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The efficacy of loop diuretics in acute renal failure: Assessment
using Bayesian evidence synthesis techniques
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Objective: To quantify the therapeutic efficacy of loop diuretics
in acute renal failure using Bayesian evidence synthesis, because
despite widespread use, the role of diuretics is controversial.

Data Source: Randomized controlled trials or nonrandomized
studies, 1966 to January 2007, identified from MEDLINE and
EMBASE databases and manual bibliographic search.

Study Selection: Studies with assessable predefined end
points, exclusive of those pertaining to acute renal failure pro-
phylaxis or chronic renal failure.

Data Extraction: Data extraction was performed jointly by the
first two authors; independent study assessment was via stan-
dard checklist, unblinded.

Data Synthesis: The primary outcome was mortality; secondary
outcomes were time to renal function normalization and total number
of dialyses. Bayesian hierarchical random effects estimates of treat-
ment effects were determined as risk ratio for mortality, incidence
rate ratio for dialysis number, and mean difference for continuous
measures. Bayesian outcome probabilities were calculated as prob-
ability (P) that risk ratio or incidence rate ratio of loop diuretics >1
and probability that mean difference >0. Five randomized controlled
trials and eight nonrandomized studies were identified. Loop diuret-

ics were not associated with decreased mortality in either random-
ized controlled trials or nonrandomized studies: overall risk ratio
1.10; 95% credible interval 0.85, 1.42; P (risk ratio >1) = 83.8%. The
oliguric period was decreased by loop diuretics: overall mean differ-
ence —7.70 days; 95% credible interval —12.51, —2.08; P (mean
difference >0) = 0.7%. Although the dialysis rate credible interval,
loop diuretics vs. control, spanned unity (incidence rate ratio 0.71;
95% credible interval 0.47, 1.06), the probability that the incidence
rate ratio exceeded unity indicated a substantial benefit: P (incidence
rate ratio >1 = 4.1%. Uremic duration was not substantially differ-
ent, loop diuretics vs. control: overall mean difference —1.54 days;
95% credible interval —5.62, 2.46; P [mean difference >0] = 17.8%).

Conclusions: Loop diuretics were not associated with im-
proved survival benefit in acute renal failure, despite reduction in
oliguric period and high probability of a significant reduction in
dialysis numbers. Further studies to clarify this dichotomy appear
mandated. (Crit Care Med 2007; 35:2516-2524)

Kev Worbs: sodium potassium chloride symporter inhibitors;
kidney failure, acute; meta-analysis; Bayes theorem; review; ev-
idence-based medicine

cute renal failure (ARF) is as-
sociated with a mortality rate
of 45% to 70% (1). Loop di-
uretics have been used in the
nondialytic management of ARF for >30
yrs, but appraisals (2, 3) of the therapeu-
tic options in ARF have not supported
their routine use, and no decrease in pa-
tient mortality has been shown. A more
recent (2006) evaluation (4), investigat-
ing the role of frusemide in the preven-
tion or treatment of ARF, noted the pau-

city of randomized controlled trials
(RCTs) studying the effect of frusemide in
established ARF and concluded that
frusemide was “not associated with any
significant clinical benefits.” The lack of a
well-accepted definition of ARF (3, 5) also
confounds the interpretation of these
studies.

The lack of evidence from RCTs has
increasingly prompted analysis of evi-
dence from observational data and a
“broad perspective on meta-analysis” (6)
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may be of advantage as hypothesis gener-
ating. Similarly, Norris and Atkins (7)
suggested that the difficulty of both con-
ducting RCTs and applying the obtained
results to the “general” population man-
dates the inclusion of nonrandomized
studies in systematic reviews. Our pur-
pose in this study was a) to perform an
extended search of the literature to iden-
tify RCTs and nonrandomized studies of
loop diuretic use in ARF; and b) to
assess the efficacy of this intervention
in ARF by incorporating evidence from
both types of studies into a final pooled
effect estimate using Bayesian evidence
synthesis techniques (8, 9). Bayesian
evidence synthesis is a cutting-edge
meta-analytic technique allowing com-
bination of estimates from different
sources, such as study types. The hier-
archical approach of evidence synthesis
and the particular assumptions under-
lying it allow each study to borrow
strength from the other studies result-
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ing in shrinkage of each estimate to-
ward the overall mean. Standard meta-
analytic methods are typically only
suitable for pooling evidence from sim-
ilar studies because of the difficultly
incorporating heterogeneity between
the studies and study types into overall
effect estimates. Bayesian methods have
no such difficulty and aim to obtain the
best estimate given all of the evidence,
effectively incorporating all of the het-
erogeneity. Unlike standard methods, it
is also easy to obtain quantities of in-
terest, such as the probability that the
true risk ratio of mortality under di-
uretics is greater than the null (=1).
The advantages of employing Bayesian
methods in such a setting were set forth
by Spiegelhalter et al (8).

METHODS

Definitions. A recent systematic review of
28 studies of postoperative ARF found that
no two studies used the same criteria; the
operative definition used in this study was “a
syndrome of diverse origins characterized by
the abrupt reduction of renal function” (10).
A consensus definition of ARF has only re-
cently been proposed (11), and in the ab-
sence of a definition of ARF that would po-
tentially encompass a 30-yr history of
clinical trials of varying quality, ARF was

defined inclusively as an acute worsening of
renal function determined by either blood or
urinary variables (12).

Data Sources. A preliminary search using
OVID (limited to English language) was car-
ried out for the period 1966 to January 2007
using the search terms “Diuretics (explode)
and Kidney failure, acute (explode)” in the
MEDLINE and EMBASE databases. These
search terms were then combined in a more
detailed search (Appendix 1) using the “highly
sensitive search strategy” described by Robin-
son and Dickersin (13). A similar strategy was
used in the CINAHL, Cochrane database of
systemic reviews, and ACP journal club data-
bases using the search software OVID. In ad-
dition, the same technique was used in
PubMed to see if additional articles could be
identified. MEDLINE from 1958 to 1965 was
also searched for relevant articles. The Austra-
lian Digital Thesis program and parts of the
National Digital Thesis and Dissertations were
searched, and the bibliographies of the ab-
stracted review articles and trials were re-
viewed for suitable publications.

Study Selection and Data Extraction. All
RCTs and nonrandomized studies in humans
were included provided that the primary ther-
apeutic end point, (hospital) mortality, was
reported. The selection and inclusion of non-
randomized studies were consistent with the
principles outlined by the Meta-analysis Of
Observational Studies in Epidemiology
(MOOSE) Group in 2000 (14). Appropriate
secondary end point specification was some-

Table 1. Characteristics of studies included for meta-analysis

what difficult due to the lack of comparator
studies, and the following were used: Those
likely to reflect a beneficial economic outcome
(3, 15, 16)

1. Time taken (in days) for return of sponta-
neous urine output >1500 mL
2. Total number of dialyses needed.

And those likely to reflect a physiologically
plausible outcome (17-19)

3. Time taken (in days) to spontaneously nor-
malize plasma creatinine to <2.2 mg/dL (199
pwmol/L) or urea <40 mg% (14 mmol/L)

Studies of chronic renal failure (CRF), or
where the patient population was predomi-
nantly CRF (however defined) or pediatric,
and studies in which diuretics were adminis-
tered in a prophylactic manner were excluded.
Data extraction was done jointly by two au-
thors (SS and JLM). In studies where sub-
groups of patients were reported, the results
were pooled for analysis. As there were both
randomized and nonrandomized studies, the
checklist suggested by Downs and Black (20)
(score ranging from 0 [worst] to 31) was used
for assessment of study quality; the studies
were independently assessed, unblinded, by
two authors (SS and JLM).

Data Synthesis. For the purpose of both
presentation and analysis, trials were catego-
rized as either RCTs or nonrandomized after
Norris and Atkins (7), so that heterogeneity
arising from different study types in the meta-

Lead Author Study  Study Mean Gender
(Reference No.) Country Year Type  Quality Etiology Age  Ratio, M/F Study Features Definition of ARF

Beroniade (26) Rumania 1969 NR 3 Mixed 34 ND Escalating drug dose Not described

Cantarovich (28) Argentina 1971  RCT 7 Mixed ND ND Two subgroups in treatment  Urine output <400
arms combined for mL/24 hrs
analysis

Cantarovich (29) Argentina 1973 NR 5 Mixed ND ND High dose of frusemide Mannitol test

Chandra (31) India 1975 NR 12 Mixed 41 ND Adult and pediatric study, Urine output <400
only adult data studied mL/24 hrs

Kleinknecht (32) France 1976 RCT 11 Mixed ND 31/35 Escalating up to 1200 mg/ Criteria defined
day of frusemide

Minuth (35) US 1976 NR 5 Mixed 55 76/28 Urine/blood variables

Borirakchanyavat (27) Thailand 1978 NR 7 Leptospirosis 41 13/01 No dialysis required in any Undefined
patient

Brown (25) UK 1981 RCT 14 Mixed 52 31/25 Initial 1 g of frusemide to Criteria defined
both groups

Lumlertgul (33) Thailand 1989 NR 10 Malaria 24 8/0 Only two of five subgroups Urinary indexes
analyzable

Shilliday (36) UK 1997 RCT 22 Mixed 58 42/34 Dopamine and mannitol Creatinine >180
given in both groups mmol/L

Mehta (34) US 2002 NR 18 Mixed 5 72/28 Preexisting renal Criteria defined
dysfunction in 25% of
patients

Uchino (37) Australia 2004 NR 17 Mixed 67 64/36 Preexisting renal dysfunction Criteria defined
in 29% of patients

Cantarovich (30) France 2004 RCT 24 Mixed 58 67/33 Initial frusemide given to Criteria defined

both groups

M/F, male/female; ARF, acute renal failure; NR, nonrandomized study; ND, not described; RCT, randomized controlled trial; Mixed, mixed etiologies of ARF.
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analysis could be incorporated. To estimate an
overall treatment effect, the treatment effects
and standard errors were initially estimated
for each category of study, and then the study
category estimates were combined into an
overall estimate. This is known in the Bayes-
ian setting as evidence synthesis. The methods
described by Prevost et al. (21) and Spiegelhal-
ter et al. (8) were employed with priors chosen
to reflect the plausible range of variable val-
ues. The methods and priors are described in
detail in Appendix 2.

Risk ratios (RR) were used for the binary
data, mean differences (MD) for the continu-
ous data, and incidence rate ratios (IRR) for
the count data. Bayesian methods also allowed
estimation of the probability of an outcome
from the posterior distribution. For each of
these meta-analyses we calculated the proba-
bility that the RR or IRR of loop diuretics was
>1 and the probability that the MD was >0.
Results are presented as the median estimate
with 95% credible intervals (CI). Heterogene-
ity is presented as the variance between or
within study categories. As a sensitivity anal-
ysis, the following covariates— quality score,
average age of study cohort, proportion of
males, control arm risk, and study completion
year—were included (one at a time) as a com-
mon effect in the evidence synthesis model to
determine whether each acted as a treatment
effect modifier. While additional variables,

such as baseline creatinine and time to dialy-
sis, may have modified the effects of the treat-
ment, only the specified covariates were avail-
able across all of the included studies. Control
arm risk was used as a surrogate for patient
severity of illness (22). Year of termination of
the particular study was used, rather than the
year of publication, to avoid publication lead-
time bias. Publication bias was of interest but
could not be formally assessed as there were
fewer than ten studies in each of the RCT and
nonrandomized study groups (23).

RESULTS

A preliminary search identified 1,690
articles, 558 in MEDLINE and 1,132 in
EMBASE. The highly sensitive search
strategy adopted in PubMed format and
searches in other databases did not reveal
any additional studies. Thirty-six articles
were identified as clinical trials, of which
24 were excluded; 17 of these articles
were case reports or noncomparative
studies, six of these trials involved the
prophylaxis of ARF, and one study (24)
was a preliminary report whose results
were included in a later trial (25). A fur-
ther trial (26) was identified from a hand
search of review articles. These 13 (25—

Table 2. Patient and therapy characteristics in trials studied

37) satisfied criteria for inclusion and
analysis and were divided into RCTs and
nonrandomized studies (Table 1).

The studies spanned >35 yrs from
1969 to 2004. Total patient number was
3,111; 2,520 patients were reported in
eight nonrandomized studies (26, 27, 29,
31, 33-35, 37) and 591 patients in 5 RCTs
(25, 28, 30, 32, 36). The mean (SD) age
was 48 (15) years, female proportion
30%), and mean mortality rate 54%. Mor-
tality was the only outcome reported in
all 13 studies and was described as hos-
pital mortality in four studies (31, 34, 35,
37) or mortality at 21 days (36) and 30
days (30) after enrollment in 2; no deaths
were recorded in two studies (27, 33).
Overall median (range) quality score was
11 (3-24) and, for RCTs and nonrandom-
ized groups, median score was 14 (7-24)
and 9 (3-18), respectively. Missing pa-
tient descriptive variables were also noted
in a number of studies (Table 1).

The etiology of ARF in the two trials
(27, 33) from Thailand was malaria and
leptospirosis, while in the other trials
there were varying etiologies (Table 1).
There was no single consistent defini-
tion of ARF in the trials analyzed, and

Total  Control Treatment Control Treatment
Lead Author No. of Deaths,  Deaths, Survivors, Survivors, Delivery Deafness
(Reference No.) Patients No. (%)  No. (%) No. No. Dosage of Diuretic Technique Duration of Therapy Incidence

Beroniade (26) 24 6 (50) 3(25) 6 9 Frusemide 60-480 Not described ~ Until onset of diuresis ND
mg

Cantarovich (28) 47 7 (54) 15 (44) 6 19 Frusemide 600-3200 IV infusion 30  Until onset of diuresis ND
mg fixed/geometric mins to 10
progression hrs

Cantarovich (29) 58 11 (58) 18 (46) 8 21 Frusemide 2000 IV infusion Until onset of diuresis ND
mg/day

Chandra (31) 17 3 (60) 5 (42) 2 7 Frusemide 200-2000 IV infusion Until onset of diuresis  2/16
mg/day

Kleinknecht (32) 66 12 (36) 13 (39) 2 20 Frusemide 150-1200 Intermittent IV Until onset of diuresis ND
mg infusion

Minuth (35) 104 12 (48) 47 (59) 13 22 Frusemide 40-500 Intravenous Undefined ND
mg

Borirakchanyavat 14 0 0 8 6 Frusemide 500 mg/ v 7-8 days ND

27) day

Brown (25) 56 16 (57) 18 (64) 12 10 Frusemide 2 mg/min IV or oral Defined biochemical/ 2/56
or 1 g tid urinary criteria

Lumlertgul (33) 8 0 0 4 4 Frusemide 200 mg v 4 days ND
6 hourly

Shilliday (36) 92 15 (50) 41 (68) 15 20 Frusemide or IV bolus 6 21 days 1/92
torasemide hourly
3 mg/kg

Mehta (34) 552 110 (48) 184 (56) 116 142 Frusemide (median Not known Undefined ND
80 mg)

Uchino (37) 1743 357 (57) 697 (62) 269 420 Frusemide (mean 240 Not known Undefined ND
mg/24 hrs)

Cantarovich (30) 330 50 (30) 59 (35) 114 107 Frusemide 25-35 mg/ IV or oral Until renal recovery 3/166
kg/day

ND, not defined; IV; intravenous.
2518 Crit Care Med 2007 Vol. 35, No. 11
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Figure 1. Forest plot showing effect of randomized and nonrandomized studies on mortality treatment effect as risk ratio. Small solid squares, study
estimates; vertically capped horizontal lines, 95% credible intervals (CI); vertical lines within vertically capped diamond-shaped boxes, subgroup and
overall point estimates and 95% CI; vertical straight line, the null effect.

in two trials (26, 27) ARF was not for-
mally defined. Exclusion criteria were
defined in only six studies (25, 30, 32,
34, 36, 37), and there were no consis-
tent criteria for patient exclusion. The
duration, dosage, and technique of loop
diuretic administration in the studies
were variable (Table 2). In one trial (28)
there were two subgroups with different
techniques of diuretic administration;
these subgroups were combined to-
gether for analysis. Frusemide was the
loop diuretic in all RCTs except one
(36) in which frusemide and torasemide
were used; for the purposes of analysis
these subgroups were combined (Table
2). Of the five RCTs, two were assessed
as formally placebo-controlled (28, 32)
and in three (25, 30, 36) additional ac-
tive renal therapies were initially used
in both control and treatment arms. In
the two recent large nonrandomized
studies (34, 37), thiazide diuretics were
used in addition to loop diuretics, and
the combined results were used in anal-

Crit Care Med 2007 Vol. 35, No. 11

ysis. In both these studies, preexisting
non-dialysis-dependent renal dysfunc-
tion was reported equally in treatment
and control arms (Table 1).

Influence of Loop Diuretics on Mor-
tality. Thirteen studies had information
on mortality (Fig. 1). While the credible
interval contained one, both group and
overall point estimates indicated an ad-
verse effect of loop diuretics (overall RR
1.10; 95% CI 0.85, 1.42). Furthermore,
there was an 83.8% probability that the
RR >1 (i.e., a high probability that loop
diuretics were associated with harm).
Heterogeneity between and within the
study types was small (between types
0.01, nonrandomized 0.01, RCTs 0.01).

Influence of Loop Diuretics on the
Time Taken to Normalize Creatinine/
Urea in ARF. In the eight assessable stud-
ies, the time taken (in days) to normalize
creatinine or urea was decreased for both
groups and overall; however, the differ-
ence was not significant (overall pooled
MD —1.54 days; 95% CI —5.62, 2.46)

(Fig. 2). There was a 17.8% probability
that loop diuretics were associated with
longer time to normalization of creati-
nine. Little heterogeneity between or
within the study types (between types
2.10, nonrandomized studies 6.22, RCTs
1.60) was observed.

Influence of Loop Diuretics on the
Time Taken to Diuresis of =1500 mL/day
in ARF. The use of loop diuretics signifi-
cantly decreased the oliguric period in six
assessable trials for both groups and over-
all (overall MD —7.70 days; 95% CI
—12.51, —2.08). There was a 99.3% prob-
ability that diuretics were associated with
shorter times to diuresis compared with
control. Heterogeneity of treatment ef-
fect was observed within the RCT group
(25.17) and to a lesser extent within the
nonrandomized group (5.69) and overall
(2.54) (Fig. 3).

Influence of Loop Diuretics on the
Number of Dialyses. The credible interval
for the incidence rate of dialyses needed
suggested no significant decrease with

2519
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0.35 (-1.08, 1.85

-0.38 (-3.72, 2.92)
-1.11 (-4.90 to 1.82)

-2.49 (-7.24, 0.64)

=209 (-5.76; 1:29)

-1.91 (-5.27, 1.67)

-1.96 (-4.30, 0.37)

Cantarovitch (2004)

=1.97 (-6.52, 2.73)
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| ] | | | ] | | | | | ] | | | |
-10 -9 -8 -7 -6 5 4 3 -2 % 0 I 2 3 4 5 6
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Figure 2. Forest plot showing effect of randomized and nonrandomized studies on time taken to normalize creatinine/urea, as mean difference (days). Small
solid squares, study estimates; vertically capped horizontal lines, 95% credible intervals (CI); vertical lines within vertically capped diamond-shaped boxes,
subgroup and overall point estimates and 95% CI; vertical straight line, the null effect.

the use of loop diuretics trials in the six
assessable trials overall (IRR 0.71; 95% CI
0.47, 1.06). However, the overall proba-
bility that the incidence rate of dialyses
was decreased under loop diuretics com-
pared with placebo was 95.9%, that is,
1 — P(IRR >1) = 95.9%. Little hetero-
geneity was noted overall (0.02) or for the
nonrandomized studies (0.07) or RCTs
(0.07) (Fig. 4).

Sensitivity Analysis: Influence of
Quality Score, Average Age, Proportion
of Males, Control Arm Risk, and Year of
Study Termination on Estimates. No
substantial modifying effect of average
patient age, proportion of males, or un-
derlying control arm risk on RR of mor-
tality was seen using each covariate as a
common effect in the evidence synthesis
model (Table 3). While 95% credible in-
tervals on the coefficients for quality
score and study termination date in-
cluded 0, each had =90% probability that
the slope was >0.

DISCUSSION

The paucity of RCTs of loop diuretics
in ARF (38) stands in contradistinction to

2520

their undoubted widespread use, as at-
tested to by recent nonrandomized stud-
ies (34, 37) and editorial reviews (39, 40).
In terms of the Bayesian methods used in
this meta-analysis, the probability of ad-
verse mortality effect (RR >1) of loop
diuretics was substantial at 84%.

This appears somewhat unexpected,
given the theoretical basis for the use of
loop diuretics in ARF (39). As proposed by
Majumdar and Kjellstrand (16), human
ARF is not due to a single physiologic
insult and there appear to be multiple
occasions in the course of ARF when loop
diuretics could have an advantageous ef-
fect (38). The potential detrimental ef-
fects of diuretic use in ARF were first
emphasized by the nonrandomized study
of Mehta et al. (34) and were related to
direct adverse effects on renal physiology,
exacerbated by excessive preload reduc-
tion (38, 40) and/or indirect effects con-
sequent on underestimation of severity of
illness with delay in recognition of ARF
and institution of dialytic therapy (30, 34,
39). With respect to formally addressing
the adverse effects of diuretics postulated
by Mehta et al. (34), no effect of underly-

ing risk (as a surrogate for severity of
illness) on treatment effect was demon-
strated and no assessment could be made,
via sensitivity analysis, of the effect of
either baseline creatinine or time to first
dialysis from ARF due to selective bias in
reporting (41). Point effect estimates (as
odds ratio) for both recent large nonran-
domized studies were adverse; the odds
ratio was 1.37 in the Mehta et al. (34)
study and approximately 1.2 for all mod-
els in the Uchino et al. (37) study, as
reiterated by editorial commentary (39,
40). Similarly, the point estimate for the
largest RCT (30) was an odds ratio of 1.26
(95% CI 0.79, 1.99). These individual es-
timates were remarkably consistent with
the overall mortality estimate of the cur-
rent study (in the odds ratio metric, 1.24;
95% CI 0.89, 1.74).

In the current study, the use of loop
diuretics was found to significantly de-
crease the oliguric period by a mean of
7.7 days (Fig. 4), with a probability of
shorter time to normalization of renal
indexes of 82.2%, that is, 1 — P(MD >0),
although the credible interval was wide at
—5.62 to 2.46 days for this secondary end

Crit Care Med 2007 Vol. 35, No. 11
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Figure 3. Forest plot showing effect of randomized and nonrandomized studies on time taken to diuresis of =1500 mL/day, as mean difference (days). Small
solid squares, study estimates; vertically capped horizontal lines, 95% credible intervals (CI); vertical lines within vertically capped diamond-shaped boxes,
subgroup and overall point estimates and 95% CI; verfical straight line, the null effect.

point (Fig. 2). The need for dialysis has
also been considered a quantifiable cost
factor (15), and although the credible in-
terval indicated no substantial decrease
in the rate of dialyses under loop diuret-
ics compared with control (IRR 0.71; 95%
CI 0.47-1.06), again, the probability that
the IRR was greater than unity indicated
a realizable benefit of loop diuretics:
P(IRR) >1 = 4.1%. Thus, the “beneficial”
and, presumably, not unexpected effects
of loop diuretics were increment of urine
volume and potential for decrease in need
for dialysis. Of note, there was consider-
able selective bias in reporting these sec-
ondary end points (41).

The tendency for loop diuretics to in-
crease mortality despite improved uremic
indexes appears counterintuitive when
ARF is viewed as a discrete organ failure.
However, few cases of ARF are due to a
disease process, such as glomerulone-
phritis, that is relatively isolated to the
kidney; most represent the renal manifes-
tation of a generalized insult, such as
severe infection (1, 37). Consequently,
factors unrelated to kidney function may
determine outcome, and frusemide does

Crit Care Med 2007 Vol. 35, No. 11

have a number of nonrenal effects that
could influence mortality. In chronic
heart failure, 1 mg/kg intravenous
frusemide results in reduced stroke vol-
ume and elevated blood pressure, periph-
eral resistance, pulmonary artery occlu-
sion pressure, and plasma renin,
norepinephrine, and vasopressin levels
(42). Similar effects in patients with ARF
could contribute to organ dysfunction
without necessarily impairing renal re-
covery, and adverse circulatory effects
may inadvertently occur if inappropriate
diuresis results in reduced ventricular
preload and cardiac output. Frusemide
has also been shown to have immunosup-
pressive effects on peripheral blood
mononuclear cells similar to equimolar
concentrations, hence equivalent doses, of
hydrocortisone (43). Given that the dose of
frusemide administered in the studies of
ARF can easily exceed 300 mg/day (Table
2), it is likely that significant immunosup-
pression, with its attendant risks, may have
contributed to nonrenal causes of death.
Thus, initial beneficial effects with respect
to secondary outcomes may not be mani-
fest in primary outcomes; indeed, the re-

cently reported improvement in secondary
outcomes, but increase in mortality (in cer-
tain subsets), with steroids in acute lung
injury is consistent with this notion (44).
The divergence between the adverse sur-
vival and “beneficial” secondary end point
effects may have also been due to a selec-
tion effect of diuretics upon the sickest pa-
tients (a “frailty”) (45), although, in the
absence of individual time-to-event patient
data (46), these questions cannot be defin-
itively addressed.

Both quality score and trial termina-
tion date, considered as modifying covari-
ates, had positive coefficients, with the
high probability of being greater than
zero indicating that the more recent the
study or the better the study quality, the
greater the association with an adverse
mortality effect (see the sensitivity anal-
ysis in the Results section; also Table 3).
Five of the six studies with a quality score
<11 (median value) (26-29, 35) were
performed and/or published during the
period 1969-1978, and a majority (10 of
13) were published >20 yrs ago (25-29,
31-33, 35, 36). Similarly, 87.3% of total
patient number was contributed by the
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Figure 4. Forest plot showing effect of randomized and nonrandomized studies on dialysis rate, as incidence rate ratio. Small solid squares, study estimates;
vertically capped horizontal lines, 95% credible intervals (CI); vertical lines within vertically capped diamond-shaped boxes, subgroup and overall point

estimates and 95% CI; vertical straight line, the null effect.

Table 3. Summary results of including covariates as a common effect in the hierarchical model on the
risk ratio of mortality under loop diuretics vs. control

No. of Included Studies,* Median
Covariate Nonrandomized/RCTs Slope® 95% CI¢ p (slope >0), %<
Quality score 8/5 0.02 —0.01, 0.04 91.2
Average age 6/3 0.01 —0.01, 0.04 73.0
Proportion males 5/4 0.29 —1.89,2.39 61.2
Control arm risk 8/5 —0.18 —0.84, 0.48 28.8
Study completion date 8/5 0.01 —0.00, 0.02 90.0

RCT, randomized controlled trial; CI, credible interval.

“Number of studies (nonrandomized or RCTs) in which the covariate was reported and thus
suitable for analysis; “median empirical estimate(of the true posterior variables) of the effect
magnitude of the covariate (= “coefficient”) acting as a common effect in the hierarchical model. Note
that allowing covariates to have a different effect for each study type gave very similar results (data not
presented); €95% Bayesian credible intervals; “probability that the “slope” coefficient was >0 in
magnitude.

three most recent studies (30, 34, 37), wuse of frusemide in ARF but were unable

which were notable in that a significant
percent of intensive care patients were
included, suggesting a determining effect
of calendar year-dependent case-mix dif-
ferences.

The studies of Ho and Sheridan (4)
and Bagshaw et al. (47), using frequentist
analysis, found no clinical benefit for the
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to effectively quantify the consequent risk
of benefit or harm. The current Bayesian
analysis generated overall point estimates
and intervals for the RCT group that were
comparable with these studies (4, 47).
However, the inclusion of the larger re-
cent observational studies and the partic-
ular insight afforded by Bayesian evi-

dence synthesis have allowed a more
adequate assessment of the efficacy of di-
uretics in ARF. The Bayesian methods
used here resulted in point estimates of
individual studies borrowing strength
from each other with shrinkage toward
the overall effect estimate, resulting in an
apparent “difference” from raw effect es-
timates (Table 2). The current analysis
thus complements recent studies (4, 47)
by providing additional information from
all of the available studies of diuretic use
in ARF. Furthermore, probability state-
ments quantifying the risk of harm or
benefit were easily accessed; in this study,
the probability that diuretics were asso-
ciated with higher mortality compared
with control was 84%. To determine the
effect of the priors on the results, a sen-
sitivity analysis (not presented) was un-
dertaken. Here, priors were made pro-
gressively less informative, resulting in
very similar point estimates to those re-
ported but with wider credible intervals.
The wider intervals reflected an increas-
ing level of uncertainty; however, the
overall conclusions remain unchanged.

Crit Care Med 2007 Vol. 35, No. 11
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Importantly, for the overall gestalt of

loop diuretic effect, estimates obtained
from nonrandomized studies and con-
trolled trials were consistent, although
nonrandomized studies may have been
subject to patient and treatment selection
bias. Given that loop diuretics are still
widely used in ARF, the current evidence,
suggesting a mortality detriment, would
appear to mandate further large-scale tri-
als to more accurately define their role.
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APPENDIX 1

Highly Sensitive Search Strategy
Used in Search Software OVID

exp review/ or exp meta-analysis/ or
exp cohort studies/ or (exp randomized
controlled trials/ or randomized con-
trolled trial.pt.) or controlled clinical tri-
al.pt. or exp random allocation/ or exp
double-blind method/ or exp single-blind
method/ or clinical trial.pt. or exp clinical
trials/ or clinical trial.mp. or ((single or
double or treb$ or triple) and (mask$ or
blind$)).mp. or (latin square or placebo$
or random$ or control$ or prospective$
or volunteer$ or placebos).mp. or (exp
research design/ or exp placebos/ or com-
parative study/ or exp evaluation studies/
or exp follow-up studies/ or exp prospec-
tive studies/ or exp cross-over studies/ or
“Review Literature”/ or review arti-
cles.mp.) and (exp kidney failure, acute/
or acute renal failure.mp. or exp kidney
tubular necrosis, acute/) and (exp diuret-
ics/ or bumetanide/ or exp furosemide/ or
exp sodium-potassium-chloride symport-
ers/ or frusemide.mp. or furosemide/ or
lasix.mp. or (piretanide or torasemide or
ethacrynic acid).mp. or loop diuretics.
mp.).

APPENDIX 2

Each of these Bayesian hierarchical
models used WinBUGS software (48).
Three chains each with differing starting
values were employed. A burn-in of
100,000 iterations was run, and a further
100,000 iterations were obtained for cal-
culating estimates and credible intervals.
Convergence was checked using the
Brooks, Gelman, and Rubin and Geweke
criteria available in the Bayesian Output
Analysis Program (BOA) (49) and deemed
reasonable in all cases.

The statistical model used here closely
follows that of Prevost et al. (21). Let y;
be the observed effect of the ith study of
type j with associated sample variance 55
For the mortality data, the observed ef-
fect is the log relative risk, for the count
data the observed effect is the log inci-
dence rate ratio, and for the continuous
outcomes the observed effect is the mean
difference. Then we assume a three-level
hierarchical model of the form.
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Y ~ Ny 57
8z'j -~ N(d)j’ ()-jz)
é; ~ N(p, 1) (1]

Here . represents the overall treat-
ment effect (in the scale described previ-
ously) with between study-type variability
2. The ¢; represents the treatment effect
with associated variance (rjz in the non-
randomized and RCT groups (j = 1,2),
respectively, and §;; represents the under-
lying effect in the 7/th study of type j. In
the Bayesian framework, prior distribu-
tions are required for ., 7%, and o,%. Spec-
ification of these prior distributions de-
pends on the scale of the observed effect
and should be locally noninformative in
the absence of pertinent external evi-
dence, yet clinically plausible. However,
for variance variables, sensitivity of the
results to any prior distribution used
should be assessed (8).

For log risk ratio, the same arguments
as those of Prevost et al. (21) are made for
choosing the priors as they cover the
plausible range of variable values in this
study also. For T we assume that it is very
unlikely that the risk ratio for a given
study type will be more than twice or less
than half the underlying population risk
ratio so that the log risk ratio in the jth
study type should be within p = log(2).
Assuming a normal prior distribution,
this means that it should be unlikely that
7 will exceed log(2)/1.96 = 0.35. A half-
normal (HN) distribution (8) (i.e., a nor-
mal distribution truncated below zero)
with mean 0 and variance 1/30 has ap-
proximately this property. Similarly, pri-
ors for each o; may be chosen by assum-
ing that the between study variability
within each type j is likely to be greater
than the variability in risk ratio between
study types. Suppose then that the log
risk ratio for each study &, of type j is
highly likely to be within ¢; * log(4).
Again, assuming a normal prior distribu-
tion, o; should be unlikely to exceed
log(4)/1.96 = 0.71. An HN distribution
(8) with mean 0 and variance 1/8 has
approximately this property. To choose a
prior distribution for p, we assume that
the overall risk ratio is not likely to ex-
ceed 500 in favor of either the treatment
or the control, that is, 10g(500)/1.96 =

3.17. As such, an N(0,10) distribution
would be a reasonable choice as a prior
for w. The same arguments may be made
when choosing the prior distribution for
the log incidence rate ratio.

The analysis of the continuous end
points used the mean difference and had
a different range of plausible values. As
such, the choice of prior distributions for
7, 0;, and p needed to be reconsidered.
First we determined a suitably diffuse
prior distribution for T by initially noting
that between the study types a median
range of approximately 3 days was clini-
cally plausible. The median of a half nor-
mal distribution is 1.09 sp, so that sb =
3/1.09 = 2.75. With an sp of 2.75, it
would be extremely unlikely that a differ-
ence of more than about 8.25 (since 3 -
sp = 3 - 2.75 = 8.25) days will occur
between study types. So we take an
HN(0,2.75%) distribution as our clinically
plausible prior distribution for 7. To de-
termine reasonable prior distributions for
g;, we note that a median range of 7 days
between any two studies is clinically plau-
sible. This gives sb = 7/1.09 = 6.42.
Again, it is clinically reasonable to believe
that a difference in the level of variability
about 0 is highly unlikely to exceed 19
days (since 3 -sp = 3 - 6.42 = 19), and we
take an HN(0,6.4%) distribution as our
prior distributions for each o;. Finally, we
assume that the overall mean differ-
ence, ., is not likely to be >30 days so
that we get sp = 30/3 = 10 and we take
an N(0,10%) distribution as a reasonable
prior for . For all end points, sensitivity
analyses were conducted in which the
corresponding sps for the HN prior dis-
tributions were increased four-fold to
represent more diffuse clinical ranges of
plausibility. In each case, the results ob-
tained, although quantitatively different,
were similar point estimates with in-
creased levels of uncertainty, and the
conclusions drawn were thus qualita-
tively the same.

Note that for the sensitivity analyses,
in which a covariate was included (see
Prevost (21) for details) in the previously
mentioned model, a vague Normal dis-
tribution with mean 0 and variance
1000 was given to the coefficient of that
covariate.
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