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had a similar incidence of comorbidity (Table 1). Nephro-
toxic exposure and clinical phenotype was also similar in
progressors and non-progressors (Table 1). Not surpris-
ingly, the progressor group tended to have more patients
with AKIN stage II, a lower baseline UFR, and a higher
mean cast score prior to FST. In multivariable analyses,
UO response to FST was still statistically associated with
progression to AKIN stage III, even when these variables
were placed into the model (Additional file 1 - Table S4).
The concept of using furosemide to evaluate AKI is not

entirely new. In 1973, Baek and colleagues [26] assessed
15 patients who did not have clinically apparent AKI at
that time, subjected them to a furosemide challenge, and
then evaluated the patients’ free water clearance (CH2O).
They found that CH2O near zero and a poor response to
furosemide signaled that ‘acute renal failure was immi-
nent’. In this modest sized study, the dose of furosemide
was not standardized and the study did not report if the
patients had early stage AKI or any evidence of AKI at all.
Nonetheless, our findings confirm the findings of that ori-
ginal report. Moreover, clinicians regularly give patients
with oliguric AKI a furosemide challenge. However, there

has not been a standardized approach with fluid replace-
ment, early assessment, and appropriate clinical cutoffs to
guide care.
In this study, we have used the FST as a functional test

to predict progressive AKI. Urine biomarkers have been
used previously to predict worsening AKI. The predictive
value of the FST compares favorably with other recent
biomarker studies. Hall and colleagues determined the
ability of urine neutrophil gelatinase associated lipocalin
(NGAL), kidney injury molecule-1 (KIM-1) and IL-18 to
predict worsening AKI (unadjusted AUC values were 0.71,
0.64 and 0.63 respectively) [27]. The TRIBE-AKI consor-
tium found unadjusted AUC values of 0.63 for IL-18, and
0.58 and 0.74 for urinary and plasma NGAL, respectively
[6]. Koyner and colleagues in a separate study found that
π- glutathione S-transferase (GST) predicted progression
to stage III AKI with an AUC of 0.86 [28]. We recently
found that urinary angiotensinogen predicts worsening
AKI with an AUC of 0.70 [17].
Although the findings in this study show good perfor-

mance metrics for the FST, the use of the FST in patients
who are not appropriately resuscitated can be potentially

Figure 2 Urinary output in response to furosemide stress test.
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deleterious. We cannot overemphasize the point that
patients need to be euvolemic before undertaking any type
of furosemide challenge, and that volume replacement is
mandatory in patients who are not obviously volume over-
loaded, as the mean UO in response to the challenge was

over 1.3 L in 6 hours. In addition, the FST should be con-
ducted in an appropriate clinical setting where UO, heart
rate, and blood pressure can be monitored frequently.
The study has several limitations. Since this is a pilot

study, larger more comprehensive studies of the FST are

Table 3 Furosemide stress test receiver operation characteristics for progression to AKIN Stage III
A

Urine output measurement time point ROC AUCs

Cohort 1 Cohort 2 Combined

n = 23 n = 54 n = 77

One hour 0.83 (0.11) 0.82 (0.07) 0.82 (0.05)

Two hours 0.87 (0.09) 0.87 (0.07) 0.87 (0.05)

Three hours 0.84 (0.09) 0.87 (0.07) 0.86 (0.05)

Four hours 0.85 (0.09) 0.87 (0.07) 0.86 (0.05)

Five hours 0.85 (0.09) 0.87 (0.07) 0.85 (0.05)

Six hours 0.85 (0.09) 0.86 (0.07) 0.85 (0.05)

B Furosemide stress test receiver operation characteristics for progression to AKIN stage III or death

Urine output measurement time point ROC AUCs

Cohort 1 Cohort 2 Combined

n = 23 n = 54 n = 77

One hour 0.86 (0.11) 0.74 (0.08) 0.79 (0.06)

Two hours 0.89 (0.09) 0.76 (0.08) 0.81 (0.06)

Three hours 0.87 (0.09) 0.76 (0.08) 0.80 (0.06)

Four hours 0.87 (0.09) 0.76 (0.08) 0.80 (0.06)

Five hours 0.88 (0.09) 0.77 (0.08) 0.81 (0.06)

Six hours 0.87 (0.09) 0.76 (0.08) 0.80 (0.06)

The outcome was Acute Kidney Injury Network (AKIN) stage III only within 14 days of the FST. One hour is the first hour after the furosemide stress test (FST),
two hours is the sum of the first and second hour after the FST. All measurements shown were significant at P <0.01. ROC AUC, receiver operating characteristic
area under the curve.
Primary outcome was Acute Kidney Injury Network (AKIN) stage III or death within 14 days of furosemide stress test (FST). One hour is the first hour after the
FST, two hours is the sum of the first and second hour after the FST. All measurements shown were significant at P <0.01. ROC AUC, receiver operating
characteristic area under the curve; n, number of patients.

Table 4 Sensitivity and specificity of two hour urine thresholds for progression to AKIN stage III
A

Combined cohort
Total urine output over 2 hours Sensitivity Specificity

≤100 ml 90.2% 60.0%

<200 ml 87.1% 84.1%

<300 ml 85.3% 88.0%

<400 ml 66.7% 88.0%

<500 ml 50.5% 88.0%

B Sensitivity and specificity of two hour urine thresholds for progression to AKIN III or death

Combined cohort

Total urine output over two hours Sensitivity Specificity

<100 ml 93.3% 53.2%

<200 ml 90% 74.2%

<300 ml 87.8% 77.4%

<400 ml 66.7% 77.4%

<500 ml 53.3% 77.4%

The primary outcome was Acute Kidney Injury Network (AKIN) stage III within 14 days of the furosemide stress test.
The primary outcome was Acute Kidney Injury Network (AKIN) stage III or death within 14 days of the furosemide stress test.

Chawla et al. Critical Care 2013, 17:R207
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Abstract

Introduction: In the setting of early acute kidney injury (AKI), no test has been shown to definitively predict the
progression to more severe stages.

Methods: We investigated the ability of a furosemide stress test (FST) (one-time dose of 1.0 or 1.5 mg/kg depending
on prior furosemide-exposure) to predict the development of AKIN Stage-III in 2 cohorts of critically ill subjects with
early AKI. Cohort 1 was a retrospective cohort who received a FST in the setting of AKI in critically ill patients as part of
Southern AKI Network. Cohort 2 was a prospective multicenter group of critically ill patients who received their FST in
the setting of early AKI.

Results: We studied 77 subjects; 23 from cohort 1 and 54 from cohort 2; 25 (32.4%) met the primary endpoint of
progression to AKIN-III. Subjects with progressive AKI had significantly lower urine output following FST in each of the
first 6 hours (p<0.001). The area under the receiver operator characteristic curves for the total urine output over the first
2 hours following FST to predict progression to AKIN-III was 0.87 (p = 0.001). The ideal-cutoff for predicting AKI
progression during the first 2 hours following FST was a urine volume of less than 200mls(100ml/hr) with a sensitivity of
87.1% and specificity 84.1%.

Conclusions: The FST in subjects with early AKI serves as a novel assessment of tubular function with robust predictive
capacity to identify those patients with severe and progressive AKI. Future studies to validate these findings are
warranted.

Introduction
Acute kidney injury (AKI) is a clinical syndrome that is
associated with significant morbidity and mortality [1,2].
The incidence of AKI has more than doubled in the past
decade and is projected to continue to increase [3].
Patients with AKI are cared for by a multitude of specia-
lists including, but not limited to: emergency medicine
physicians, internists, pediatricians, surgeons, intensivists,
and nephrologists [4]. Patients who develop AKI often
require renal replacement therapy (RRT), but clinicians
often disagree about the optimal timing of the initiation of
RRT. During the Acute Kidney Injury Network (AKIN)

multi-disciplinary consensus meeting, the question that
was ranked highest was: ‘When should RRT be initiated?’
[4]. RRT is an invasive procedure with inherent risks, and
one would not want to initiate this therapy if the patient
were destined to recover renal function without interven-
tion. However, a more conservative approach of initiating
RRT late in the course of the AKI can subject the patient
to adverse consequences [5]. Thus, if a test could be
devised that predicts the likelihood of progressing to a
more severe stage of AKI, decisions regarding optimal tim-
ing of RRT initiation would be better informed.
Because serum creatinine and oliguria are often late

signs of significant AKI, more sensitive diagnostic tests are
required [6-9]. This clinical need has led to the develop-
ment of multiple candidate AKI biomarkers [6,8-10].
Because AKI biomarker levels change over time depending
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0.7760.04, and 0.860.04, respectively). Using this same clin-
ical model, a plasma NGAL.322 ng/ml predicted a 7.7-fold
increased risk of AKI progression. Similarly, the Southern AKI
Network (SAKInet) measured 32 candidate biomarkers in the
urine of 95 adults who developed AKIN stage 1. In this study,
23 patients (24.2%) developed worsened AKI or died while 13
(13.7%) met the secondary end point of AKIN stage 3 or death.
In the similarly sized study, urinary IL-18 provided an AUC of
0.89 (95% confidence interval, 0.75 to 0.95) for this secondary

end point, with IL-6, cystatinC, KIM-1, andNGAL all providing
AUCs .0.80.11 Similarly, Kashani et al. recently demonstrated
that in a cohort of 744 critically ill patients (mixed medical and
surgical intensive care unit [ICU]), some with Kidney Disease
Improving Global Outcomes (KDIGO) stage 1 AKI and some
with no AKI, TIMP23IGFBP-7 measured early in the ICU
course (at study enrollment) predicted who would develop
KDIGO stage 2 or 3 AKI within the subsequent 12 hours
(AUC, 0.80). When these biomarkers were analyzed separately

Table 4. AUCs for prediction of inpatient mortality

Biomarker AUC6SEM
P Value for

Biomarker Alone

P Value
Compared With

FST alone

AUC of Biomarker
and FST6SEM

P Value for Biomarker
and FST Compared
With FST Alone

FST (2-hr UOP) 0.7060.09 0.02 NA NA NA
Urine NGAL 0.6660.08 0.06 0.82 0.7160.08 0.64
Urine IL-18 0.5760.09 0.40 0.30 0.6360.09 0.55
Urine KIM-1 0.6860.07 0.04 0.90 0.7060.08 0.81
Uromodulin 0.5260.08 0.79 0.18 0.6560.08 0.71
Urine IGFBP-7 0.6560.11 0.19 0.48 0.6660.11 0.45
Urine TIMP-2 0.5860.12 0.47 0.78 0.6260.12 0.60
Urine IGFBP-73TIMP-2 0.6460.11 0.22 0.46 0.6660.12 0.36
Urine creatinine 0.4260.07 0.37 0.38 0.6560.07 0.75
Urine ACR 0.4760.09 0.68 0.10 0.6160.10 0.46
FeNa 0.4160.08 0.31 0.04 0.6660.08 0.76
Plasma NGAL 0.4360.11 0.55 0.34 0.5660.11 0.94
NA, not applicable; ACR, albumin-to-creatinine ratio.

Table 5. Prediction of the composite of AKIN stage 3 and death

Biomarker AUC6SEM
P Value for

Biomarker Alone
P Value Compared
With FST alone

AUC of Biomarker
and FST6SEM

P Value for Biomarker
and FST Compared
With FST Alone

FST (2-hr UOP) 0.8160.06 ,0.0001 NA NA NA
Urine NGAL 0.6960.06 0.006 0.07 0.8260.06 0.89
Urine IL-18 0.6360.07 0.07 0.009 0.8260.06 0.87
Urine KIM-1 0.6460.06 0.04 0.04 0.8260.06 0.81
Uromodulin 0.5460.07 0.58 0.004 0.8560.06 0.31
Urine IGFBP-7 0.6560.08 0.07 0.19 0.7960.08 0.80
Urine TIMP-2 0.6660.08 0.06 0.18 0.8060.08 0.75
Urine IGFBP-73TIMP-2 0.6860.08 0.03 0.27 0.7860.08 0.93
Urine Creatinine 0.5460.07 0.56 0.007 0.8360.06 0.23
Urine ACR 0.5060.07 0.96 0.002 0.8260.06 0.32
FeNa 0.4960.07 0.84 0.009 0.8060.06 0.31
Plasma NGAL 0.6960.08 0.03 0.27 0.8060.08 0.76
NA, not applicable; ACR, albumin-to-creatinine ratio.

Table 6. Prediction of patient outcomes by FST in patients with elevated biomarker levels

Variable
Urine NGAL>150 ng/ml (n=44) Urine TIMP-23IGFBP-7>0.3 (n=32)

Patients, n (%) AUC6SEM P Value Patients, n AUC6SEM P Value

Progression to AKIN stage 3 19 (43.2) 0.866(0.06 ,0.001 11 (34.4) 0.9060.06 ,0.001
Receipt of inpatient RRT 7 (15.9) 0.9160.06 ,0.001 4 (12.5) 0.9160.08 0.009
Inpatient death 12 (27.3) 0.726(0.10 0.03 5 (15.6) 0.5360.19 0.85
Progression to AKIN stage 3 or inpatient death 24 (54.5) 0.8960.06 ,0.001 14 (43.8) 0.8160.10 0.003
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ABSTRACT
Clinicians have access to limited tools that predict which patients with early AKI will progress to more
severe stages. In early AKI, urine output after a furosemide stress test (FST), which involves intravenous
administration of furosemide (1.0 or 1.5mg/kg), can predict the development of stage 3AKI.Wemeasured
several AKI biomarkers in our previously published cohort of 77 patients with early AKI who received an
FST and evaluated the ability of FST urine output and biomarkers to predict the development of stage
3 AKI (n=25 [32.5%]), receipt of RRT (n=11 [14.2%]), or inpatient mortality (n=16 [20.7%]). With an area
under the curve (AUC)6SEM of 0.8760.09 (P,0.0001), 2-hour urine output after FST was significantly
better than each urinary biomarker tested in predicting progression to stage 3 (P,0.05). FST urine output
was the only biomarker to significantly predict RRT (0.8660.08; P=0.001). Regardless of the end point,
combining FST urine output with individual biomarkers using logistic regression did not significantly improve
risk stratification (DAUC, P.0.10 for all). When FST urine output was assessed in patients with increased
biomarker levels, the AUC for progression to stage 3 improved to 0.9060.06 and the AUC for receipt of RRT
improved to 0.9160.08. Overall, in the setting of early AKI, FST urine output outperformed biochemical
biomarkers for prediction of progressive AKI, need for RRT, and inpatient mortality. Using a FST in patients
with increased biomarker levels improves risk stratification, although further research is needed.

J Am Soc Nephrol 26: 2023–2031, 2015. doi: 10.1681/ASN.2014060535

AKI is the most common reason for inpatient ne-
phrology consultation and carries an increased risk
for morbidity and mortality.1–3 Despite a dramatic
increase in the incidence of AKI over the last decade,
physicians still lack the clinical tools to determine the
likelihood of AKI progression (defined as a worsening
of AKI stage, such as progressing from stage 1 to stage
2 or 3) for those with early AKI.4 Improving patient
risk stratification will be crucial as therapeutic trials
aim to enroll patientswith earlyAKIwho are at highest
risk for RRTor inpatient death.5 In addition, the past
decade has seen an explosion of studies seeking to

discover new biomarkers of AKI.6,7 In patients with
early AKI (e.g., stage 1), several biomarkers of AKI,
including plasma neutrophil gelatinase-associated
lipocalin (NGAL), urinary IL-18, tissue inhibitor of
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• Désobstruction	tubulaire
(Bayataiet,	Acta	Physiologica Scandinavica,	1990)

• Augmentation	de	l’oxygénation	de	la	médullaire	rénale
(Kramer,	Kidney Int,	1980)

• Baisse	de	la	vasoconstriction	rénale	(prostaglandines)
(Mac	KAY,	British	Journal		of	Clinial Pharmacology,	1984)
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Effects of furosemide

Table 3 summarizes the effects of furosemide on hemo-
dynamic and renal variables. Furosemide induced a 10–
12% decrease in CO (P<0.001), an 11% decrease in
pulmonary capillary wedge pressure (P<0.01), and an
18% decrease in CVP (P<0.001). MAP and heart rate did
not change significantly during furosemide infusion,
while SVR increased by 12–15% (P<0.01). Neither RBF
nor RVR was significantly affected by furosemide. GFR
decreased by 12%. TRNa decreased by 26–31% (P<
0.001), accompanied by 10- and 15-fold increases in
urine flow and FENa, respectively (P<0.001). RVO2 de-

creased by 18–29% (P<0.001) and renal oxygen extrac-
tion by 20%. RVO2 was positively correlated to tubular
sodium reabsorption (R2=0.64, P<0.001). Tubular sodi-
um reabsorption and RVO2 were both positively corre-
lated to GFR (R2=0.90, P<0.001; R2=0.62, P<0.001, re-
spectively).

Discussion

It is well-known that tubular sodium reabsorption is a
major determinant of RVO2 [27, 28]. Positive correlations
between GFR and tubular sodium reabsorption and be-

Table 2 Effects of h-ANP on
hemodynamic and renal vari-
ables (C1 first control period
before h-ANP, C2 second con-
trol period before h-ANP,
h-ANP 25 h-ANP infusion at a
rate of 25 ng/kg per minute,
h-ANP 50 h-ANP infusion at a
rate of 50 ng/kg per minute, CO
cardiac output, MAP mean ar-
terial pressure, PCWP pulmo-
nary capillary wedge pressure,
CVP central venous pressure,
SVR systemic vascular resis-
tance, HR heart rate, RBF renal
blood flow, GFR glomerular
filtration rate, FF filtration
fraction, RVR renal vascular
resistance, reab reabsorption,
FE Na fractional excretion of
sodium, RVO2 renal vascular
oxygen consumption, O2 ex-
tractionrenal renal oxygen ex-
traction)

C1 C2 h-ANP 25 h-ANP 50

CO (l min!1) 4.5€1.1 4.5€1.0 4.7€1.1 5.0€1.2*
MAP (mmHg) 85.1€6.9 86.0€8.3 79.3€11.0* 74.3€9.1***
PCWP (mmHg) 13.0€4.3 12.8€4.3 12.9€4.0 13.0€3.7
CVP (mmHg) 10.5€2.8 10.2€3.6 9.9€2.6 10.1€2.2
SVR (dyne s!1 cm!5) 1399.9€331.1 1384.8€270.4 1246.8€352.7* 1085.4€336.2***
HR (beats min!1) 73.6€13.3 74.2€13.5 74.4€12.7 75.1€11.5
RBF (ml min!1) 739.4€240.3 694.5€202.1 623.2€165.9** 655.8€180.9*
GFR (ml min!1) 85.2€27.6 88.4€24.3 90.1€24.3 97.3€23.5***
FF (%) 17.9€3.3 19.6€3.3 22.5€3.7*** 23.3€5.0***
RVR (mmHg ml!1 min!1) 0.11€0.05 0.12€0.04 0.12€0.05 0.11€0.05
Sodium reab.
(mmol min!1)

12.2€4.0 12.4€3.3 12.4€3.1 13.3€3.2**

FE Na (%) 3.0€1.5 2.7€1.4 4.7€2.6 5.4€4.1*
Urine flow (ml min!1) 3.3€1.4 2.8€1.4 4.4€1.8* 4.7€2.5*
RVO2 (ml min!1) 9.8€2.9 10.1€2.8 12.0€2.9*** 13.0€2.9***
O2 extractionrenal (%) 8.8€2.3 9.6€2.2 12.6€2.7*** 13.3€2.8***
PAH extraction 0.88€0.05 0.87€0.07 0.88€0.07 0.88€0.07

* P<0.05, ** P<0.01, *** P<0.001

Table 3 Effects of furosemide
on hemodynamic and renal
variables (C1 first control peri-
od before furosemide, C2 sec-
ond control period before fu-
rosemide, Furo 1 first mea-
surement period of furosemide
infusion 0.5 mg/kg per hour,
Furo 2 second measurement
period of furosemide infusion
0.5 mg/kg per hour, CO cardiac
output, MAP mean arterial
pressure, PCWP pulmonary
capillary wedge pressure, CVP
central venous pressure, SVR
systemic vascular resistance,
HR heart rate, RBF renal blood
flow, GFR glomerular filtration
rate, FF filtration fraction, RVR
renal vascular resistance, reab
reabsorption, FE Na fractional
excretion of sodium, RVO2 re-
nal vascular oxygen consump-
tion, O2 extractionrenal renal
oxygen extraction)

C1 C2 Furo 1 Furo 2

CO (l min!1) 5.6€1.8 5.7€1.7 5.0€1.6*** 5.1€1.5***
MAP (mmHg) 80.2€6.6 79.2€6.9 76.3€8.8 80.6€6.6
PCWP (mmHg) 16.0€4.1 16.3€4.1 14.2€3.9*** 14.4€3.2**
CVP (mmHg) 11.5€3.9 11.6€3.7 9.5€2.9*** 9.5€3.1***
SVR (dyne s cm!5) 1046.3€260.0 1021.1€313.7 1161.4€387.0* 1187.1€325.9**
HR (beats min!1) 76.2€10.7 76.3€10.0 77.2€9.6 76€9.3
RBF (ml min-1) 802.4€338.0 807.1€376.6 767.4€294.3 779.1€325.0
GFR (ml min-1) 89.1€25.5 90.5€25.8 79.5€20.4*** 78.5€19.2***
FF (%) 17.3€3.1 17.5€3.7 16.4€3.6 16.1€4.0*
RVR
(mmHg ml!1 min!1)

0.096€0.031 0.096€0.033 0.100€0.043 0.105€0.041

Sodium reab.
(mmol min!1)

12.0€3.5 12.3€3.5 8.4€2.7*** 7.7€2.2***

FE Na (%) 1.8€1.4 1.5€0.9 24.9€6.0*** 29.4€5.4***
Urine flow (ml min!1) 2.4€1.2 2.1€0.8 20.3€5.0*** 23.3€5.5***
RVO2 (ml min!1) 11.1€4.0 10.6€3.0 8.9€3.1** 7.9€3.4***
O2 extractionrenal (%) 10.5€4.3 10.8€4.1 8.6€2.7* 8.5€5.2*
PAH extraction 0.83€0.08 0.83€0.07 0.85€0.04 0.84€0.07

* P<0.05, ** P<0.01, *** P<0.001
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Abstract Objective: Imbalance in
the renal medullary oxygen supply/
demand relationship can cause hyp-
oxic medullary damage and ischemic
acute renal failure. Human atrial
natriuretic peptide (h-ANP) increases
glomerular filtration rate in clinical
acute renal failure. This would in-
crease renal oxygen consumption due
to increased tubular load of sodium.
Loop diuretics are commonly used in
acute renal failure. Data on the ef-
fects of loop diuretics on glomerular
filtration rate and renal oxygen con-
sumption in humans are, however,
controversial. We evaluated the ef-
fects of h-ANP and furosemide on
renal oxygen consumption, glomeru-
lar filtration rate, and renal hemody-
namics in humans. Design and set-
ting: Prospective two-agent inter-
ventional study in a university hos-
pital cardiothoracic ICU Patients:
Nineteen uncomplicated, mechani-
cally ventilated postcardiac surgery
patients with normal renal function.
Interventions: h-ANP (25 and 50 ng/
kg per minute, n=10) or furosemide
(0.5 mg/kg per hour, n=9) Measure-
ments and results: Renal plasma flow
and glomerular filtration rate were
measured using the infusion clear-
ance technique for 51Cr-labeled
EDTA and paraaminohippurate, cor-

rected for by renal extraction of PAH.
h-ANP increased glomerular filtra-
tion rate, renal filtration fraction,
fractional excretion of sodium, and
urine flow. This was accompanied by
an increase in tubular sodium reab-
sorption (9%) and renal oxygen con-
sumption (26%). Furosemide infusion
caused a 10- and 15-fold increase in
urine flow and fractional excretion of
sodium, respectively, accompanied
by a decrease in tubular sodium re-
absorption (–28%), renal oxygen
consumption (–23%), glomerular fil-
tration rate and filtration fraction
(–12% and #7%, respectively). Con-
clusions: The filtered load of sodium
is an important determinant of renal
oxygen consumption. h-ANP im-
proves glomerular filtration rate but
does not have energy-conserving tu-
bular effects. In contrast, furosemide
decreases tubular sodium reabsorp-
tion and renal oxygen consumption
and thus has the potential to improve
the oxygen supply/demand relation-
ship in clinical ischemic acute renal
failure.

Keywords Human atrial natriuretic
peptide · Furosemide · Glomerular
filtration rate · Renal oxygen
consumption · Sodium reabsorption
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(χ2 P = 0.5; I2 = 0), or publication bias by either Egger’s test
(coefficient = 0.4; P = 0.5) or funnel plot asymmetry.

Need for renal replacement therapy
Renal replacement therapy was received by 85% (474/555)
of enrolled patients (Table 4). The predominant modality of
RRT was conventional intermittent haemodialysis, in 78%
(n = 371), whereas 20% (n = 95) received continuous or

daily intermittent haemodialysis, and 2% (n = 8) received
peritoneal dialysis.

It should be emphasised that, in two of the five trials, all
patients were already receiving RRT at the time of randomi-
sation,29,35 while in another trial, 85% received RRT,
although the timing of initiation and what proportion were
allocated to loop diuretic or control were not specified.37

Thus, the need for RRT after enrolment could be formally
assessed in only two of the five trials, one of which used
peritoneal dialysis alone.36

In those two studies, RRT was received by 37% (41/112).
There was a reduced odds for receiving RRT with loop
diuretics compared with control, but the pooled OR was not
statistically significant (OR, 0.50; 95% CI, 0.23–1.10; P =
0.09).30,36 Further, these trials showed evidence of statistical
heterogeneity (χ2 P = 0.04; I2 = 77%). One trial reported a
lack of significant statistical difference in the time to
initiation of RRT (5.2 days for loop versus 2.8 days for
placebo, P = 0.35), despite an apparent > 2 day difference in
delay in those receiving loop diuretics.30

Renal recovery
The definitions of renal recovery differed between trials.
Only two trials reported the proportion of patients recov-
ering renal function.30,35 In these trials, renal recovery was
defined as a spontaneous decrease in serum creatinine
level independent from RRT.30,35 The odds of renal recovery
was slightly lower in patients receiving loop diuretics
compared with control, but the resulting pooled OR was
not statistically different (OR, 0.88; 95% CI, 0.59–1.31;
P = 0.5). There was no evidence of statistical heterogeneity
(χ2 P = 0.9; I2 = 0).

However, loop diuretics were associated with a shorter time
to spontaneous decline in either serum creatinine30 or urea37

level, or a reduction in serum creatinine level to <200µmol/L35

compared with the control (weighted mean difference, −2.1
days; 95% CI, −0.4 to −3.7 days; P=0.01). There was no
evidence of statistical heterogeneity (χ2 P=0.9).

Additionally, loop diuretics were associated with a shorter
duration of RRT (weighted mean difference, −1.4 days;
95% CI, −0.2 to −2.3 days; P = 0.02) compared with
control.30,35 There was no evidence of statistical heterogene-
ity (χ2 P = 0.12). Two trials also reported fewer sessions of
RRT with loop diuretics compared with control (5.0–5.5
sessions for loop diuretics versus 6.1–8.0 sessions for
control).29,37

Secondary outcomes
Both the definition and method of measuring urinary
output varied across trials. Loop diuretics were associated
with an increase in urine output, defined as diuresis ! 400–
500 mL/day, when compared with control (OR, 2.6; 95% CI,

Figure 3. Forest plot for urine output associated 
with loop diuretics compared with control from 
three randomised controlled trials

  Odds ratio
 Favours control                Favours diuretics

 0.05  0.1  0.25  0.5  1  2  4  8

 Study Odds ratio (95% CI)   % Weight

 Cantarovich (1971)   1.57 (0.43 − 5.75)    29.7% 

 Kleinknecht (1976)   1.96 (0.62 − 6.21) 34.8% 

 Shilliday (1997)   3.99 (1.49 − 10.66) 35.5% 

 Overall   2.56 (1.35 − 4.85) 100.0% 

Figure 2. Forest plot for mortality associated with 
loop diuretics compared with control from four 
randomised controlled trials

  Odds ratio
 Favours diuretics                Favours control

 0.05  0.1  0.25  0.5  1  2  4  8

 Study Odds ratio (95% CI)   %  Weight

 Cantarovich (1971)   0.68 (0.19 − 2.44) 10.9% 

 Kleinknecht (1976)   1.14 (0.42 − 3.08) 14.0% 

 Shilliday (1997)   2.10 (0.86 − 5.12) 12.6% 

 Cantarovich (2004)   1.26 (0.79 −  1.99) 62.5% 

 Overall   1.28 (0.89 − 1.84) 100.0% 
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Acute renal failure (ARF) affects an estimated 6% of
patients admitted to intensive care1 and is associated with
increased morbidity, mortality and utilisation of health
resources.2-5 The use of diuretics is common practice — in
about 60% of critically ill patients with ARF.6

Frusemide and other loop diuretics can reduce oxygen
demand in the medullary thick ascending loop of Henle
by inhibiting the Na+/K+/Cl– pump on the luminal cell
membrane surface. Thus, timely administration of loop
diuretics might attenuate renal injury and reduce the
severity of ARF.7,8 Similarly, loop diuretics may have
additional benefit in patients with ARF by increasing urine
output and thereby facilitating fluid, acid–base and potas-
sium control.

Numerous small, clinical studies of loop diuretics for the
treatment of ARF have been reported without consistent
clinical benefits.9-20 Moreover, two large observational
studies in critically ill patients have reported discrepant
findings on the effect of loop diuretics on mortality and
renal recovery after ARF.6,21 A recent meta-analysis con-
cluded that frusemide was not associated with any signifi-
cant clinical benefit and perhaps increased risk of harm.22

Unfortunately, this meta-analysis included studies where
frusemide was administered to both prevent and treat
ARF, and one study where frusemide was given to both
the treatment and control groups. Further, it included
duplicated control data from a study with three treatment
groups, and estimated the rates of toxicity in another.
Consequently, evidence on the role of diuretics in the
management of ARF, in particular in critically ill patients,
remains uncertain.

In an attempt to overcome the above limitations and as
part of a larger initiative to understand the therapeutic
role of loop diuretics in the management of ARF, we
conducted an up-to-date systematic review and meta-
analysis. We assessed the impact of loop diuretics on
mortality, need for renal replacement therapy and renal
recovery after ARF. We also examined the effect of loop
diuretics on physiological variables, such as urine output,
duration of ARF or renal replacement therapy (RRT),
hospital length of stay, and the occurrence of toxicity.
Finally, we applied a critical care perspective to the current
literature on the use of loop diuretics in the management
of ARF.

ABSTRACT

Background:  Loop diuretics are commonly used in critically 
ill patients with acute renal failure (ARF), but their effect on 
clinical outcome remains uncertain. We systematically 
reviewed the literature comparing loop diuretics with control 
in the management of ARF.
Methods:  Studies were identified by search of MEDLINE, 
EMBASE, and the Cochrane Controlled Clinical Trials Register, 
and review of proceedings from selected scientific meetings 
and clinical trial registries, and bibliographies of retrieved 
citations. We selected randomised controlled trials (RCTs) 
comparing loop diuretics with control in patients with ARF. Data 
were extracted in duplicate by two independent reviewers on 
study characteristics, quality and outcomes. Primary outcomes 
were mortality, need for renal replacement therapy (RRT) and 
renal recovery. Secondary outcomes were change to urine 
output, serum potassium level and acid–base status, duration 
of ARF or RRT, length of hospital stay and toxicity.
Results:  Of 62 studies reviewed, five RCTs, enrolling 555 
patients, were eligible and analysed. These trials enrolled a 
mix of patients, but only two included critically ill patients. 
Overall trial quality was low. There was no statistical difference 
in mortality (odds ratio [OR], 1.28; 95% CI, 0.89–1.84; P =
0.18) or renal recovery (OR, 0.88; 95% CI, 0.59–1.31; P =0.5) 
with use of loop diuretics compared with control. However, 
loop diuretics were associated with a shorter duration of RRT 
(weighted mean difference, −1.4 days; 95% CI, −0.2 to −2.3 
days; P = 0.02), shorter time to spontaneous decline in serum 
creatinine level (weighted mean difference, −2.1 days; 95% 
CI, −0.4 to −3.7 days; P =0.01) and a greater increase in urine 
output from baseline (OR, 2.6; 95% CI, 1.4–4.9; P= 0.004). 
Insufficient data were available on acid–base status, hospital 
length of stay or health costs. Four studies reported toxicity, 
most commonly transient tinnitus and deafness.
Conclusions:  Loop diuretics were not associated with 
improved mortality or rate of independence from RRT, but 
were associated with shorter duration of RRT and increased 
urine output. However, these findings have limited relevance 
to critically ill patients. The relative paucity of high-quality data 
assessing the value of loop diuretics in ARF for the critically ill 

Crit Care Resusc 2007; 9: 60–68

suggests a need for a suitably powered randomised trial.

Loop diuretics in the management of acute renal failure: 
a systematic review and meta-analysis

Sean M Bagshaw, Anthony Delaney, Michael Haase,
William A Ghali and Rinaldo Bellomo



used to prevent or to treat acute renal failure no significant dif-
ference was found on the effects of mortality (relative risk ratio
2.10, 95 confidence interval 0.67 to 6.63, P = 0.20) and the
proportion of patients requiring dialysis (4.12, 0.46 to 37.2,
P = 0.21). High dose frusemide (range 1-3.4 g daily) was
associated with a suggestion of an increased risk of temporary
deafness and tinnitus (relative risk 3.97, 95% confidence interval
1.00 to 15.78, P = 0.05, I2 = 0%; fig 4). The length of hospital stay

was reported in two preventive studies.w1 w2 Frusemide treatment
was associated with an increase in hospital stay (weighted mean
difference 3.57 days, 95% confidence interval 0.02 to 7.12,
P = 0.049, I2 = 0%). None of the studies reported a formal cost
effectiveness analysis. The funnel plot showed a small possibility
of publication bias, with absence of small studies showing a
reduction in mortality after frusemide treatment (fig 5).

Frusemide to prevent acute deterioration in renal function
Hagerw2

Lassniggw1

Subtotal (95% CI)
Total events: 10 (frusemide), 4 (placebo)
Test for heterogeneity: χ2=0.31, df=1, P=0.58, I 2=0%
Test for overall effect: z=1.46, P=0.15

Frusemide to treat acute renal failure
Brownw6

Cantarovichw7

Cantarovichw9

Cantarovichw9

Kleinknechtw5

Shillidayw4

Subtotal (95% CI)
Total events: 125 (frusemide), 109 (placebo)
Test for heterogeneity: χ2=1.46, df=5, P=0.92, I 2=0%
Test for overall effect: z=0.85, P=0.39

Total (95% CI)
Total events: 135 (frusemide), 113 (placebo)
Test for heterogeneity: χ2=3.53, df=7, P=0.83, I 2=0%
Test for overall effect: z=1.08, P=0.28
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4/41
103

18/28
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1.11 (0.92 to 1.33)

Frusemide to prevent acute deterioration in renal function
Hagerw2

Lassniggw1

Solomonw3

Subtotal (95% CI)
Total events: 3 (frusemide), 0 (placebo)
Test for heterogeneity: χ2=0.03, df=1, P=0.86, I 2=0%
Test for overall effect: z=1.27, P=0.21

Frusemide to treat acute renal failure
Brownw6
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Total events: 70 (frusemide), 77 (placebo)
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Total (95% CI)
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Fig 2 Effect of frusemide on in-hospital mortality and proportion of patients requiring renal replacement therapy or dialysis
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Meta-analysis of frusemide to prevent or treat acute renal failure
Kwok M Ho, David J Sheridan

Abstract
Objective To investigate the potential beneficial and adverse
effects of frusemide to prevent or treat acute renal failure in
adults.
Design Meta-analysis of randomised controlled trials.
Data sources Cochrane controlled trials register (2005 issue 4),
Embase, and Medline (1966 to 1 February 2006), without
language restrictions.
Review methods Two reviewers checked the quality of the
studies and independently extracted data.
Results Nine randomised controlled trials totalling 849 patients
with or at risk of acute renal failure were included. Outcome
measures not significantly different after frusemide treatment
were in-hospital mortality (relative risk 1.11, 95% confidence
interval 0.92 to 1.33), risk for requiring renal replacement
therapy or dialysis (0.99, 0.80 to 1.22), number of dialysis
sessions required (weight mean difference − 0.48 sessions,
− 1.45 to 0.50), and proportion of patients with persistent
oliguria (urine output < 500 ml/day: 0.54, 0.18 to 1.61).
Stratifying studies that used frusemide to prevent or treat acute
renal failure did not change the results on mortality (relative
risk ratio 2.10, 95% confidence interval 0.67 to 6.63) and the
risk for requiring dialysis (4.12, 0.46 to 37.2). Evidence
suggested an increased risk of temporary deafness and tinnitus
in patients treated with high doses of frusemide (relative risk
3.97, 95% confidence interval 1.00 to 15.78).
Conclusions Frusemide is not associated with any significant
clinical benefits in the prevention and treatment of acute renal
failure in adults. High doses may be associated with an
increased risk of ototoxicity.

Introduction
Acute renal failure is associated with a significant risk of mortal-
ity and morbidity.1 The causes of acute renal failure include sep-
sis, hypovolaemia, pre-existing renal impairment, and nephro-
toxins such as aminoglycoside antibiotics and radiological
contrast agents.1 2

Loop diuretics reduce the energy requirement of the cells of
the thick limb of the loop of Henle by inhibiting the
sodium-chloride-potassium pump in the luminal cell mem-
brane. They have also been shown to reduce renal medullary
damage during hypoxic conditions in isolated perfused kidney.3 4

Non-oliguric acute renal failure is associated with a better prog-
nosis than oliguric acute renal failure.5 Some clinicians therefore
use high doses of loop diuretics to convert oliguric renal failure
to non-oliguric renal failure to facilitate fluid and electrolyte
management and to reduce the need for dialysis. Nevertheless,
several small randomised controlled studies evaluating the use of
frusemide to either prevent or treat acute renal failure have pro-

duced negative results.w1-w4 Furthermore, the use of diuretics for
acute renal failure has also been associated with an increased risk
of non-recovery of renal function and mortality.6

No large randomised controlled trials or meta-analyses have
evaluated the role of frusemide in acute renal failure. Frusemide
is frequently used to facilitate fluid and electrolyte management
of acute renal failure in many institutions,2 yet its potential ben-
efits, adverse effects, and cost effectiveness to prevent or treat
acute renal failure remain uncertain. We carried out a
meta-analysis to assess the potential beneficial and harmful
effects of frusemide in acute renal failure and whether effects
differ when used to prevent or to treat acute renal failure.

Methods
We searched the Cochrane controlled trials register (2005 issue
4), Embase, and Medline (1966 to 1 February 2006) for
randomised controlled clinical trials comparing frusemide with
placebo in adults using the exploded MeSH terms “frusemide”,
“furosemide”, “loop diuretic”, or “lasix” with “renal failure”, “renal
impairment”, “dialysis”, “renal support”, “hemodiafiltration”,
“hemofiltration”, “hemodialysis”, or “renal replacement therapy”.
We also included studies of single dose frusemide compared with
prolonged continuous infusion. We excluded studies comparing
two different modes of frusemide administration such as regular
boluses with continuous infusions. As the causes and treatment
of acute renal failure in children differ from those in adults we
excluded studies of children only.

The search was further limited to clinical trials, letters, and
randomised controlled trials. We also searched the reference lists
of related reviews and original articles for relevant trials. To
ensure that all suitable studies were included we also searched
the websites of the International Network of Agencies of Health
Technology Assessment and International Society of Technology
Assessment in Health Care. We found no studies published that
were not in English.

Two reviewers (KMH, DJS) independently examined the titles
and abstracts of all identified trials to confirm fulfilment of inclu-
sion criteria. They recorded the trial characteristics and
outcomes independently, using a predesigned data abstraction
form. This form was used to record information on the quality of
the trial such as allocation concealment, method of randomisa-
tion, blinding, and inclusion and exclusion criteria. The Jadad
scale was used to score study quality (range 0-5, higher scales
indicating better quality)7 but the component that constituted the
quality of the study including blinding, allocation concealment,
and intention to treat analysis were also described. Grading of

References w1-w22 are on bmj.com
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used to prevent or to treat acute renal failure no significant dif-
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Abstract
Objective To investigate the potential beneficial and adverse
effects of frusemide to prevent or treat acute renal failure in
adults.
Design Meta-analysis of randomised controlled trials.
Data sources Cochrane controlled trials register (2005 issue 4),
Embase, and Medline (1966 to 1 February 2006), without
language restrictions.
Review methods Two reviewers checked the quality of the
studies and independently extracted data.
Results Nine randomised controlled trials totalling 849 patients
with or at risk of acute renal failure were included. Outcome
measures not significantly different after frusemide treatment
were in-hospital mortality (relative risk 1.11, 95% confidence
interval 0.92 to 1.33), risk for requiring renal replacement
therapy or dialysis (0.99, 0.80 to 1.22), number of dialysis
sessions required (weight mean difference − 0.48 sessions,
− 1.45 to 0.50), and proportion of patients with persistent
oliguria (urine output < 500 ml/day: 0.54, 0.18 to 1.61).
Stratifying studies that used frusemide to prevent or treat acute
renal failure did not change the results on mortality (relative
risk ratio 2.10, 95% confidence interval 0.67 to 6.63) and the
risk for requiring dialysis (4.12, 0.46 to 37.2). Evidence
suggested an increased risk of temporary deafness and tinnitus
in patients treated with high doses of frusemide (relative risk
3.97, 95% confidence interval 1.00 to 15.78).
Conclusions Frusemide is not associated with any significant
clinical benefits in the prevention and treatment of acute renal
failure in adults. High doses may be associated with an
increased risk of ototoxicity.

Introduction
Acute renal failure is associated with a significant risk of mortal-
ity and morbidity.1 The causes of acute renal failure include sep-
sis, hypovolaemia, pre-existing renal impairment, and nephro-
toxins such as aminoglycoside antibiotics and radiological
contrast agents.1 2

Loop diuretics reduce the energy requirement of the cells of
the thick limb of the loop of Henle by inhibiting the
sodium-chloride-potassium pump in the luminal cell mem-
brane. They have also been shown to reduce renal medullary
damage during hypoxic conditions in isolated perfused kidney.3 4

Non-oliguric acute renal failure is associated with a better prog-
nosis than oliguric acute renal failure.5 Some clinicians therefore
use high doses of loop diuretics to convert oliguric renal failure
to non-oliguric renal failure to facilitate fluid and electrolyte
management and to reduce the need for dialysis. Nevertheless,
several small randomised controlled studies evaluating the use of
frusemide to either prevent or treat acute renal failure have pro-

duced negative results.w1-w4 Furthermore, the use of diuretics for
acute renal failure has also been associated with an increased risk
of non-recovery of renal function and mortality.6

No large randomised controlled trials or meta-analyses have
evaluated the role of frusemide in acute renal failure. Frusemide
is frequently used to facilitate fluid and electrolyte management
of acute renal failure in many institutions,2 yet its potential ben-
efits, adverse effects, and cost effectiveness to prevent or treat
acute renal failure remain uncertain. We carried out a
meta-analysis to assess the potential beneficial and harmful
effects of frusemide in acute renal failure and whether effects
differ when used to prevent or to treat acute renal failure.

Methods
We searched the Cochrane controlled trials register (2005 issue
4), Embase, and Medline (1966 to 1 February 2006) for
randomised controlled clinical trials comparing frusemide with
placebo in adults using the exploded MeSH terms “frusemide”,
“furosemide”, “loop diuretic”, or “lasix” with “renal failure”, “renal
impairment”, “dialysis”, “renal support”, “hemodiafiltration”,
“hemofiltration”, “hemodialysis”, or “renal replacement therapy”.
We also included studies of single dose frusemide compared with
prolonged continuous infusion. We excluded studies comparing
two different modes of frusemide administration such as regular
boluses with continuous infusions. As the causes and treatment
of acute renal failure in children differ from those in adults we
excluded studies of children only.

The search was further limited to clinical trials, letters, and
randomised controlled trials. We also searched the reference lists
of related reviews and original articles for relevant trials. To
ensure that all suitable studies were included we also searched
the websites of the International Network of Agencies of Health
Technology Assessment and International Society of Technology
Assessment in Health Care. We found no studies published that
were not in English.

Two reviewers (KMH, DJS) independently examined the titles
and abstracts of all identified trials to confirm fulfilment of inclu-
sion criteria. They recorded the trial characteristics and
outcomes independently, using a predesigned data abstraction
form. This form was used to record information on the quality of
the trial such as allocation concealment, method of randomisa-
tion, blinding, and inclusion and exclusion criteria. The Jadad
scale was used to score study quality (range 0-5, higher scales
indicating better quality)7 but the component that constituted the
quality of the study including blinding, allocation concealment,
and intention to treat analysis were also described. Grading of
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Sensitivity analyses
The magnitude and significance of the results were not changed
after excluding one study that used a single bolus of frusemide in
the control groupw6 or studies without adequate allocation
concealment.w4-w6 w8 w9

Discussion
Meta-analysis showed that frusemide is not effective in the
prevention and treatment of acute renal failure in adults. Fruse-

mide did not reduce in-hospital mortality, the requirement for
dialysis, the number of dialysis sessions required until recovery of
renal function, the proportion of patients remaining oliguric
(urine output < 500 ml/day), and the length of hospital stay.
Furthermore, high doses may be associated with an increased
risk of ototoxicity.

Frusemide has been shown to reduce renal tubular damage
in experimental settings and as such has been widely used to
prevent or treat acute renal failure. It has been argued that fruse-
mide, especially at high doses, may convert oliguric acute renal

Brownw6

Cantarovichw7

Cantarovichw9

Cantarovichw9

Kleinknechtw5

Shillidayw4

Total (95% CI)
Test for heterogeneity: χ2=0.18, df=3, P=0.98, I 2=0%
Test for overall effect: z=0.96, P=0.34

10
166
19
15
20
32

262

Study or subcategory No of
participants

6.21 (2.81)
6.50 (5.40)
6.80 (NA)
2.80 (NA)

5.50 (3.22)
13.40 (13.70)

Frusemide
mean (SD)

12
164
13
13
22
30
254

No of
participants

7.13 (3.64)
6.90 (5.30)
8.80 (NA)
8.80 (NA)

6.09 (5.39)
13.20 (10.70)

Control
mean (SD)

13.01
71.04

13.40
2.55

100.00

Weight
(%)

-0.92 (-3.62 to 1.78)
-0.40 (-1.55 to 0.75)

Not estimable
Not estimable

-0.59 (-3.25 to 2.07)
0.20 (-5.90 to 6.30)
-0.48 (-1.45 to 0.50)
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(random effect) (95% CI)
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frusemide

Favours
control

Fig 3 Number of dialysis sessions required after frusemide or control treatments. NA=not available

Patients who remained oliguric
Brownw6

Cantarovichw8
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Kleinknechtw5

Total (95% CI)
Total events: 44 (treatment), 69 (control)
Test for heterogeneity: χ2=32.63, df=3, P<0.0001, I 2=90.8%
Test for overall effect: z=1.11, P=0.27

Patients who mentioned deafness or tinnitus
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Test for heterogeneity: χ2=0.28, df=3, P=0.96, I 2=0%
Test for overall effect: z=1.96, P=0.05
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24.89
22.88
28.38
100.00

21.25
37.49
22.24
19.02
100.00

0.15 (0.06 to 0.38)
0.91 (0.41 to 2.01)
0.58 (0.21 to 1.61)
0.90 (0.76 to 1.07)
0.54 (0.18 to 1.61)

5.00 (0.25 to 99.67)
2.96 (0.31 to 28.20)
7.00 (0.38 to 130.41)
2.82 (0.12 to 66.62)
3.97 (1.00 to 15.78)

4/28
8/19
4/15
28/33

95

2/28
3/166
3/33
1/32
259

Study or subcategory Frusemide

26/28
6/13
6/13
31/33

87

0/28
1/164
0/33
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255

Control Weight
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Relative risk (random
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effect) (95% CI)
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Relative risk (random
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Fig 4 Proportion of patients remaining oliguric (urine output <500 ml/day) after frusemide or control treatments and those mentioning tinnitus or deafness
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Fig 5 Funnel plot showing possibility of small publication bias (broken lines show overall effect and 95% confidence intervals)
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findings, we suggest that perhaps the role
of diuretics must be taken into a larger
context of fluid and hemodynamic man-
agement. We note that in the recently
published trial of routine pulmonary ar-
tery catheter use (36), acute renal failure
was a rare event, but a trend toward a
decrease in incidence was seen in the
patients receiving a pulmonary artery
catheter.

CONCLUSIONS

When causal inferences are addressed,
even the use of a propensity score cannot
overcome the primary limitation of an
observational study: Analytic methods
can only adjust for observed confounding
variables and not for unobserved ones
(23). Similar to the decision to use a
pulmonary artery catheter, the decision
to use a diuretic in a critically ill patient
could be driven by many factors that may
not be adequately captured in an obser-
vational database. It is possible that these
unquantifiable factors, in and of them-
selves, are more important in determin-
ing an individual patient’s outcome than
the use of diuretics.

In a large, prospective, multinational
cohort, despite rigorous statistical analy-
sis, we could not confirm the findings of
Mehta et al. (21) that diuretics are asso-
ciated with a higher mortality rate in
critically ill patients with ARF. Thus, we
would not discourage the use of diuretics
in such patients. However, we would en-
courage a clinical trial, which our find-
ings and those of Mehta et al. suggest is
both desirable and logistically possible.
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Table 9. Method 3: Multicollinearity adjusted model

Regression
Variable ! SE p Value

Odds Ratio
(95% CI)

Intercept "0.790 ! 0.211 .0002
Diuretic use 0.200 ! 0.140 .153 1.222 (0.92–1.6)
Patient age, yrsa 0.527 ! 0.072 .000 1.694 (1.4–1.9)
Hospital to ICU admit time, daysa 0.474 ! 0.114 .0001 1.607 (1.2–2.0)
SAPS IIa 0.265 ! 0.078 .001 1.304 (1.1–1.5)
Urea at ICU admissiona 0.191 ! 0.081 .019 1.211 (1.0–1.4)
Renal replacement therapy 0.503 ! 0.152 .001 1.655 (1.2–2.2)
Heart rate at INCLa 0.135 ! 0.068 .049 1.145 (1.0–1.3)
Systolic blood pressure at INCLa "0.142 ! 0.069 .041 0.868 (0.75–0.99)
Glasgow Coma Scale at INCLa "0.256 ! 0.074 .001 0.774 (0.66–0.89)
Urine volume 6 hrs before INCLa "0.148 ! 0.065 .023 0.862 (0.75–0.98)
Platelet count at INCLa "0.242 ! 0.067 .0003 0.784 (0.68–0.89)
Creatinine at INCLa "0.455 ! 0.090 .0001 0.634 (0.53–0.75)
Bilirubin at INCLa 0.165 ! 0.089 .065 1.180 (0.99–1.4)
Potassium at INCLa 0.135 ! 0.071 .055 1.145 (0.99–1.3)
Arterial pH at INCLa "0.145 ! 0.063 .021 0.864 (0.76–0.97)
Pulmonary artery catheter at INCL "0.524 ! 0.147 .0004 0.592 (0.44–0.79)
Respiratory failure at INCL 0.687 ! 0.169 .0001 1.988 (1.4–2.7)
Liver failure at INCL 0.363 ! 0.176 .039 1.439 (1.0–2.0)
Septic etiology 0.397 ! 0.137 .003 1.488 (1.1–1.9)
Low cardiac output etiology 0.316 ! 0.153 .038 1.373 (1.0–1.8)

CI, confidence interval; ICU, intensive care unit; SAPS, Simplified Acute Physiology Score; INCL,
time of study inclusion.

aVariable was standardized to address issues of multicollinearity.

Table 10. Method 3: Comparison of missing cases to included cases

Missing Cases ! SD

(No.) p Value
Included Cases ! SD

(No.)

Diuretic use, %a 63 (339) .80 64 (1,404)
Patient age, yrs 64 ! 16 (330) .09 62 ! 16 (1,404)
Hospital to ICU admit time, days 6.2 ! 16 (339) .65 5.8 ! 13 (1,404)
SAPS IIa 47 ! 16 (337) .001 51 ! 18 (1,404)
Urea at ICU admission, mmol/L 21 ! 16 (335) .06 19 ! 14 (1,404)
Renal replacement therapy, %a 65 (339) .01 72 (1,404)
Heart rate at INCL, beats/min 96 ! 21 (337) .03 99 ! 21 (1,404)
Systolic blood pressure at INCL, mm Hg 118 ! 26 (331) .14 115 ! 26 (1,404)
Glasgow Coma Scale at INCLa 12 ! 3.6 (325) .20 12 ! 3.9 (1,404)
Urine volume 6 hrs before INCL, mL 254 ! 319 (291) .33 277 ! 376 (1,404)
Platelet count at INCL, #103/$L 173 ! 122 (319) .002 150 ! 115 (1,404)
Creatinine at INCL, $mol/L 381 ! 264 (336) .0001 317 ! 201 (1,404)
Bilirubin at INCL, mmol/L 58 ! 138 (102) .87 57 ! 102 (1,404)
Potassium at INCL, mmol/L 4.8 ! 1.2 (337) .02 4.6 ! 1.0 (1,404)
Arterial pH at INCL 7.3 ! 0.1 (290) .93 7.3 ! 0.1 (1,404)
Pulmonary-artery catheter at INCL, % 18 (339) .001 26 (1,404)
Respiratory failure at INCL, % 71 (339) .001 80 (1,404)
Liver failure at INCL, % 10 (338) .001 32 (1,404)
Septic etiology, % 38 (337) .001 48 (1,404)
Low cardiac output etiology, % 27 (337) .58 26 (1,404)

ICU, intensive care unit; SAPS, Simplified Acute Physiology Score; INCL, time of study inclusion.
aKey variables (known prognostic importance or relevant to main question of study).

Table 11. Final model comparisons

H-L GoF
Statistic p Value aROC

Method 1. Confirmatory propensity model 8.72 .36 0.72
Method 2. New propensity model 9.25 .32 0.77
Method 3. Multicollinearity adjusted model 11.29 .19 0.78

H-L GoF Statistic, Hosmer-Lemeshow goodness-of-fit statistic; p value, obtained from H-L GoF
statistic with 8 degrees of freedom; aROC, area under the receiver operating characteristic curve.
Obtained from c-statistic.
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Controversy exists over appro-
priate fluid management for
acute renal failure patients
(1–8). In the acute care set-

ting, loop diuretics are often prescribed
to maintain or increase urine output.

Furosemide and other loop diuretics
reduce oxygen demand in the medullary
thick ascending limb and attenuate the
severity of acute renal failure (ARF) in
animal models (4, 5). They may protect
the human kidney from ischemic injury.
There have been several small, random-
ized, controlled trials of diuretics for the

treatment or prevention of ARF in vari-
ous clinical settings (8–20). Some studies
showed a reduction in dialysis require-
ment (15), reduced urinary albumin and
N-acetyl glucosaminidase concentration
(17), or improved dialysis free survival in
oliguric patients (18). Others, however,
showed either worsened renal function
(10, 12, 14, 16) or no difference in various
measured outcomes (8, 9, 11, 13, 19, 20).

Recently, Mehta et al. (21) published
an observational study of diuretic use in
patients with ARF in the setting of critical
illness and showed that, using multivar-

iate analysis and propensity scores, the
use of diuretics was associated with an
increased risk of death. The methodology
used by Mehta et al. (21) was similar to a
propensity score adjusted assessment of
pulmonary artery catheter use in the crit-
ically ill (22). The use of propensity score
models, however, has significant poten-
tial shortcomings (23, 24), which, to-
gether with the limited sample size and
the use of only three centers, may have
resulted in misleading conclusions.

The statistics used in this study might
have also led to incorrect conclusions be-
cause of the phenomenon of collinearity:
using physiological variables that are of-
ten highly correlated (collinear) with
each other (e.g., blood urea nitrogen and
serum creatinine) can lead to nonsensical
results in multivariate analyses (24).
When collinearity is detected, there are
two main approaches that can be used to
ensure that results are reliable: a) Reduce
the number of variables considered be-
fore undertaking multiple regression; or
b) use appropriate statistical techniques

Objective: According to recent research, diuretics may in-
crease mortality in acute renal failure patients. The administration
of diuretics in such patients has been discouraged. Our objective
was to determine the impact of diuretics on the mortality rate of
critically ill patients with acute renal failure.

Design: Prospective, multiple-center, multinational epidemio-
logic study.

Setting: Intensive care units from 54 centers and 23 countries.
Patients: Patients were 1,743 consecutive patients who either

were treated with renal replacement therapy or fulfilled pre-
defined criteria for acute renal failure.

Interventions: Three distinct multivariate models were devel-
oped to assess the relationship between diuretic use and subse-
quent mortality: a) a propensity score adjusted multivariate model
containing terms previously identified to be important predictors
of outcome; b) a new propensity score adjusted multivariate
model; and c) a multivariate model developed using standard
methods, compensating for collinearity.

Measurements and Main Results: Approximately 70% of pa-
tients were treated with diuretics at study inclusion. Mean age
was 68 and mean Simplified Acute Physiology Score II was 47.
Severe sepsis/septic shock (43.8%), major surgery (39.1), low
cardiac output (29.7), and hypovolemia (28.2%) were the most
common conditions associated with the development of acute
renal failure. Furosemide was the most common diuretic used
(98.3%). Combination therapy was used in 98 patients only. In all
three models, diuretic use was not associated with a significantly
increased risk of mortality.

Conclusions: Diuretics are commonly prescribed in critically ill
patients with acute renal failure, and their use is not associated
with higher mortality. There is full equipoise for a randomized
controlled trial of diuretics in critically ill patients with renal
dysfunction. (Crit Care Med 2004; 32:1669–1677)

KEY WORDS: acute kidney failure; critical illness; furosemide;
diuretics; epidemiology; renal replacement therapy; logistic re-
gression modeling; multicollinearity; propensity scores
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common in the early-strategy group (Table 2). 
The overall rate of hemorrhage did not differ 
significantly between the study groups (Table 2). 
Whereas there was no significant difference be-
tween the groups in the rate of either dialysis 
catheter–related or digestive-tract blood loss, 
blood loss from other causes was significantly 
more common in the delayed-strategy group 
(Table S8 in the Supplementary Appendix). The 
numbers of patients who received red cells and 
the amount of red cells received per patient did 
not differ significantly between the groups (Ta-
ble 2). Adequate diuresis together with no need 
for renal-replacement therapy were observed earlier 
in the delayed-strategy group than in the early-
strategy group (P<0.001) (Fig. 2).

Discussion

In this trial, a strategy of delayed initiation of 
renal-replacement therapy in critically ill pa-
tients with severe acute kidney injury obviated the 
need for renal-replacement therapy in almost 
50% of cases (resulting in a considerable differ-
ence in the total number of renal-replacement 
therapy sessions). Mortality at day 60 did not dif-
fer significantly between the early-strategy group 
and the delayed-strategy group.

The available knowledge about the initiation 
of renal-replacement therapy during acute kid-
ney injury derives predominantly from observa-
tional studies.31-33 Meta-analyses have suggested 
that a survival advantage is associated with early 
renal-replacement therapy.34,35 A major pitfall of 
such observational studies is that all patients 
received renal-replacement therapy — that is, 
there was no control group, and the possibility 
that delaying renal-replacement therapy might 
provide time for spontaneous renal recovery was 
not explored. Two small, single-center, random-
ized, controlled trials have addressed this is-
sue,27,36 but they showed no difference in mortal-
ity. The current results address the timing of 
renal-replacement therapy.23 Two other large mul-
ticenter studies are in progress,37,38 and we specu-
late that the results of those studies will confirm 
our findings, particularly because a pilot study 
showed that a delayed strategy averted the need 
for renal-replacement therapy in an appreciable 
number of patients.39

The 50% mortality among patients in our trial 
was close to our working hypothesis and conso-

nant with the rate in other studies.5,7-9 Patients in 
the current study received renal-replacement ther-
apy at a median of 2 hours after randomization 
with the early strategy and at a median of 57 hours 
with the delayed strategy. Contrary to our hypoth-
esis, no survival benefit was observed with the 
delayed strategy of renal-replacement therapy.

Figure 1. Probability of Survival and Timing of Renal-Replacement Therapy.

Panel A shows Kaplan–Meier curves of the probability of survival from ran-
domization to day 60. Panel B shows the time from randomization to the 
initiation of renal-replacement therapy, stratified according to study group. 
Some patients in the early-strategy group received renal-replacement thera-
py after 6 hours because of other emergencies resulting in postponement 
of the initiation of therapy by the medical team, a lack of availability of the 
renal-replacement therapy machine, or difficulties with catheter insertion. 
Other reasons for delay included situations such as a surgical procedure or 
radiologic examinations that needed to be performed before the initiation 
of renal-replacement therapy.
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BACKGROUND
The timing of renal-replacement therapy in critically ill patients who have acute 
kidney injury but no potentially life-threatening complication directly related to 
renal failure is a subject of debate.
METHODS
In this multicenter randomized trial, we assigned patients with severe acute kidney 
injury (Kidney Disease: Improving Global Outcomes [KDIGO] classification, stage 3 
[stages range from 1 to 3, with higher stages indicating more severe kidney injury]) 
who required mechanical ventilation, catecholamine infusion, or both and did not 
have a potentially life-threatening complication directly related to renal failure to either 
an early or a delayed strategy of renal-replacement therapy. With the early strategy, 
renal-replacement therapy was started immediately after randomization. With the 
delayed strategy, renal-replacement therapy was initiated if at least one of the fol-
lowing criteria was met: severe hyperkalemia, metabolic acidosis, pulmonary edema, 
blood urea nitrogen level higher than 112 mg per deciliter, or oliguria for more than 
72 hours after randomization. The primary outcome was overall survival at day 60.
RESULTS
A total of 620 patients underwent randomization. The Kaplan–Meier estimates of 
mortality at day 60 did not differ significantly between the early and delayed strategies; 
150 deaths occurred among 311 patients in the early-strategy group (48.5%; 95% con-
fidence interval [CI], 42.6 to 53.8), and 153 deaths occurred among 308 patients in the 
delayed-strategy group (49.7%, 95% CI, 43.8 to 55.0; P = 0.79). A total of 151 patients 
(49%) in the delayed-strategy group did not receive renal-replacement therapy. The rate 
of catheter-related bloodstream infections was higher in the early-strategy group than 
in the delayed-strategy group (10% vs. 5%, P = 0.03). Diuresis, a marker of improved 
kidney function, occurred earlier in the delayed-strategy group (P<0.001).
CONCLUSIONS
In a trial involving critically ill patients with severe acute kidney injury, we found no 
significant difference with regard to mortality between an early and a delayed strat-
egy for the initiation of renal-replacement therapy. A delayed strategy averted the 
need for renal-replacement therapy in an appreciable number of patients. (Funded by 
the French Ministry of Health; ClinicalTrials.gov number, NCT01932190.)
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Table S7 
 
Table S7. Medical treatment of AKI-related metabolic complication before the first RRT session for 

patients who received it or during the whole ICU stay for patients who did not receive it 

Characteristic Early RRT 

strategy 

n=311 

Delayed RRT 

strategy 

n=308 

P Value 

Diuretics– no. (%) 4 (1.3) 112 (36.5) <0.001 

Medical treatment of hyperkalemia – no. (%) 17 (5.5%) 67 (22.9%) <0.001 

Medical treatment of acidosis– no. (%) 21 (6.8%) 49 (16.7%) <0.001 
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Although the survival curves were similar in 
the two groups, the recovery of renal function, as 
marked by diuresis, was more rapid and catheter-
related infections occurred less frequently in the 
delayed-strategy group than in the early-strategy 
group. Subtle or undetected circulatory altera-
tions might have slowed the apparent recovery of 
renal function in the early-strategy group. The 
rate of gastrointestinal bleeding did not differ sig-
nificantly between the groups. Finally, the lengths 
of stay in the intensive care unit and in the hospital 
were similar in the two groups, which indicates 
that allowing time for renal function recovery 
did not lead to prolongation of the stay in the 
intensive care unit.

Our findings may not be generalizable, be-
cause more than 50% of the patients in our trial 
received intermittent hemodialysis as the first 
method of therapy and only 30% of the patients 
received continuous renal-replacement therapy 
as the sole method (with no intermittent dialysis 
at any time). Although a previously published 
large, randomized, controlled trial did not show 
differences in mortality according to the method 
of renal-replacement therapy,9 some investigators 

have voiced concern about the potentially delete-
rious effects of intermittent hemodialysis in pa-
tients whose condition is unstable.40

Our trial has potential limitations. First, the 
power of our study to distinguish a significant 
difference in mortality could be questioned. 
However, to detect an effect size of 1.2 percent-
age points (i.e., the difference in mortality that 
we found between the two groups in our study) 
with a power of 90%, a sample of more than 
70,000 patients would be required. Second, al-
though we did not use Kt/V (a measure of the 
clearance of urea in which K represents the rate 
of urea clearance by the dialyzer, t is the dura-
tion of dialysis, and V is the volume of distribu-
tion of urea in the patient) to evaluate the dose 
of renal-replacement therapy, low urea levels in 
serum were maintained during therapy. Third, 
the patients in the trial population had advanced 
acute kidney injury, and therefore our results 
may not be generalizable to patients with differ-
ent KDIGO stages of acute kidney injury. Finally, 
some could interpret the finding of higher mor-
tality among patients who received late renal-
replacement therapy as a deleterious effect of 
this strategy. However, the patients who received 
late renal-replacement therapy obviously had more 
severe illness than those who did not, and fur-
ther adjustment according to baseline severity 
suggests that this observed crude difference was 
confounded (see the Supplementary Appendix).

Our study should not be interpreted as sug-
gesting that a “wait and see” approach is safe for 
all patients. Indeed, careful surveillance is man-
datory when deciding to delay renal-replacement 
therapy in patients with severe acute kidney injury 
so that any complication will be detected and re-
nal-replacement therapy initiated without delay. 
In our trial, delaying the initiation of therapy al-
lowed many patients to recover from acute kidney 
injury without embarking on such a treatment 
course.

In conclusion, our trial involving critically ill 
patients with severe acute kidney injury showed 
no significant difference in mortality with a strat-
egy of delayed initiation as compared with early 
initiation of renal-replacement therapy.
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Figure 2. Probability of Adequate Urine Output without the Need  
for Renal-Replacement Therapy.

Shown are the Kaplan–Meier curves of the probability of a patient having 
urine output, for at least 1 day, of more than 1000 ml per 24 hours in the 
absence of diuretic treatment or more than 2000 ml per 24 hours with di-
uretic treatment and not requiring initiation or resumption of renal-replace-
ment therapy for at least 7 days, from randomization to day 28 (see also 
Fig. S3 in the Supplementary Appendix).
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BACKGROUND
The timing of renal-replacement therapy in critically ill patients who have acute 
kidney injury but no potentially life-threatening complication directly related to 
renal failure is a subject of debate.
METHODS
In this multicenter randomized trial, we assigned patients with severe acute kidney 
injury (Kidney Disease: Improving Global Outcomes [KDIGO] classification, stage 3 
[stages range from 1 to 3, with higher stages indicating more severe kidney injury]) 
who required mechanical ventilation, catecholamine infusion, or both and did not 
have a potentially life-threatening complication directly related to renal failure to either 
an early or a delayed strategy of renal-replacement therapy. With the early strategy, 
renal-replacement therapy was started immediately after randomization. With the 
delayed strategy, renal-replacement therapy was initiated if at least one of the fol-
lowing criteria was met: severe hyperkalemia, metabolic acidosis, pulmonary edema, 
blood urea nitrogen level higher than 112 mg per deciliter, or oliguria for more than 
72 hours after randomization. The primary outcome was overall survival at day 60.
RESULTS
A total of 620 patients underwent randomization. The Kaplan–Meier estimates of 
mortality at day 60 did not differ significantly between the early and delayed strategies; 
150 deaths occurred among 311 patients in the early-strategy group (48.5%; 95% con-
fidence interval [CI], 42.6 to 53.8), and 153 deaths occurred among 308 patients in the 
delayed-strategy group (49.7%, 95% CI, 43.8 to 55.0; P = 0.79). A total of 151 patients 
(49%) in the delayed-strategy group did not receive renal-replacement therapy. The rate 
of catheter-related bloodstream infections was higher in the early-strategy group than 
in the delayed-strategy group (10% vs. 5%, P = 0.03). Diuresis, a marker of improved 
kidney function, occurred earlier in the delayed-strategy group (P<0.001).
CONCLUSIONS
In a trial involving critically ill patients with severe acute kidney injury, we found no 
significant difference with regard to mortality between an early and a delayed strat-
egy for the initiation of renal-replacement therapy. A delayed strategy averted the 
need for renal-replacement therapy in an appreciable number of patients. (Funded by 
the French Ministry of Health; ClinicalTrials.gov number, NCT01932190.)

A BS TR AC T

Initiation Strategies for Renal-Replacement 
Therapy in the Intensive Care Unit

Stéphane Gaudry, M.D., David Hajage, M.D., Fréderique Schortgen, M.D., 
Laurent Martin-Lefevre, M.D., Bertrand Pons, M.D., Eric Boulet, M.D., 

Alexandre Boyer, M.D., Guillaume Chevrel, M.D., Nicolas Lerolle, M.D., Ph.D., 
Dorothée Carpentier, M.D., Nicolas de Prost, M.D., Ph.D., Alexandre Lautrette, M.D., 

Anne Bretagnol, M.D., Julien Mayaux, M.D., Saad Nseir, M.D., Ph.D., 
Bruno Megarbane, M.D., Ph.D., Marina Thirion, M.D., Jean-Marie Forel, M.D., 

Julien Maizel, M.D., Ph.D., Hodane Yonis, M.D., Philippe Markowicz, M.D., 
Guillaume Thiery, M.D., Florence Tubach, M.D., Ph.D., Jean-Damien Ricard, M.D., Ph.D., 

and Didier Dreyfuss, M.D., for the AKIKI Study Group*  

Original Article

The New England Journal of Medicine 
Downloaded from nejm.org at INSERM DISC DOC on May 16, 2016. For personal use only. No other uses without permission. 

 Copyright © 2016 Massachusetts Medical Society. All rights reserved. 



Fluid Overload

Prowle,	Nature	Reviews,	2013

40 | JANUARY 2014 | VOLUME 10 www.nature.com/nrneph

duration of plasma expansion than a similar volume of 
infused crystalloid.66 As such, colloids are superficially 
attractive for the limitation of fluid overload. However, 
commonly used colloids, such as medium molecular 
weight (6%, 130 kDa) hydroxyethyl starch solutions and 
gelatins, are lost from the circulation within 4–6 h.67 
Despite the increases in transcapillary albumin leakage 
during systemic inflammation,17 much of the total body 
albumin (up to 60%) is found in extravascular com-
partments.68 Thus, most iso-oncotic colloid solutions 
leak into the extravascular compartment, and may have 

limited advantage over crystalloids in limiting the total 
quantity of administered fluid.69–73 The Crystalloid 
Versus Hydroxyethyl Starch Trial (CHEST),70 and the 
Scandinavian Starch for Severe Sepsis/Septic Shock 
Trial (6S),71 compared outcomes of resuscitation with 
hydroxyethyl starch or crystalloid solutions. CHEST 
enrolled >7,000 patients in intensive care units and 
found that severe AKI or use of RRT was associated 
with hydroxyethyl starch use for resuscitation.70 In 6S, 
patients with severe sepsis were enrolled and hydroxy-
ethyl starch use was associated with increased mortality 

Table 1 | Studies relating fluid balance to outcomes in AKI since 2008

Study Setting n Design Findings

Teixeira et al. 
(2013)52

Critically ill adults 601 Secondary analysis of a 
multicentre observational study

In AKI, higher fluid balance and lower urine volume independently 
associated with 28-day mortality

Askenazi et al. 
(2013)130

Near-term/term sick 
neonates

58 Prospective single-centre 
observational study 

AKI associated with a net-positive fluid balance and higher mortality

Basu et al. 
(2013)53

Paediatric patients 
undergoing arterial 
switch operation

92 Retrospective single-centre 
observational study

AKI associated with higher postoperative day 1 fluid balance and 
independently associated with prolonged duration of ventilation and 
hospitalization

Hazle et al. 
(2013)131

Infants undergoing 
congenital heart surgery 

49 Prospective single-centre 
observational study 

Fluid overload might be an important risk factor for morbidity at all 
severities of AKI

Vaara et al. 
(2012)57

Critically ill adults with 
AKI requiring RRT

283 Prospective multicentre 
observational study 

Fluid overload at RRT initiation doubled crude 90-day mortality and 
remained a significant risk for death after adjustment for demographics 
and illness severity

Prowle et al. 
(2012)37

Studies of perioperative 
GDT reporting AKI 
outcomes

24 
RCTs

Meta-analysis GDT significantly reduced risk of postoperative AKI. However, only GDT 
protocols that were overall fluid neutral were associated with a beneficial 
renal outcome

Selewski et al. 
(2012)132

Paediatric ICU patients 
requiring ECMO and RRT

53 Retrospective single-centre 
observational study

Fluid overload at RRT initiation significantly lower in survivors. Correction 
of fluid overload after initiation of RRT did not improve outcome

Bellomo et al. 
(2012)62

Critically ill patients 
requiring RRT for AKI in 
the RENAL study

1,453 Retrospective analysis of a 
multicentre RCT

Negative mean daily fluid balance on RRT consistently associated with 
risk of death, survival time, RRT-free days, and ICU and hospital-free days

Dass et al. 
(2012)58

Cardiovascular surgery 
patients

94 Retrospective analysis of a 
single-centre RCT

Positive fluid balance >849 ml in early postoperative period associated 
with significantly elevated AKI risk

Kambhampati 
et al. (2012)59

Adult patients undergoing 
cardiovascular surgery

100 Prospective single-centre 
observational study 

Progressive severity of positive fluid balance associated with increased 
AKI risk

Heung et al. 
(2012)61

Patients with AKI 
requiring initiation of RRT

170 Retrospective single-centre 
observational study 

High fluid overload at RRT initiation predicted worse renal recovery at 
1 year

Selewski et al. 
(2011)133

Critically ill children 
requiring RRT

113 Retrospective single-centre 
observational study 

Fluid overload at initiation of RRT significantly greater in non-survivors

Grams et al. 
(2011)55

Critically ill patients with 
lung injury enrolled into 
FACTT 

1,000 Retrospective analysis of 
multicentre RCT

A positive fluid balance after AKI strongly associated with mortality in 
crude and adjusted analyses; post-AKI diuretic therapy associated with 
60 day survival

Fülöp et al. 
(2010)54

Critically ill adults with 
AKI requiring RRT

81 Retrospective single-centre 
observational study

Volume related weight gain ≥10% and oliguria significantly associated 
with mortality in multivariable models adjusting for illness severity 
and diagnosis

Sutherland 
et al. (2010)56

Critically ill children with 
AKI requiring RRT

297 Prospective observational 
study 

≥20% fluid overload at CRRT initiation associated with higher mortality 
than 10–20% fluid overload, in turn associated with higher mortality 
than <10% fluid overload; association between degree of fluid overload 
and mortality remained after adjusting for intergroup differences and 
severity of illness

Bouchard 
et al. (2009)51 

Critically ill adults with 
AKI

618 Secondary analysis of a 
prospective multicentre 
observational study

In patients with AKI >10% fluid overload independently associated with 
60-day mortality; >10% fluid overload at peak serum creatinine 
associated with non-recovery of renal function

Payen et al. 
(2008)50 

Patients enrolled in the 
SOAP study

3,147 Secondary analysis of a 
prospective multicentre 
observational study

Fluid overload an independent risk factor for 60-day mortality in AKI; 
patients not developing AKI achieved a mean neutral to negative daily 
fluid balance; AKI associated with daily fluid accumulation

Abbreviations: AKI, acute kidney injury; CRRT, continuous RRT; ECMO, extra-corporeal membrane oxygenation; GDT, goal-directed therapy; ICU, intensive care unit; RCT, randomized controlled 
trial; RRT, renal replacement therapy.
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associated with fluid overload at AKI diagnosis was 3.14
(95% CI 1.18–8.33). The percentage fluid accumulation at the
first peak in serum creatinine was significantly lower
in survivors compared with non-survivors (4.5±9.4 vs
10.1±13.4%; P¼ 0.003, P¼ 0.03 after adjustment for
APACHE III). The adjusted OR for death associated with
fluid overload on the first day of peak creatinine attainment
was 1.36 (95% CI 0.58–3.19). These results were consistent
when using either the percentage fluid accumulation adjusted
for body weight or the absolute fluid accumulation in liters
(data not shown).

Progression and duration of fluid accumulation
Next, we assessed the association between the progression
and duration of fluid accumulation and mortality. Patients
who remained with fluid accumulation during their hospi-
talization had a higher mortality rate that was proportional
to the degree of fluid accumulation (Figure 2). There was an
incremental increase in mortality in patients with a higher
proportion of days with fluid overload after AKI diagnosis
(Po0.0001). In addition, in dialyzed patients, mortality
increased in relation to the proportion of dialysis days with
fluid overload (Po0.0001) (Figure 3). In patients with fluid
overload at dialysis initiation, those who ended dialysis
without fluid overload (that is, percentage fluid accumula-
tion p10%) were less likely to die than those who still had
fluid overload at dialysis cessation (35 vs 56%; P¼ 0.0002).

Patients on continuous renal replacement therapy were more
likely to reduce the percentage of fluid accumulation
compared with patients treated with intermittent hemo-
dialysis (Figure 4). The adjusted OR for death associated with
fluid overload at dialysis cessation was 2.52 (95% CI
1.55–4.08).

Recovery of kidney function
Fluid overload at AKI diagnosis was not associated with
recovery of kidney function (47% in non vs 40% in fluid
overloaded; P¼ 0.24) and neither did fluid overload at
dialysis initiation influence dialysis independence at hospital
discharge (41 vs 32%; P¼ 0.21). However, patients with fluid
overload at peak serum creatinine (median days after AKI
diagnosis 4, interquartile range 1–11) were less likely to
recover kidney function (35 vs 52%; Po0.001 and P¼ 0.007
after adjustment for APACHE III score).

DISCUSSION
In critically ill patients and in patients with AKI, fluid
accumulation has been shown to worsen prognosis.4–9 In
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Figure 1 | Cumulative probability of survival by fluid overload
status. (a) Kaplan–Meier survival estimates by fluid overload
status at dialysis initiation. There was a significant difference in
survival among patients with or without fluid overload at dialysis
initiation (P¼ 0.005). (b) Kaplan–Meier survival estimates by fluid
overload status at AKI diagnosis in non-dialyzed patients. There
was a significant difference in survival among patients with or
without fluid overload (P¼ 0.04).
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Figure 2 | Mortality rate by final fluid accumulation relative to
baseline weight and stratified by dialysis status.
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The P-value for the linear trend is o0.001.

424 Kidney International (2009) 76, 422–427

o r i g i n a l a r t i c l e J Bouchard et al.: Fluid accumulation in acute kidney injury

associated with fluid overload at AKI diagnosis was 3.14
(95% CI 1.18–8.33). The percentage fluid accumulation at the
first peak in serum creatinine was significantly lower
in survivors compared with non-survivors (4.5±9.4 vs
10.1±13.4%; P¼ 0.003, P¼ 0.03 after adjustment for
APACHE III). The adjusted OR for death associated with
fluid overload on the first day of peak creatinine attainment
was 1.36 (95% CI 0.58–3.19). These results were consistent
when using either the percentage fluid accumulation adjusted
for body weight or the absolute fluid accumulation in liters
(data not shown).

Progression and duration of fluid accumulation
Next, we assessed the association between the progression
and duration of fluid accumulation and mortality. Patients
who remained with fluid accumulation during their hospi-
talization had a higher mortality rate that was proportional
to the degree of fluid accumulation (Figure 2). There was an
incremental increase in mortality in patients with a higher
proportion of days with fluid overload after AKI diagnosis
(Po0.0001). In addition, in dialyzed patients, mortality
increased in relation to the proportion of dialysis days with
fluid overload (Po0.0001) (Figure 3). In patients with fluid
overload at dialysis initiation, those who ended dialysis
without fluid overload (that is, percentage fluid accumula-
tion p10%) were less likely to die than those who still had
fluid overload at dialysis cessation (35 vs 56%; P¼ 0.0002).

Patients on continuous renal replacement therapy were more
likely to reduce the percentage of fluid accumulation
compared with patients treated with intermittent hemo-
dialysis (Figure 4). The adjusted OR for death associated with
fluid overload at dialysis cessation was 2.52 (95% CI
1.55–4.08).

Recovery of kidney function
Fluid overload at AKI diagnosis was not associated with
recovery of kidney function (47% in non vs 40% in fluid
overloaded; P¼ 0.24) and neither did fluid overload at
dialysis initiation influence dialysis independence at hospital
discharge (41 vs 32%; P¼ 0.21). However, patients with fluid
overload at peak serum creatinine (median days after AKI
diagnosis 4, interquartile range 1–11) were less likely to
recover kidney function (35 vs 52%; Po0.001 and P¼ 0.007
after adjustment for APACHE III score).

DISCUSSION
In critically ill patients and in patients with AKI, fluid
accumulation has been shown to worsen prognosis.4–9 In
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Figure 1 | Cumulative probability of survival by fluid overload
status. (a) Kaplan–Meier survival estimates by fluid overload
status at dialysis initiation. There was a significant difference in
survival among patients with or without fluid overload at dialysis
initiation (P¼ 0.005). (b) Kaplan–Meier survival estimates by fluid
overload status at AKI diagnosis in non-dialyzed patients. There
was a significant difference in survival among patients with or
without fluid overload (P¼ 0.04).
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baseline weight and stratified by dialysis status.
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and 100%, respectively, of their dialysis days with fluid overload.
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Fluid accumulation, survival and recovery of kidney
function in critically ill patients with acute kidney
injury
Josée Bouchard1, Sharon B. Soroko1, Glenn M. Chertow2, Jonathan Himmelfarb3, T. Alp Ikizler4,
Emil P. Paganini5 and Ravindra L. Mehta1, Program to Improve Care in Acute Renal Disease (PICARD)
Study Group

1Division of Nephrology and Hypertension, Department of Medicine, University of California San Diego, San Diego, California, USA;
2Division of Nephrology, Department of Medicine, Stanford University School of Medicine, Palo Alto, California, USA; 3Division of
Nephrology, Department of Medicine, University of Washington, Seattle, Washington, USA; 4Division of Nephrology, Department of
Medicine, Vanderbilt University, Nashville, Tennessee, USA and 5Division of Nephrology, Department of Medicine, Cleveland Clinic
Foundation, Cleveland, Ohio, USA

Fluid accumulation is associated with adverse outcomes in
critically ill patients. Here, we sought to determine if fluid
accumulation is associated with mortality and non-recovery
of kidney function in critically ill adults with acute kidney
injury. Fluid overload was defined as more than a 10%
increase in body weight relative to baseline, measured in 618
patients enrolled in a prospective multicenter observational
study. Patients with fluid overload experienced significantly
higher mortality within 60 days of enrollment. Among
dialyzed patients, survivors had significantly lower fluid
accumulation when dialysis was initiated compared to non-
survivors after adjustments for dialysis modality and severity
score. The adjusted odds ratio for death associated with fluid
overload at dialysis initiation was 2.07. In non-dialyzed
patients, survivors had significantly less fluid accumulation at
the peak of their serum creatinine. Fluid overload at the time
of diagnosis of acute kidney injury was not associated with
recovery of kidney function. However, patients with fluid
overload when their serum creatinine reached its peak were
significantly less likely to recover kidney function. Our study
shows that in patients with acute kidney injury, fluid overload
was independently associated with mortality. Whether the
fluid overload was the result of a more severe renal failure or
it contributed to its cause will require clinical trials in which
the role of fluid administration to such patients is directly
tested.

Kidney International (2009) 76, 422–427; doi:10.1038/ki.2009.159;
published online 13 May 2009

KEYWORDS: acute kidney injury; acute renal failure; dialysis; fluid
accumulation; outcomes; recovery of kidney function

Despite progress in the delivery of intensive care and dialytic
support, there has been relatively little improvement in the
survival of patients suffering from acute kidney injury (AKI)
over the last three decades.1 In critically ill patients with AKI,
mortality rates range from 50 to 70% and have usually been
attributed to multiple complications related to AKI, such as
infections, bleeding, and fluid overload.2,3

Ample recent data have highlighted the role of fluid
accumulation on adverse outcomes in critically ill patients.
Randomized clinical trials have shown that restrictive fluid
management strategies are beneficial in acute respiratory
distress syndrome and following major surgery in terms of
duration of mechanical ventilation and cardiopulmonary
complications, respectively.4,5 Observational studies in pe-
diatric populations undergoing continuous renal replacement
therapy (CRRT) have shown an association between fluid
accumulation and mortality.6–9 Fluid accumulation has also
been associated with long-term dialysis dependence in one
study involving 30 patients at a single center.10

The Program to Improve Care in Acute Renal Disease
(PICARD) began as an observational study of 618 critically ill
patients with AKI from five academic medical centers in
North America. PICARD was designed to identify demo-
graphic, clinical, and process of care factors associated with
favorable and adverse outcomes after AKI.11 We hypothesized
that fluid overload would be associated with mortality
and non-recovery of kidney function in critically ill patients
with AKI.

RESULTS
Demographics, past medical history, severity of illness scores,
and clinical and laboratory values stratified by the presence
or absence of fluid overload are included in Table 1. APACHE
III scores and the number of failed organ systems, sepsis, and
ventilator requirements were significantly higher in patients
with fluid overload than in those without.
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apy for the Kidney (BEST Kidney) trial (10). In these ob-
servational cohorts, diuretic use was positively associated
with mortality: significantly so in PICARD and significant
only in the univariate analysis in BEST Kidney. Several
factors could contribute to this difference. We model the
continuous association of diuretic dose with mortality,
rather than the ever/never categorization used in both the
PICARD and BEST Kidney trials. Furthermore, the FACTT
study involved protocolized administration of fluids and
diuretics. Adjusting for the management strategy and driv-

ers of diuretic use such as shock and CVP should dramat-
ically decrease confounding by indication, i.e., the possibil-
ity that diuretic use is driven by severity of illness.

This study is unique in the depth of the data on fluid and
diuretic management and the rigor of the fluid-manage-
ment algorithm; however, some limitations must be con-
sidered. First, the population of patients is extremely spe-
cific: critically ill patients with ALI requiring ventilatory
support who developed in-hospital AKI within 2 days
on-study and were eligible for enrollment in a randomized

Table 3. Relative odds of death by FACTT study day 60 associated with average daily fluid balance and furosemide dose following AKI

Fluid Balance
(Post-AKI, in Mean L/Day)

Furosemide Dose
(Post-AKI, in Mean 100

mg/Day)

Adjustment OR (95% CI) P OR (95% CI) P

None (univariate) 1.73 (1.47 to 2.03) !0.001 0.38 (0.23 to 0.63) !0.001
Full modela 1.61 (1.29 to 2.00) !0.001 0.54 (0.31 to 0.94) 0.028
"Post-AKI fluid balance 0.73 (0.42 to 1.26) 0.255
"Post-AKI furosemide dose 1.56 (1.25 to 1.95) !0.001
Final modelb 1.61 (1.32 to 1.96) !0.001 0.48 (0.28 to 0.81) 0.007

aFull model includes adjustment for the following covariates: age, sex, race, fluid-strategy randomization group, catheter randomization
group, day first diagnosed with AKI, fluid balance in the 24 hours prior to randomization, enrollment APACHE III score, sepsis as an
etiology for ALI, trauma as an etiology for ALI, pneumonia as an etiology for ALI, multiple transfusions as an etiology for ALI, other
etiology for ALI, baseline CVP, baseline presence or
absence of shock, use of diuretics in the 24 hours prior to randomization, stage of AKI within 2 study days of randomization (AKIN
creatinine-based criteria), mean daily CVP, and mean daily presence or absence of shock. The statistically significant covariates in the full
model were race, age, day first diagnosed with AKI, and fluid-strategy randomization group.
bFinal model includes adjustment for the following covariates: age, race, sex, fluid-strategy randomization arm, catheter randomization
arm, enrollment APACHE III score, day first diagnosed with AKI, mean daily CVP, and mean daily presence or absence of shock. The
statistically significant covariates in the final model were race, age, day first diagnosed with AKI (with mean fluid balance only), fluid-
strategy randomization group (with mean fluid balance only), enrollment APACHE III score, mean daily CVP (with mean furosemide
dose only), and mean daily presence or absence of shock.

Table 4. Adjusted odds ratio of 60-day mortality associated with fluid balance and furosemide dose, by subgroup

Subgroupa n
Fluid balance

(Post-AKI, in Mean L/Day)
Furosemide dose

(Post-AKI, in Mean 100 mg/
Day)

OR (95% CI) P OR (95% CI) P

Gender
male 177 1.42 (1.13 to 1.78) 0.003 0.69 (0.36 to 1.31) 0.253
female 129 2.80 (1.73 to 4.54) !0.001 0.13 (0.03 to 0.63) 0.011

Fluid strategy
liberal 137 1.83 (1.29 to 2.60) !0.001 0.29 (0.06 to 1.32) 0.109
restrictive 169 1.54 (1.16 to 2.03) 0.002 0.51 (0.28 to 0.90) 0.021

Oliguria in initial 7 days
yes 114 1.77 (1.27 to 2.45) !0.001 0.25 (0.06 to 0.96) 0.044
no 192 1.61 (1.20 to 2.15) 0.001 0.60 (0.33 to 1.07) 0.083

Maximum creatinine #3 mg/dl
yes 135 1.55 (1.19 to 2.01) 0.001 0.51 (0.25 to 1.04) 0.065
no 171 1.91 (1.34 to 2.71) !0.001 0.46 (0.21 to 1.03) 0.059

The values are adjusted for covariates included in the final model of Table 3: age, race, sex, fluid-strategy randomization arm, catheter
randomization arm, enrollment APACHE III score, day first diagnosed with AKI, mean daily CVP, and mean daily presence or absence of
shock.
aAll of the interaction terms between subgroup and post-AKI fluid balance and subgroup and post-AKI furosemide dose had P values
#0.1, with the exception of post-AKI fluid balance and gender (P $ 0.088) and post-AKI furosemide dose and gender (P $ 0.064).
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Fluid Balance, Diuretic Use, and Mortality in Acute
Kidney Injury
Morgan E. Grams,*† Michelle M. Estrella,* Josef Coresh,*†‡, Roy G. Brower,* and Kathleen D. Liu§ for the National
Heart, Lung, and Blood Institute Acute Respiratory Distress Syndrome Network

Summary
Background and objectives Management of volume status in patients with acute kidney injury (AKI) is com-
plex, and the role of diuretics is controversial. The primary objective was to elucidate the association be-
tween fluid balance, diuretic use, and short-term mortality after AKI in critically ill patients.

Design, setting, participants, & measurements Using data from the Fluid and Catheter Treatment Trial
(FACTT), a multicenter, randomized controlled trial evaluating a conservative versus liberal fluid-manage-
ment strategy in 1000 patients with acute lung injury (ALI), we evaluated the association of post-renal in-
jury fluid balance and diuretic use with 60-day mortality in patients who developed AKI, as defined by the
AKI Network criteria.

Results 306 patients developed AKI in the first 2 study days and were included in our analysis. There were
137 in the fluid-liberal arm and 169 in the fluid-conservative arm (P ! 0.04). Baseline characteristics were
similar between groups. Post-AKI fluid balance was significantly associated with mortality in both crude
and adjusted analysis. Higher post-AKI furosemide doses had a protective effect on mortality but no signif-
icant effect after adjustment for post-AKI fluid balance. There was no threshold dose of furosemide above
which mortality increased.

Conclusions A positive fluid balance after AKI was strongly associated with mortality. Post-AKI diuretic
therapy was associated with 60-day patient survival in FACTT patients with ALI; this effect may be medi-
ated by fluid balance.

Clin J Am Soc Nephrol 6: 966–973, 2011. doi: 10.2215/CJN.08781010

Introduction
Optimal fluid management in acute kidney injury
(AKI) is controversial. Traditionally, aggressive fluid
resuscitation has been prescribed in AKI to avoid
additional prerenal or hemodynamic insults during
ongoing renal dysfunction (1–3). More recently, how-
ever, observational studies have demonstrated an as-
sociation between a positive fluid balance, renal non-
recovery, and mortality in children and adults with
AKI (4–7).

Interpretation of studies evaluating the relation-
ship between fluid balance and mortality is com-
plex. Worsening renal function and associated oli-
guria may drive fluid accumulation rather than vice
versa. Sicker patients may receive more intravenous
fluids, either intentionally through a strategy of
aggressive volume expansion or secondarily as car-
riers for vasopressors, antibiotics, and nutrition. A
positive fluid balance may simply be a marker of
poor health rather than a cause of mortality, espe-
cially in observational studies.

Diuretics further complicate the fluid accumula-
tion-mortality association. Once considered a ther-

apy for oliguria, diuretics are clearly ineffective in
preventing or treating AKI (8,9). Moreover, some
observational studies have demonstrated associa-
tions between diuretics and death and renal nonre-
covery in AKI (1,10). Many clinicians thus avoid
diuretics in AKI because of concern that they may
induce intravascular hypovolemia as well as exac-
erbate renal dysfunction and electrolyte abnormal-
ities (11,12).

To date, no randomized controlled trial has eval-
uated different protocols of fluid management as
therapy for AKI. In contrast, there have been sev-
eral randomized controlled trials evaluating fluid-
management strategies in mechanically-ventilated
patients in intensive care units (ICUs) (13–16). Each
of these trials demonstrated improved oxygenation
or shorter mechanical ventilation requirements
with a more restrictive fluid-management strategy,
and none of the trials found a clinically relevant
difference in renal function between the groups.
However, these restrictive strategies relied on
higher doses of diuretics to achieve and maintain
diuresis.
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APACHE III score, sepsis as an etiology for ALI, shock,
lower platelets, higher potassium, higher blood urea
nitrogen (BUN), lower bicarbonate, lower albumin,
lower systolic BP, and a higher CVP at study day 1 were
all associated with 60-day mortality. Diuretic use in the
24 hours before study randomization and trauma as an
etiology for ALI were associated with lower mortality.
The fluid-management and catheter-randomization
arms were nonsignificant, as was the day of AKI diag-
nosis and 24 hours prerandomization fluid balance. On-
study factors associated with mortality included stage of
AKI, mean CVP, mean daily fluid balance, early oliguria,
and dialysis requirement. Higher mean furosemide dose
was negatively associated with mortality. Mean furo-
semide dose was plotted against mortality using
smoothed nonparametric regressions, and it showed a
relatively linear relationship, with no threshold effect
visible (Supplementary Appendix 1).

In multiple logistic regression, 19 potential confound-
ing covariates were added to regressions on post-AKI
mean fluid balance or furosemide dose (Table 3, full model).
A positive fluid balance remained significantly associated
with 60-day mortality after adjustment for all covariates
(adjusted odd ratio (OR) 1.61 per L/d, 95% confidence

interval (CI): 1.29 to 2.00, P ! 0.001). The association was
unaffected by the addition of mean post-AKI furosemide
dose. Mean post-AKI furosemide dose was significantly
associated with decreased mortality in the full model; how-
ever, the association was NS after adjustment for post-AKI
fluid balance. A more parsimonious final model resulted in
similar adjusted odds ratios compared with the full model
(post-AKI fluid balance: adjusted OR 1.61 per L/d, 95% CI:
1.32 to 1.96, P ! 0.001; post-AKI furosemide dose: adjusted
OR 0.48 per 100 mg/d, 95% CI: 0.28 to 0.81, P " 0.007).
Final model covariates included age, race, sex, fluid- and
catheter-randomization arms, log-APACHE III score, day
of AKI, mean daily presence of shock, and mean daily
CVP.

Subgroup and Sensitivity Analyses
Using the final model of covariates, associations with

post-AKI mean fluid balance and furosemide dose were
evaluated in the four predefined subgroups (Table 4). A
positive fluid balance remained a significant risk factor
for mortality in all subgroups. The protective association
between furosemide dose and mortality was significant
only in women, the fluid-conservative arm, and patients
with oliguria during the first 7 study days. Interaction
terms were tested for each subgroup–risk-factor combi-
nation, and both fluid balance-gender and furosemide
dose-gender resulted in P values of !0.1.

In sensitivity analyses, participants who died during
the initial 7 days on-study were excluded (n " 56). The
adjusted OR for post-AKI fluid balance was similar (1.42
per L/d, 95% CI: 1.12 to 1.81, P " 0.004), although
post-AKI furosemide dose was no longer significant (ad-
justed OR 0.61 per 100 mg/d, 95% CI: 0.35 to 1.07, P "
0.087). Next, we defined AKI using the RIFLE criteria,
with similar results (n " 213: adjusted OR for post-AKI
fluid balance, 1.60 per L/d, 95% CI: 1.27 to 2.02, P !
0.001, adjusted OR for post-AKI furosemide dose, 0.54
per 100 mg/d, 95% CI: 0.31 to 0.94, P " 0.029). Finally,
models using Cox proportional hazard regression
yielded similar results (post-AKI fluid balance: adjusted
HR 1.30 per L/d, 95% CI: 1.22 to 1.38, P ! 0.001; post-
AKI furosemide dose: adjusted HR 0.50 per 100 mg/d,
95% CI: 0.31 to 0.79, P " 0.003).

Discussion
Using a unique data source to address optimal fluid and

diuretic management in critically-ill patients with AKI, this
study offers insight into the complex interplay between
fluid management, fluid balance, and mortality. Clearly,
and consistently across every subgroup we tested, a posi-
tive fluid balance after AKI was associated with 60-day
mortality in patients with ALI. In this study, the risk of
death was approximately 1.6-fold higher per L/d of fluid
accumulated. Diuretic use was associated with decreased
mortality, with no apparent threshold above which mor-
tality increased. Both effects appeared stronger in women
than men.

The observed independent association of post-AKI fluid
accumulation and mortality is consistent with previous
reports (2,4–7,20,21). In a retrospective study of pediatric
bone marrow transplant recipients with dialysis-requiring
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APACHE III score, sepsis as an etiology for ALI, shock,
lower platelets, higher potassium, higher blood urea
nitrogen (BUN), lower bicarbonate, lower albumin,
lower systolic BP, and a higher CVP at study day 1 were
all associated with 60-day mortality. Diuretic use in the
24 hours before study randomization and trauma as an
etiology for ALI were associated with lower mortality.
The fluid-management and catheter-randomization
arms were nonsignificant, as was the day of AKI diag-
nosis and 24 hours prerandomization fluid balance. On-
study factors associated with mortality included stage of
AKI, mean CVP, mean daily fluid balance, early oliguria,
and dialysis requirement. Higher mean furosemide dose
was negatively associated with mortality. Mean furo-
semide dose was plotted against mortality using
smoothed nonparametric regressions, and it showed a
relatively linear relationship, with no threshold effect
visible (Supplementary Appendix 1).

In multiple logistic regression, 19 potential confound-
ing covariates were added to regressions on post-AKI
mean fluid balance or furosemide dose (Table 3, full model).
A positive fluid balance remained significantly associated
with 60-day mortality after adjustment for all covariates
(adjusted odd ratio (OR) 1.61 per L/d, 95% confidence

interval (CI): 1.29 to 2.00, P ! 0.001). The association was
unaffected by the addition of mean post-AKI furosemide
dose. Mean post-AKI furosemide dose was significantly
associated with decreased mortality in the full model; how-
ever, the association was NS after adjustment for post-AKI
fluid balance. A more parsimonious final model resulted in
similar adjusted odds ratios compared with the full model
(post-AKI fluid balance: adjusted OR 1.61 per L/d, 95% CI:
1.32 to 1.96, P ! 0.001; post-AKI furosemide dose: adjusted
OR 0.48 per 100 mg/d, 95% CI: 0.28 to 0.81, P " 0.007).
Final model covariates included age, race, sex, fluid- and
catheter-randomization arms, log-APACHE III score, day
of AKI, mean daily presence of shock, and mean daily
CVP.

Subgroup and Sensitivity Analyses
Using the final model of covariates, associations with

post-AKI mean fluid balance and furosemide dose were
evaluated in the four predefined subgroups (Table 4). A
positive fluid balance remained a significant risk factor
for mortality in all subgroups. The protective association
between furosemide dose and mortality was significant
only in women, the fluid-conservative arm, and patients
with oliguria during the first 7 study days. Interaction
terms were tested for each subgroup–risk-factor combi-
nation, and both fluid balance-gender and furosemide
dose-gender resulted in P values of !0.1.

In sensitivity analyses, participants who died during
the initial 7 days on-study were excluded (n " 56). The
adjusted OR for post-AKI fluid balance was similar (1.42
per L/d, 95% CI: 1.12 to 1.81, P " 0.004), although
post-AKI furosemide dose was no longer significant (ad-
justed OR 0.61 per 100 mg/d, 95% CI: 0.35 to 1.07, P "
0.087). Next, we defined AKI using the RIFLE criteria,
with similar results (n " 213: adjusted OR for post-AKI
fluid balance, 1.60 per L/d, 95% CI: 1.27 to 2.02, P !
0.001, adjusted OR for post-AKI furosemide dose, 0.54
per 100 mg/d, 95% CI: 0.31 to 0.94, P " 0.029). Finally,
models using Cox proportional hazard regression
yielded similar results (post-AKI fluid balance: adjusted
HR 1.30 per L/d, 95% CI: 1.22 to 1.38, P ! 0.001; post-
AKI furosemide dose: adjusted HR 0.50 per 100 mg/d,
95% CI: 0.31 to 0.79, P " 0.003).

Discussion
Using a unique data source to address optimal fluid and

diuretic management in critically-ill patients with AKI, this
study offers insight into the complex interplay between
fluid management, fluid balance, and mortality. Clearly,
and consistently across every subgroup we tested, a posi-
tive fluid balance after AKI was associated with 60-day
mortality in patients with ALI. In this study, the risk of
death was approximately 1.6-fold higher per L/d of fluid
accumulated. Diuretic use was associated with decreased
mortality, with no apparent threshold above which mor-
tality increased. Both effects appeared stronger in women
than men.

The observed independent association of post-AKI fluid
accumulation and mortality is consistent with previous
reports (2,4–7,20,21). In a retrospective study of pediatric
bone marrow transplant recipients with dialysis-requiring
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Table 2. Pre-randomization baseline physiological and laboratory values by treatment arm. 
 

Variable Furosemide 
(n=37) 

Placebo 
(n=36) 

Serum Creatinine (mg/dL) (median, IQR) 1.69 (1.07 – 2.79) 
(n=37) 

1.88 (1.13 – 2.63) 
(n=36) 

Urine output (mL) (6 hours pre-randomization) (median, IQR) 210 (160 – 505) 
(n=37) 

235 (154 – 443) 
(n=36) 

Fluid balance (6 hours pre-randomization) (median, IQR) 709 (434 – 954) 
(n=37) 

505 (248 – 988) 
(n=35) 

Cumulative fluid balance (from ICU admission) (median, IQR) 6363 (3325 – 9496) 
(n=37) 

5906 (2760 – 8979) 
(n=35) 

Blood urea nitrogen (mg/dL) (median, IQR) 34.2 (17.9 – 52.4) 
(n=36) 

34.2 (25.4 – 45.7) 
(n=36) 

Serum Sodium (mmol/L) (median, IQR) 141 (136 – 143) 
(n=36) 

139 (134 – 142) 
(n=36) 

Serum Potassium (mmol/L) (median, IQR) 3.8 (3.6 – 4.4) 
(n=36) 

4.1 (3.6 – 4.8) 
(n=36) 

Serum Chloride (mmol/L) (median, IQR) 110 (102 – 113) 
(n=36) 

107 (103 – 111) 
(n=36) 

Serum Bicarbonate (mEq/L) (median, IQR) 22.7 (20.3 – 24.1) 
(n=36) 

22.8 (19.9 – 25.1) 
(n=36) 

Serum Magnesium (mmol/L) (median, IQR) 0.99 (0.81 – 1.15) 
(n=32) 

1.01 (0.82 – 1.17) 
1.02 (n=35) 

Serum pH (median, IQR) 7.40 (7.36 – 7.44) 
 (n=35) 

7.40 (7.34 – 7.46) 
(n=35) 

Base Excess (median, IQR) -1.0 (-4.0 – 1.0) 
(n=35) 

-1.4 (-6.0 – 2.0) 
(n=34) 

Serum Hemoglobin (lowest) (g/L) (median, IQR) 96.0 (90.0 – 111.0) 
(n=36) 

105.0 (89.0 – 120.0) 
(n=36) 

Serum Platelets (lowest) (109/mL) (median, IQR) 132.0 (73.0 – 215.0) 
(n=35) 

146.0 (88.0 – 227.0) 
(n=35) 

White Cell Count (highest) (109/mL) (median, IQR) 12.5 (7.7 – 17.0) 
(n=36) 

12.8 (8.5 – 18.0) 
(n=36) 

Serum Bilirubin (highest) (mg/dL) (median, IQR) 1.55 (0.82 – 2.92) 
(n=34) 

1.32 (0.76 – 2.22)  
(n=36) 

Serum Lactate (highest) (mmol/L) (median, IQR) 2.5 (1.4 – 3.8) 
(n=35) 

2.60 (1.65 – 4.60) 
(n=32) 

FiO2 (highest) (%) (median, IQR) 0.65 (0.45 – 1.00) 
(n=34) 

0.70 (0.60 – 0.80) 
(n=33) 

PaO2 (lowest) (mmHg) (median, IQR) 75.0 (65.0 – 86.0) 
(n=35) 

71.0 (57.0 – 81.0) 
(n=34) 

PaCO2 (highest) (mmHg) (median, IQR) 44.0 (37.0 – 49.0) 
(n=34) 

44.0 (39.0 – 49.0) 
(n=34) 
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Table 3. Summary of study outcomes. 
 

Variable 
Furosemide 

(n=37) 
Placebo 
(n=36) 

OR/Difference 
(95% CI) 

p-value 

Worsened AKI (n, %)* 16 (43.2) 13 (37.1) - 0.6 

Cumulative fluid balance (mL) (med 

[IQR]) 
877 (-515 to 2920) 2407 (-522 to 4383) -1081 (-2697 to 467) 0.2 

Kidney recovery (n, %)** 11 (29.7) 15 (42.9) - 0.3 

Time to recovery (hours) (median, IQR) 48.6 (42.9 – 82.4) 54.6 (43.5 – 82.7) 4 (-33.5 to 19.4) 0.7 

Received RRT (n, %) 10 (27.0) 10 (28.6) - 0.9 

ICU death (n, %) 3 (8.1) 6 (17.1) - 0.3 

Hospital death (n, %) 3 (8.1) 5 (14.3) - 0.5 

Mortality at 90-days (n, %) 8 (21.6) 11 (30.5) - 0.4 

Received RRT or death at 90-days (n, %) 17 (46.0) 19 (54.3) - 0.5 

*Worsening RIFLE category (primary endpoint) - defined as any worsening in RIFLE category 
and/or receipt of RRT. 
**Renal recovery – The operational definition of renal recovery will be the return of serum 
creatinine to within 10% of baseline levels and a spontaneous urine output ≥1.0 mL/kg/hr for a 
minimum of 24 hours independent of RRT. 
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3.1.3: We suggest using protocol-based management of hemodynamic and oxygenation parameters to prevent development
or worsening of AKI in high-risk patients in the perioperative setting (2C) or in patients with septic shock (2C).

3.3.1: In critically ill patients, we suggest insulin therapy targeting plasma glucose 110–149 mg/dl (6.1–8.3 mmol/l). (2C)
3.3.2: We suggest achieving a total energy intake of 20–30 kcal/kg/d in patients with any stage of AKI. (2C)
3.3.3: We suggest to avoid restriction of protein intake with the aim of preventing or delaying initiation of RRT. (2D)
3.3.4: We suggest administering 0.8–1.0 g/kg/d of protein in noncatabolic AKI patients without need for dialysis (2D),

1.0–1.5 g/kg/d in patients with AKI on RRT (2D), and up to a maximum of 1.7 g/kg/d in patients on continuous renal
replacement therapy (CRRT) and in hypercatabolic patients. (2D)

3.3.5: We suggest providing nutrition preferentially via the enteral route in patients with AKI. (2C)
3.4.1: We recommend not using diuretics to prevent AKI. (1B)
3.4.2: We suggest not using diuretics to treat AKI, except in the management of volume overload. (2C)
3.5.1: We recommend not using low-dose dopamine to prevent or treat AKI. (1A)
3.5.2: We suggest not using fenoldopam to prevent or treat AKI. (2C)
3.5.3: We suggest not using atrial natriuretic peptide (ANP) to prevent (2C) or treat (2B) AKI.
3.6.1: We recommend not using recombinant human (rh)IGF-1 to prevent or treat AKI. (1B)
3.7.1: We suggest that a single dose of theophylline may be given in neonates with severe perinatal asphyxia, who are at

high risk of AKI. (2B)
3.8.1: We suggest not using aminoglycosides for the treatment of infections unless no suitable, less nephrotoxic,

therapeutic alternatives are available. (2A)
3.8.2: We suggest that, in patients with normal kidney function in steady state, aminoglycosides are administered as a

single dose daily rather than multiple-dose daily treatment regimens. (2B)
3.8.3: We recommend monitoring aminoglycoside drug levels when treatment with multiple daily dosing is used for more

than 24 hours. (1A)
3.8.4: We suggest monitoring aminoglycoside drug levels when treatment with single-daily dosing is used for more than 48

hours. (2C)
3.8.5: We suggest using topical or local applications of aminoglycosides (e.g., respiratory aerosols, instilled antibiotic

beads), rather than i.v. application, when feasible and suitable. (2B)
3.8.6: We suggest using lipid formulations of amphotericin B rather than conventional formulations of amphotericin B. (2A)
3.8.7: In the treatment of systemic mycoses or parasitic infections, we recommend using azole antifungal agents and/or the

echinocandins rather than conventional amphotericin B, if equal therapeutic efficacy can be assumed. (1A)

Figure 4 | Stage-based management of AKI. Shading of boxes indicates priority of action—solid shading indicates actions that are equally
appropriate at all stages whereas graded shading indicates increasing priority as intensity increases. AKI, acute kidney injury; ICU, intensive-
care unit.
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TCS

ü Vous	prenez	en	charge	un	patient	de	65	pour	un	syndrome	
œdémateux

• Réponses:	-2 absolument	contre-indiqué;	-1	peu	utile;	0 non	pertinent	dans	cette	situation;	+1	
utile	et	souhaitable;	+2	indispensable

Hypothèse Nouvelle	information Conséquences	sur	l’hypothèse	initiale

Si	vous pensiez Et vous	apprenez L’effet	sur le	traitement	initié

Démarrer	un	
traitement
diurétique	type	
FUROSEMIDE

Que le	patient	présente	une	
insuffisance	rénale	aigüe	avec	
une	créatinine	sérique	à	235	
µmol/l

-2 -1 0 +1 +2
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• Prévention	de	l’AKI	=	NON,	ce	n’est	pas	le	but

• Pronostic	de	l’AKI	(transitoire/persistante)	=	OUI	mais	en	compensant	la	diurèse

• Traitement	de	l’AKI	pour	modifier	l’évolution	de	l’AKI	=	NON,	ce	n’est	pas	le	but

• Traitement	de	la	surcharge	hydrosodée associée	à	l’AKI	(ou	autre)	=	OUI	++++

• Traitement	de	la	surcharge	hydrosodée responsable	de	l’AKI	(installation	ou	
entretient)	=	OUI	+++


