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Abstract Although intravenous diuretics have been main-
stay drugs in patients with acute heart failure (AHF), they
have been suggested to have some deleterious effects on
prognosis. We postulated that renal function may modify
their deleterious effects in AHF patients. The study popula-
tion consisted of 1094 AHF patients from three hospitals.
Renal dysfunction (RD) was defined as estimated glomeru-
lar filtration rate (eGFR) <60 mL/min/1.73 m? on admis-
sion, and the cohort was divided into a high-dose furo-
semide (>100 mg/48 h) and low-dose furosemide group
according to the amount of intravenous furosemide used
within 48 h from admission. In the whole cohort, in-hos-
pital mortality rate was higher in the high-dose furosemide
group than the low-dose furosemide group (12.5 vs. 6.6 %,
respectively, P = 0.001). However, this difference in the
in-hospital mortality rates was significant only in the RD
subgroup (15.6 vs. 7.0 %, respectively, P < 0.001), and
not in the non-RD subgroup (2.5 vs. 5.9 %, respectively,
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P = 0.384). Propensity score-matched analysis was per-
formed to evaluate the impact of high-dose furosemide
on prognosis. After propensity score matching, high-dose
furosemide was not associated with in-hospital mortality
(OR 1.25, 95 % CI 0.73-2.16, P = 0.408). However, there
was a qualitative difference in OR for in-hospital mortal-
ity between AHF with RD (OR 1.77, 95 % CI 0.96-3.28,
P = 0.068) and without RD (OR 0.23, 95 % CI 0.05-1.10,
P = 0.064), and there was a significant interaction between
eGFR and prognostic impact of high-dose furosemide (P
for OR interaction = 0.013). An inverse relationship was
observed between eGFR and OR for in-hospital death in
the group treated with high-dose furosemide (decreasing
OR with better eGFR). The deleterious effect of diuretics
was significantly modified with renal function in AHF. This
association may be one reason for poorer prognosis of AHF
patients complicated with renal impairment.

Keywords Acute heart failure - Diuretics - Renal
function - Prognosis

Introduction

Acute heart failure (AHF) is a worldwide public health
issue with high rates of morbidity and mortality. The prog-
nosis of patients with AHF is poor, and around half of
all patients die or are rehospitalized due to heart failure
within 6 months [1-3]. The in-hospital mortality rate of
AHF ranges from 4 to 30 % [4, 5]. The number of patients
requiring hospital admission due to AHF will continue to
increase with increases in number of AHF patients in per-
centages of elderly patients [6].

Intravenous diuretics represent the cornerstone of AHF
treatment, and around 80 % of AHF patients are treated
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with these drugs [4]. Indeed, diuretics are the main form of
therapy in cases of AHF with congestive symptoms. How-
ever, unfavorable effects of diuretics have been reported,
including neurohormonal activation in heart failure (HF)
patients, and several observational studies have indicated
deleterious effects of diuretics on prognosis in both acute
and chronic HF patients [7-11]. Although the precise
mechanisms underlying the negative effects of diuretics in
HF patients remain to be elucidated, the direct effects of
furosemide on kidney macula densa and subsequent renin
release and neurohormonal activation have been well docu-
mented [12, 13]. This mechanism and the observation that
renin activity is activated to a greater extent in patients with
renal impairment suggest that this neurohormonal effect
of diuretics may be influenced by renal function. Indeed,
patients with AHF and renal dysfunction have prolonged
length of hospital stay and high in-hospital and long-
term mortality rates [14]. No therapy, thus far tested, has
improved either short-term or long-term outcomes in these
patients, including recently reported therapies such as ultra-
filtration, standard and low-dose nesiritide, and low-dose
dopamine [15, 16].

To clarify whether renal function modifies the prognos-
tic impact of diuretics in AHF, we investigated an observa-
tional cohort of patients hospitalized for AHF.

Materials and methods
Patient population

The study population consisted of consecutive AHF
patients aged >18 years diagnosed by the attending cardi-
ologists according to the Framingham criteria [17] present-
ing with acute onset or worsening of symptoms and admit-
ted to one of the three participating hospitals—Kameda
Medical Center (965 patients-bed inpatient facility, around
250 AHF admission annually, and functions as one of the
core centers in Chiba prefecture), Awa Regional Medi-
cal Center (149 patients-bed inpatient facility, around 100
AHF admission annually, and functions as one of the core
centers in Chiba prefecture), and Kawasaki Medical School
Hospital (965 patients-bed inpatient facility, around 120
AHF admission annually, and functions as one of the core
center in Okayama prefecture)—between January 2011 and
July 2013. AHF patients with acute coronary syndrome,
primary pulmonary hypertension, pericardial disease, or
with a history of maintained hemodialysis were excluded.
On analysis, cases with B-type natriuretic peptide (BNP)
<100 pg/mL on admission were also excluded because
the primary diagnosis of these cases may not have been
heart failure [18, 19]. Medical records were reviewed by
the attending cardiologists, and baseline data, including

patient characteristics, medical history, and all initial treat-
ments provided within 48 h after admission, including the
total intravenous furosemide dose, were collected. The
values of all biomarkers on admission were collected. Esti-
mated glomerular filtration rate (eGFR) was calculated by
the Japanese coefficient-modified Chronic Kidney Disease
Epidemiology Collaboration equation. In this equation,
the Japanese coefficient of 0.813 was used to calculate
eGFR. The internal and external validation of this equation
has already been satisfactorily performed [20]. A diagno-
sis of renal dysfunction (RD) on admission was made in
cases in which eGFR calculated from the creatinine level
on admission was <60 mL/min/1.73 m?. The primary out-
come in this study was all-cause in-hospital mortality. This
study was conducted in accordance with the principles of
the Declaration of Helsinki, and the study protocol was
approved by the ethics committee and institutional review
board of each participating hospital. Due to the retrospec-
tive and observational nature of the present study, written
informed consent was not required under current Japanese
guidelines.

Statistical analysis

Data are expressed as the mean =+ standard deviation for
normally distributed variables and as the medians with
interquartile range for non-normally distributed data.
The distribution of data was examined by Kolmogorov—
Smirnov test, and variables were transformed for further
analyses when necessary. Categorical data are expressed as
numbers and percentages. We divided the whole cohort into
four groups according to quartiles of the total furosemide
diuretic dose, and baseline characteristics were compared
by one-way analysis of variance (ANOVA), Kruskal-Wal-
lis test, or Chi squared test where appropriate. We calcu-
lated the odds ratio (OR) with 95 % confidence interval
(95 % CI) derived from the logistic regression model to
evaluate the prognostic effect of high-dose furosemide.
Multiple imputation generated 2000 data sets of comple-
mented missing values [1 case (0.1 %) in heart rate; 1 case
(0.1 %) in prescription at admission of angiotensin con-
verting enzyme inhibiter (ACE-I) or angiotensin receptor
II blocker (ARB); 10 cases (1.2 %) in prescription of beta
blocker; 1 case (0.1 %) in amount of prescribed oral furo-
semide; 26 cases (2.4 %) in left ventricular ejection frac-
tion; 10 cases (0.9 %) in hemoglobin; and 2 cases (0.2 %)
in serum potassium] [21]. To investigate the relationship
between renal function on admission and the prognostic
impact of diuretic dose, we defined high-dose furosemide
as a total dose of >100 mg within 48 h, corresponding to
the highest quartile dose in this cohort [22]. To adjust for
differences in patient backgrounds, we constructed a logis-
tic model for calculating the propensity score (PS) for each
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individual based on the following variables: age; gender;
systolic blood pressure; heart rate; left ventricular ejection
fraction; hemoglobin; albumin; serum creatinine; blood
urea nitrogen (BUN); serum sodium; serum potassium;
brain natriuretic peptide (BNP); dose of prescribed furo-
semide at admission; prescription at admission of ACE-I
or ARB, HMG-CoA inhibitor, and beta blocker; history of
atrial fibrillation, hypertension, and diabetes. PS matching
was performed in a one-to-one fashion between high-dose
furosemide and low-dose furosemide groups. The balanc-
ing of variables that could potentially affect the prognosis
before and after PS matching was checked by comparing
standardized mean differences. An absolute standardized
difference <0.1 was considered to indicate successful bal-
ancing [23].

The OR of in-hospital mortality for patients treated with
high-dose furosemide was compared to patients treated
with low-dose furosemide (total furosemide dose <100 mg
within 48 h) and was graphically described at each level
of eGFR. The interaction between renal function and the
prognostic impact of high-dose diuretics was examined for
in-hospital all-cause death. Statistical analyses were per-
formed using R version 3.2.0 (R foundation for Statistical
Computing, Vienna, Austria) and the graphical user inter-
face EZR [24]. In all analyses, P < 0.05 was taken to indi-
cate statistical significance.

Results

Of the total of 1278 potentially eligible AHF patients admit-
ted to one of the three participating hospitals, 1094 patients
were finally included in the analyses (Fig. 1). No patients
were treated with any intravenous diuretics other than furo-
semide. The median dose of intravenous furosemide used
within 48 h of admission was 60 mg and the interquartile
range was 20—100 mg. The whole cohort was divided into
high- and low-dose furosemide groups according to the def-
inition outlined above (Table 1). The high-dose furosemide
group included more males, had less history of hyperten-
sion and atrial fibrillation, and higher prescribed furosem-
ide dose at admission, lower hemoglobin and albumin, and
higher potassium level. There were also pronounced differ-
ences in renal function (creatinine and BUN) and BNP at
admission between the two groups.

There were 92 all-cause in-hospital deaths (8.4 %),
and Fig. 2 shows in-hospital mortality in the whole cohort
and subgroups. In the whole cohort, the in-hospital mor-
tality rate was higher in the high-dose furosemide than
the low-dose furosemide group (12.5 vs. 6.6 %, respec-
tively, P = 0.001). However, in-hospital mortality rates
were significantly different between groups only in the
RD subgroup (15.6 vs. 7.0 %, respectively, P < 0.001) but
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Fig. 1 Study flowchart

not in the non-RD subgroup (2.5 vs. 5.9 %, respectively,
P =0.384).

To investigate the impact of interaction between RD and
deleterious effect of furosemide, we performed PS match-
ing in high-dose and low-dose furosemide groups. The
characteristics of patients treated with low- and high-dose
furosemide after PS matching are listed in Table 1. After PS
matching, the high- and low-dose furosemide groups were
well balanced (Fig. 3). In the PS-matched cohort, high-
dose furosemide was not associated with high in-hospital
mortality in the whole cohort (OR 1.25, 95 % CI 0.73—
2.16, P = 0.408). However, OR for in-hospital mortality
was qualitatively different in the RD subgroup (OR 1.77,
95 % CI 0.96-3.28, P = 0.068) and non-RD subgroup (OR
0.23, 95 % CI 0.05-1.10, P = 0.064), and there was a sig-
nificant interaction between eGFR and prognostic impact
of high-dose furosemide (P for OR interaction = 0.013).
These results did not change if we used RD (eGFR
<60 mL/min/1.73 m?) as an interacting factor of prognostic
impact of high-dose furosemide as a sensitivity analysis (P
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Table 1 Patient characteristics of high-dose furosemide group and low-dose furosemide group

Variables Before PS match P value After PS match
Low-dose group High-dose group Low-dose group High-dose group
(N =1758) (N = 336) (N=312) (N=312)
Age (years) 78.7 £12.8 78.5 £ 12.6 0.861 79.0+ 123 789 £ 125
Male gender (%) 370 (48.8) 186 (55.4) 0.049 161 (51.6) 169 (54.2)
Systolic blood pressure ~ 141.2 +33.1 138.5 £33.8 0.232  139.4+£329 139.1 £33.3
(mmHg)
Diastolic blood pressure ~ 79.6 = 22.4 78.3 £20.9 0.358 79.3£22.6 78.6 £ 20.6
(mmHg)
Heart rate (bpm) 91.7+£253 93.7+24.1 0215 94.7+256 93.4+24.4
Comorbidities
Hypertension (%) 455 (60.0) 179 (53.3) 0.040 179(57.4) 169 (54.2)
Diabetes (%) 246 (32.5) 115 (34.2) 0.578 107 (34.3) 107 (34.3)
Atrial fibrillation (%) 384 (50.7) 148 (44.0) 0.049 127 (40.7) 135 (43.3)
Medications
ACE-I or ARB (%) 309 (40.8) 136 (40.5) 0.947 126 (40.4) 128 (41.0)
Beta blocker (%) 272 (35.9) 115 (34.2) 0.632 107 (34.3) 105 (33.7)
HMG-CoA reductase 183 (24.1) 98 (29.2) 0.085 92(29.5) 89 (28.5)
inhibitor (%)
Prescribed furosemide ~ 10.0 (0.0-20.0) 10.0 (0.0-40.0) 0.001  20.00 (0.00—40.00) 10.00 (0.00-40.00)
dose at admission
(mg)
Carperitide within 48 h 303 (60.0) 116 (34.5) 0.092 123 (394) 106 (34.0)
(%)
Vasodilators within 48 h 345 (45.5) 145 (43.2) 0.510 140 (44.9) 134 (42.9)
(%)
Inotropes within 48 h 79 (13.5) 37 (12.3) 0.675 33 (13.9) 30 (10.8)
(%)
Left ventricular ejection  51.3 £ 15.4 502+ 15.4 0.264 50.5+15.1 50.6 £ 15.0
fraction (%)
Laboratory tests
Hemoglobin (g/dL) 11.6 £2.3 11.3£24 0.030 11324 11.3£24
Albumin (g/dL) 3.5(3.1-3.8) 3.4 (3.0-3.7) 0.038 3.4 (3.0-3.7) 3.4 (3.1-3.7)
Creatinine (mg/dL) 1.26 £+ 0.89 1.53 £0.98 <0.001 1.45+1.06 1.41 £0.76
eGFR (mL/ 5224256 44.6 £25.7 <0.001 46.8 +£26.0 46.0 £255
min/1.73 m?)
Blood urea nitrogen 23.0 (17.0-33.0) 28.0 (19.0-41.0) <0.001  25.0(19.0-39.3) 26.0 (19.0-38.0)
(mg/dL)
Sodium (mEq/L) 139.6 £4.5 139.7 £4.7 0816 139.6+44 139.7 £4.7
Potassium (mEq/L) 43+0.7 44+£0.7 0.042 44+07 44+£0.7
BNP (pg/dL) 685.0 (389.5-1190.9) 1037.1 (572.9-1696.8)  <0.001  909.6 (477.8-1600.1) 991.6 (562.7-1675.8)

ACE-I angiotensin converting enzyme inhibitor, ARB angiotensin receptor blocker, BNP brain natriuretic peptide, eGFR estimated glomerular
filtration rate, HMG-CoA 3-hydroxy-3-methylglutaryl coenzyme A

for OR interaction = 0.018). Figure 4 describes the OR of
in-hospital death for patients treated with high-dose furo-
semide compared to those receiving low-dose furosemide
estimated at each level of eGFR. An inverse relationship
was observed between eGFR and OR for in-hospital death
in the group treated with high-dose furosemide (decreasing

OR with better eGFR).

We also did a sensitivity analysis by applying >160 mg
as a definition of high-dose furosemide. After propensity
score matching, 133 pairs were obtained. Although inverse
relationship was retained between eGFR and OR for in-
hospital death in the group treated with high-dose furosem-
ide (decreasing OR with better eGFR) even in this analysis
(data not shown), P for OR interaction lost its significance

(P for OR interaction = 0.433).
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Fig. 2 Incidence rates of all-cause in-hospital death in each qartile of
furosemide dose

Discussion

In our multicenter retrospective AHF dataset, high-dose
intravenous furosemide use within 48 h of admission seemed
to be associated with poor prognosis only before but not after
PS matching. However, there was a significant qualitative
interaction in prognostic impact of high-dose furosemide use
between AHF patients with and without RD in well-matched
groups. We also confirmed that there was an inverted linear
relationship between eGFR at admission and OR of high-
dose furosemide use for in-hospital mortality in the PS
matched cohort. These results suggested that renal function
modifies the prognostic impact of furosemide independent
of other confounding factors. This novel finding may explain
why AHF patients with renal impairment have poorer prog-
nosis than those with conserved renal function.

Fig. 3 Love plot of before and
after propensity score matching

Blood urea nitrogen
Sodium

Potassium

Brain natriuretic peptide
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Prognostic implications of furosemide in AHF patients

Treatment of AHF patients with loop diuretics has been
shown to activate the renin—angiotensin—aldosterone sys-
tem and sympathetic nervous activity [8, 25], which are the
factors that are most likely involved in the poor prognosis
in such cases.

In the present study, high-dose furosemide in AHF
patients was not associated with poorer prognosis in the
whole cohort after balancing for differences in some
patient characteristics at baseline by PS. These results
were consistent with some previous studies but not oth-
ers. Peacock et al. analyzed the ADHERE registry and
suggested that high-dose furosemide was associated with
poorer prognosis [26]. However, this study potentially
did not fully adjust for difference in patient background
between high- and low-dose furosemide groups, because
some important variables associated with prognosis,
including BNP, were missed and were not included in PS
analysis. We used all of the important prognostic mark-
ers for PS analysis and these factors were well balanced
between high- and low-dose furosemide groups. Con-
versely, Yilmaz et al. reported that there was no difference
in prognosis between AHF patients treated with intra-
venous furosemide at doses above and below 1.0 mg/kg
within 24 h of admission in the ALARM-HF registry [27].
In this study, the authors dichotomized the whole cohort
into high- and low-dose groups according to the 75th per-
centile of furosemide dose (1.0 mg/kg) used within 24 h
of admission and performed propensity score-matched
analysis.
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Fig. 4 Adjusted odds ratio using above the median dose of furosem-
ide (=100 mg) for in-hospital all-cause mortality in relation to renal
function

Similarly, there was no significant difference in 30-day
outcome between high- and low-dose furosemide groups
in the DOSE trial [28]. However, it may not be possible
to simply generalize this result to Japanese AHF patients
because only those treated with oral furosemide at a dose
of >80 mg daily were included in the DOSE study. The
median dose of oral furosemide prescribed in our cohort
was 10 mg, consistent with the recently published results
of the Japanese Heart Failure Registry [29], and less than
10 % of patients in the present study fulfilled this inclu-
sion criterion. The consistency of our study results with the
DOSE study makes it possible to validate these results even
for a Japanese AHF cohort.

Interaction between renal function and prognostic
implications of diuretic dose

Significant interaction between renal function and prog-
nostic implication of diuretics could be explained in the
context of neurohormonal activity. Plasma renin activity
is activated to a greater extent in HF patients with renal
impairment than in those with conserved renal function,
and it was shown to be an independent prognostic predictor
[30, 31]. Impaired renal function in AHF patients on admis-
sion may be due to preadmission worsening renal function
caused by decompensation of HF and subsequent neuro-
hormonal activation. This is supported by the results of
two observational studies regarding improvement of renal
function in AHF. In the first of these studies, patients with
improvement of renal function had significantly higher

preadmission eGFR, and the change in eGFR from pre-
admission to admission was significantly greater in those
experiencing improvement of renal function, while progno-
sis was poorer compared to those without improvement of
renal function [32]. In the other study, the BUN/Cr ratio,
which is recognized as an indicator of neurohormonal
activation, on admission was shown to be an independent
predictor of improvement of renal function [33]. These
observations suggest that neurohormonal activation may be
activated to a greater extent in AHF patients with impaired
than conserved renal function, and it is natural to suggest
that the prognosis would be poorer with activation of renin
and sympathetic nervous activity by diuretics especially in
AHF patients with high levels of neurohormonal activation.

This hypothesis was supported by the results of an
observational study by Testani et al., which showed that
high-dose furosemide therapy worsened the prognosis of
chronic heart failure patients only in those with high BUN
level [22]. This suggests that there is a significant interac-
tion between the degree of neurohormonal activation and
prognostic implications of furosemide. The BUN level was
significantly higher in the high-dose furosemide group in
the present study; however, the interaction between prog-
nostic impact of high-dose furosemide and BUN was not
significant in our post-PS matched cohort (P = 0.226).
These observations suggest that renal function itself influ-
ences the prognostic implications of furosemide inde-
pendent from BUN. As patients with RD are treated with
high-dose diuretics in both acute and chronic heart failure,
the deleterious effects of diuretics on prognosis must be
enhanced synergistically in this high-risk population.

Our study had some limitations. First, this was a retro-
spective study, and, therefore, the accuracy of some vari-
ables relied on the accuracy of medical records. We evalu-
ated furosemide only with regard to the dose administered
within 48 h of admission and not later, and we did not
evaluate the means of administration (i.e., continuous Vvs.
bolus). A recent study showed that continuous furosemide
infusion was associated with greater increases in plasma
renin activity than bolus furosemide [34], and this may have
affected our results. We did not take oral diuretic adminis-
tration into consideration. However, the bioavailability of
furosemide can vary, and is lower when prescribed orally,
so we cannot speculate on the effects of per os furosemide
in each patient [35, 36]. The number of events in non-RD
group was low, and lack of association between mortality
and furosemide dose might have been attributed to type II
error. We evaluated only all-cause in-hospital mortality as
an endpoint and, therefore, could not investigate the rela-
tions between furosemide dose and either cause-specific
death or long-term mortality rate. However, this made our
study results more robust because no patients were lost to
follow-up and the endpoint was both objective and clinically
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relevant. We did not have data regarding serial changes in
renal function because of the retrospective nature of this
study, and creatinine was not measured according to prede-
fined regimens. In our sensitivity analysis, P value for OR
interaction was not significant; however, as higher cut-off
resulted in lower number of patients with high-dose furo-
semide group, number of events was also reduced (only 34
in-hospital death). This is clearly under powered to detect
significant interaction. Moreover, we define high-dose furo-
semide according to the highest quartile dose in this cohort.
As this definition was used in another study and not defined
arbitrarily [22], we believe that using the dose correspond-
ing to the 75th percentile (i.e. 100 mg) in our cohort as a
cutoff is reasonable. We used propensity score matching to
adjust for confounders to evaluate the association between
amount of diuretics and mortality. However, as propensity
score cannot adjust for unknown confounders, and prognos-
tic factors of AHF are multifactorial and complex. There are
still possibilities of our results and conclusions confounded
by other covariates.

In conclusion, the results of the present study indicated
that there is an interaction between impact of furosemide
on prognosis and renal function in AHF patients. These
observations may partially explain the association between
renal function and worse prognosis in AHF patients. Clini-
cally, this study indicated that reducing furosemide dose is
warranted in AHF patients with renal impairment.
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