) 5 (1.6) −0.90 (−2.52 to 0.71) .27

Unblinding, No. (%) 0 0

Adverse reactions, No. (%) 0 0

RIFLE criteria, No. (%)c

Injury (increased creatinine ×2) 189 (59) 177 (53) 5.88 (−1.70 to 13.47) .13

Failure (increased creatinine ×3 or ≥4.0 mg/dL) 63 (20) 57 (17) 2.56 (−3.37 to 8.48) .39

Surgical Ward

In-hospital complications after ICU discharge,
No. (%)d

59 (23) 59 (22) 1.05 (−6.17 to 8.28) .77

Cardiac 22 (8.7) 23 (8.8) −0.01 (−4.89 to 4.86) .99

Pulmonary 14 (5.6) 17 (6.5) −0.90 (−5.01 to 3.19) .66

Renale 4 (1.6) 7 (2.7) −1.07 (−3.56 to 1.40) .39

Infectious 10 (4.0) 10 (3.8) 0.16 (−3.17 to 3.50) .92

Hemorrhagic 5 (2.0) 2 (0.8) 1.22 (−0.79 to 3.24) .23

Multiorgan failure 3 (1.2) 3 (1.1) 0.05 (−1.80 to 1.90) .95

Neurologic 3 (1.2) 3 (1.1) −0.05 (−1.80 to 1.90) .95

Sternal wound infection 3 (1.2) 2 (0.8) 0.43 (−1.27 to 2.13) .62

Other 2 (0.8) 2 (0.8) −0.03 (−1.48 to 1.50) .96

Time in hospital after surgery, median (IQR), d

Overall populationd 15 (10-28) 15 (11-24) 0.00 (−1.00 to 2.00) .71

Survivors group onlyd 14 (11-23.5) 15 (11-22) 1.00 (−1.00 to 2.00) .44

Time in hospital after randomization,
median (IQR), d

13 (9-25) 13 (9-22) 0.00 (−1.00 to 2.00) .82

Urea at hospital discharge, mg/mLd 75 (56.6) 79 (64.7) −4.17 (−15.94 to 7.59) .48

30-d follow-up

New hospitalization, No. (%)d 57 (25) 43 (19) 6.67 (−0.95 to 14.29) .09

Hypoacusia, No. (%)d 11 (5.2) 7 (3.2) 2.06 (−1.71 to 5.83) .28

Last creatinine, mg/mLd 1.3 (0.66) 1.4 (0.68) −0.11 (−0.27 to 0.04) .16

Abbreviations: IABP, intra-aortic
balloon pump; ICU, intensive care
unit; IQR, interquartile range; RRT,
renal replacement therapy.

SI conversion factor: To convert
creatinine to μmol/L, multiply
by 88.4.
a Mortality at 30 d follows the

definition of operative mortality
outlined by the Society of Thoracic
Surgeons: all deaths occurring
during the acute episode of care in
which the operation was performed
(this includes patients transferred to
other acute care facilities), even if
after 30 d, and those deaths
occurring after discharge from the
hospital but within 30 d of the
procedure unless the cause of death
is clearly unrelated to the operation.

b Hypotension during study drug
infusion was defined as systolic
blood pressure <90 mm Hg.

c Scoring system to evaluate risk,
injury, failure, loss, and end-stage
kidney injury.

d Missing values between 10%
and 15%.

e Renal complications intended as
new worsening of renal function.
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and indicated for in-hospital, short-term management of severe
hypertension. Fenoldopam has not gained FDA approval for re-
nal indications, although it has been widely used off-label in the
United States for kidney protection in various settings.8,16 Our
trial demonstrates that fenoldopam is not effective for the treat-
ment of AKI in cardiac surgery and, in addition, suggests that it
might not be effective for other patients with early AKI. These
findings are in keeping with those of treatment with dopamine
and suggest that either dopaminergic stimulation is inadequate
in this setting or that the mechanism for AKI after cardiac sur-
gery does not involve renal vasoconstriction or both.

Strengths and Limitations
This trial was randomized and double-blind in design with al-
location concealment, thus reducing the risk of selection bias.
It focused on patient-centered, objectively verifiable, and clini-
cally relevant outcomes, thus reducing ascertainment bias. The
intervention had biological plausibility and was supported by
a series of single-center studies with promising results and by
meta-analyses, thus justifying the initial trial hypothesis. Our
results appear likely to carry external validity because patients
were recruited in university and nonuniversity hospitals with
the use of pragmatic inclusion criteria and few exclusion crite-
ria. The results are also likely to have high reproducibility, as the
trial protocol was simple, with routine practice maintained
throughout, except for fenoldopam or placebo infusion.

Cardiac surgery–related AKI is characterized by an abrupt
deterioration in kidney function after cardiac surgery as evi-
denced by a reduction in the glomerular filtration rate. Impor-
tantly, this deterioration is not always detected in the first 24
to 48 hours using conventional monitoring by serum creati-
nine levels, especially because of cardiopulmonary bypass di-
lution effects. Furthermore, several patients have isolated AKI
not requiring ICU care. As a consequence, the low (7.2%) inci-
dence of AKI reported in this study population does not corre-
spond to the overall incidence of postoperative AKI after car-
diac surgery, and the same selection bias applies to the
apparently high incidence (19%) of RRT in our patients with AKI.

Our study has some limitations. The study was inter-
rupted for futility, and fewer patients were randomized than
planned. However, this is the largest multicenter RCT of
fenoldopam. In addition, the case for the futility of the inter-
vention was clear and subject to the recommendations of the
safety committee.

Hypotension was more frequent in the fenoldopam group,
suggesting that the drug may have been administered at too high
a dose. It is possible that fenoldopam caused harm (eTable 8 in
Supplement 2). However, our study had insufficient power to de-
tect such harm. It is also possible that hypotension may have al-
lowedclinicianstoguesswhichtreatmentpatientswereallocated
to receive. However, hypotension is very common after cardiac
surgery, making such post hoc treatment identification unlikely.
We did not collect information on the intensity or duration of hy-
potension. Such hypotension may have attenuated any benefi-
cial effects that the drug may have on renal function.

Our subgroup analyses failed to identify differences. How-
ever, our subgroups were small, and a type II error cannot be
excluded. The reported incidence of severe AKI requiring RRT

Figure 2. Serum Creatinine Values by Treatment Group
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was high; however, this was a high-risk population (patients
were on average 70 years old and half were NYHA class III
or IV) with a complicated postoperative course after cardiac
surgery (ongoing AKI in patients not fit for ICU discharge),
and the rate of RRT was high in all centers (eFigure 2 in
Supplement 2), indicating that illness severity played an
important role in this population. The high surgical risk of
these patients, the long time on cardiopulmonary bypass
and aortic cross-clamping, the need to receive support with
catecholamine, and the development of low cardiac output
syndrome all likely contributed to the high incidence of RRT
and consequent mortality. The initiation of dialysis was left
to the judgment of the attending physician because of the
lack of widely accepted criteria or guidelines for initiating
RRT. However, RRT initiation is unlikely to have been sub-
ject to bias because of the double-blind design of the trial.
Furthermore, we found no differences between fenoldopam
and placebo when using standardized criteria for RRT or the

RIFLE criteria for AKI progression, both of which are inde-
pendent of clinical decisions (Table 2).

Our findings differ from those of several small previous stud-
ies. However, the limitations of single-center randomized trials35

and meta-analyses are well known and may account for the dif-
ferenceinoutcomebetweenourstudyandprevioustrialsormeta-
analyses and thus explain the discrepancy between the hypoth-
esized effect and actual results of this multicenter RCT.

Conclusions
Among patients with AKI after cardiac surgery, fenoldopam in-
fusion, compared with placebo, did not reduce the need for RRT
or risk of 30-day mortality but was associated with an increased
rate of hypotension. Given the cost of fenoldopam, the lack of ef-
fectiveness, and the increased incidence of hypotension, the use
of this agent for renal protection in these patients is not justified.
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Most relevant indication, No./
Total No. (%)a

Oliguria 28/51 (55) 25/59 (42)

0.53 (0.43 to 0.63) .50

High serum creatinine or
urea levela

11/51 (22) 12/59 (20)

Fluid overload 7/51 (14) 14/59 (24)
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Metabolic acidosisa 3/51 (5.9) 2/59 (3.4)

Hyperkalemiaa 1/51 (2.0) 2/59 (3.4)
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Time receiving RRT, median (IQR), h 63 (35.5 to 189) 58 (34 to 178) 4.67 (−21.75 to 30.33) .72

Abbreviations: CVVH, continuous
venovenous hemofiltration; IQR,
interquartile range; RRT, renal
replacement therapy.

SI conversion factor: To convert
creatinine to μmol/L, multiply
by 88.4.
a Most relevant indication is a

multimodal variable; risk difference
for this variable is a cumulative
measure. High creatinine was
defined as a prerandomization level
>6 mg/dL. Hyperkalemia was
defined as a prerandomization level
>6.5 mmol/L. Metabolic acidosis
was defined as bicarbonate level
�10 mEq/L.

Research Original Investigation Fenoldopam for Acute Kidney Injury After Cardiac Surgery

2252 JAMA December 3, 2014 Volume 312, Number 21 jama.com

Copyright 2014 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023



Copyright 2014 American Medical Association. All rights reserved.

Dal Checco, Cariello, Baldassarri, Scandroglio,
Lembo, Calabrò.
Study supervision: Bove, Zangrillo, Alvaro, Pala,
Paternoster, Frontini, Zucchetti, Amantea, Bellomo,
Landoni.

Conflict of Interest Disclosures: All authors have
completed and submitted the ICMJE Form for
Disclosure of Potential Conflicts of Interest. The
following centers received a grant from the Italian
Ministry of Health to conduct the study: IRCCS San
Raffaele Scientific Institute, University Hospital of
Pisa, Ospedale Civile “Ca’ Foncello” di Treviso, Siena
Hospital, S. Orsola-Malpighi University Hospital,
Città della Salute e della Scienza Hospital, University
of Turin, and A. O. Spedali Civili di Brescia. The
University Hospital of Pisa received the study drug
from Teva. San Raffaele Scientific Institute received
a donation not related to this study from Teva. No
other disclosures were reported.

Funding/Support: This work was supported by a
grant from the Italian Ministry of Health.

Role of the Funder/Sponsor: The funders had no
role in the design and conduct of the study;
collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.

Additional Contributions: We gratefully
acknowledge the technical contribution of Paola
Zuppelli; Elisa Magistrati, MSc; Fabrizio Monaco,
MD; Martina Crivellari, MD; Alice Segantin, MD;
Elisa Magistrati, MD; Roberto Dossi, MD; and Marta
Eugenia Sassone, MD (San Raffaele Scientific
Institute); Giuseppina Angotti, MD; Angela Madeo,
MD; and Francesca Gencarelli, MD (Mater Domini
Hospital); Michele Clemente, MD (S. Orsola-
Malpighi University Hospital); Gabriele Giovenale,
MD, and Rosetta Lobreglio, MD (Città della Salute e
della Scienza Hospital); Cristina Todisco, MD
(Perugia City Hospital, Perugia); Ugolino Livi, MD;
Filippo Erice, MD; Walter Vessella, MD; Rodolfo
Muzzi, MD (Santa Maria della Misericordia
Hospital); Aldo Manzato, MD (Spedali Civili di
Brescia Hospital); Maria Cristina Conti, MD;
Gianluigi Megliola, MD; Marcello Melone, MD (Città
di Lecce Hospital–GVM Care and Research, Lecce,
Italy). None received compensation for their
contributions.

REFERENCES

1. Go AS, Mozaffarian D, Roger VL, et al; American
Heart Association Statistics Committee and Stroke
Statistics Subcommittee. Heart disease and stroke
statistics: 2014 update: a report from the American
Heart Association. Circulation. 2014;129(3):e28-e292.

2. Chertow GM, Levy EM, Hammermeister KE,
Grover F, Daley J. Independent association between
acute renal failure and mortality following cardiac
surgery. Am J Med. 1998;104(4):343-348.

3. Uchino S, Kellum JA, Bellomo R, et al; Beginning
and Ending Supportive Therapy for the Kidney
(BEST Kidney) Investigators. Acute renal failure in
critically ill patients: a multinational, multicenter
study. JAMA. 2005;294(7):813-818.

4. Singer I, Epstein M. Potential of dopamine A-1
agonists in the management of acute renal failure.
Am J Kidney Dis. 1998;31(5):743-755.

5. Aravindan N, Samuels J, Riedel B, Shaw A.
Fenoldopam improves corticomedullary oxygen
delivery and attenuates angiogenesis gene

expression in acute ischemic renal injury. Kidney
Blood Press Res. 2006;29(3):165-174.

6. Tumlin JA, Finkel KW, Murray PT, Samuels J,
Cotsonis G, Shaw AD. Fenoldopam mesylate in early
acute tubular necrosis: a randomized, double-blind,
placebo-controlled clinical trial. Am J Kidney Dis.
2005;46(1):26-34.

7. Yi X, Zhang G, Yuan J. Renoprotective role of
fenoldopam pretreatment through
hypoxia-inducible factor-1alpha and heme
oxygenase-1 expressions in rat kidney
transplantation. Transplant Proc. 2013;45(2):517-522.

8. Landoni G, Biondi-Zoccai GG, Tumlin JA, et al.
Beneficial impact of fenoldopam in critically ill
patients with or at risk for acute renal failure:
a meta-analysis of randomized clinical trials. Am J
Kidney Dis. 2007;49(1):56-68.

9. Garg AX, Devereaux PJ, Yusuf S, et al;
CORONARY Investigators. Kidney function after
off-pump or on-pump coronary artery bypass graft
surgery: a randomized clinical trial. JAMA. 2014;311
(21):2191-2198. doi:10.1001/jama.2014.4952.

10. Mao H, Katz N, Ariyanon W, et al. Cardiac
surgery-associated acute kidney injury. Cardiorenal
Med. 2013;3(3):178-199.

11. Schetz M, Bove T, Morelli A, Mankad S, Ronco C,
Kellum JA. Prevention of cardiac surgery-associated
acute kidney injury. Int J Artif Organs. 2008;31(2):
179-189.

12. Bellomo R, Ronco C, Kellum JA, Mehta RL,
Palevsky P; Acute Dialysis Quality Initiative
workgroup. Acute renal failure: definition, outcome
measures, animal models, fluid therapy and
information technology needs: the Second
International Consensus Conference of the Acute
Dialysis Quality Initiative (ADQI) Group. Crit Care.
2004;8(4):R204-R212.

13. Landoni G, Bove T, Pasero D, et al. Fenoldopam
to prevent renal replacement therapy after cardiac
surgery: design of the FENO-HSR study. HSR Proc
Intensive Care Cardiovasc Anesth. 2010;2(2):111-117.

14. Bove T, Paternoster G, Conte M. The FENO-HSR
study: details of statistical analyses. HSR Proc
Intensive Care Cardiovasc Anesth. 2013;5(1):55-56.

15. ICH harmonised tripartite guideline: guideline
for good clinical practice: 8, essential documents
for the conduct of a clinical trial. J Postgrad Med.
2001;47(4):264-267.

16. Landoni G, Biondi-Zoccai GG, Marino G, et al.
Fenoldopam reduces the need for renal
replacement therapy and in-hospital death in
cardiovascular surgery: a meta-analysis.
J Cardiothorac Vasc Anesth. 2008;22(1):27-33.

17. Reboussin DM, De Mets DL, Kim K, Lan KKG.
Programs for computing group sequential
boundaries using the Lan-De Mets Method
[technical report 60]. Department of Biostatistics,
University of Wisconsin, Madison; 1992.

18. Lan KKG, DeMets DL. Discrete sequential
boundaries for clinical trials. Biometrika. 1983;70:
659-663.

19. Chertow GM, Lazarus JM, Christiansen CL, et al.
Preoperative renal risk stratification. Circulation.
1997;95(4):878-884.

20. Thakar CV, Arrigain S, Worley S, Yared J-P,
Paganini EP. A clinical score to predict acute renal
failure after cardiac surgery. J Am Soc Nephrol.
2005;16(1):162-168.

21. Mehta RH, Grab JD, O’Brien SM, et al; Society of
Thoracic Surgeons National Cardiac Surgery
Database Investigators. Bedside tool for predicting
the risk of postoperative dialysis in patients
undergoing cardiac surgery. Circulation. 2006;114
(21):2208-2216.

22. Wijeysundera DN, Karkouti K, Dupuis J-Y, et al.
Derivation and validation of a simplified predictive
index for renal replacement therapy after cardiac
surgery. JAMA. 2007;297(16):1801-1809.

23. Ricci Z, Luciano R, Favia I, et al. High-dose
fenoldopam reduces postoperative neutrophil
gelatinase-associated lipocaline and cystatin C
levels in pediatric cardiac surgery. Crit Care. 2011;15
(3):R160.

24. Cogliati AA, Vellutini R, Nardini A, et al.
Fenoldopam infusion for renal protection in
high-risk cardiac surgery patients: a randomized
clinical study. J Cardiothorac Vasc Anesth. 2007;21
(6):847-850.

25. Halpenny M, Lakshmi S, O’Donnell A,
O’Callaghan-Enright S, Shorten GD. Fenoldopam:
renal and splanchnic effects in patients undergoing
coronary artery bypass grafting. Anaesthesia. 2001;
56(10):953-960.

26. Caimmi PP, Pagani L, Micalizzi E, et al.
Fenoldopam for renal protection in patients
undergoing cardiopulmonary bypass.
J Cardiothorac Vasc Anesth. 2003;17(4):491-494.

27. Ranucci M, De Benedetti D, Bianchini C, et al.
Effects of fenoldopam infusion in complex cardiac
surgical operations: a prospective, randomized,
double-blind, placebo-controlled study. Minerva
Anestesiol. 2010;76(4):249-259.

28. O’Hara JF Jr, Mahboobi R, Novak SM, et al.
Fenoldopam and renal function after partial
nephrectomy in a solitary kidney: a randomized,
blinded trial. Urology. 2013;81(2):340-345.

29. Landoni G, Augoustides JG, Guarracino F, et al.
Mortality reduction in cardiac anesthesia and
intensive care: results of the First International
Consensus Conference. HSR Proc Intensive Care
Cardiovasc Anesth. 2011;3(1):9-19.

30. Tumlin JA. Impaired blood flow in acute kidney
injury: pathophysiology and potential efficacy of
intrarenal vasodilator therapy. Curr Opin Crit Care.
2009;15(6):514-519.

31. Landoni G, Bove T, Székely A, et al. Reducing
mortality in acute kidney injury patients: systematic
review and international web-based survey.
J Cardiothorac Vasc Anesth. 2013;27(6):1384-1398.

32. Bove T, Monaco F, Covello RD, Zangrillo A.
Acute renal failure and cardiac surgery. HSR Proc
Intensive Care Cardiovasc Anesth. 2009;1(3):13-21.

33. Mathur VS, Swan SK, Lambrecht LJ, et al. The
effects of fenoldopam, a selective dopamine
receptor agonist, on systemic and renal
hemodynamics in normotensive subjects. Crit Care
Med. 1999;27(9):1832-1837.

34. Meco M, Allaz MC, Cirri S. Effects of
fenoldopam mesylate infusion on splanchnic
perfusion after myocardial revascularization on
cardiopulmonary bypass: an ultrasound Doppler
study. J Cardiothorac Vasc Anesth. 2011;25(4):642-
646.

35. Bellomo R, Bagshaw SM. Evidence-based
medicine: classifying the evidence from clinical
trials: the need to consider other dimensions. Crit
Care. 2006;10(5):232.

Fenoldopam for Acute Kidney Injury After Cardiac Surgery Original Investigation Research

jama.com JAMA December 3, 2014 Volume 312, Number 21 2253

Copyright 2014 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023


