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Abstract
Background—Angiotensin-converting enzyme inhibitors improve outcomes in systolic heart
failure (SHF). However, doubts linger about their effect in SHF patients with chronic kidney
disease (CKD).

Methods—In the Studies of Left Ventricular Dysfunction (SOLVD) Treatment trial, 2569
ambulatory chronic HF patients with left ventricular ejection fraction ≤35% and serum creatinine
level ≤2.5 mg/dL were randomized to receive either placebo (n=1284) or enalapril (n=1285). Of
the 2502 patients with baseline serum creatinine data, 1036 had CKD (estimated glomerular
filtration rate <60 ml/min/1.73 m2).

Results—Overall, during 35 months of median follow-up, all-cause mortality occurred in 40%
(502/1252) and 35% (440/1250) of placebo and enalapril patients, respectively (hazard ratio
{HR}, 0.84; 95% confidence interval {CI}, 0.74–0.95; p=0.007). All-cause mortality occurred in
45% and 42% of patients with CKD (HR, 0.88; 95% CI, 0.73–1.06; p=0.164), and 36% and 31%
of non-CKD patients (HR, 0.82; 95% CI, 0.69–0.98; p=0.028) in the placebo and enalapril groups,
respectively (p for interaction=0.615). Enalapril reduced cardiovascular hospitalization in those
with CKD (HR, 0.77; 95% CI, 0.66–0.90; p<0.001) and without CKD (HR, 0.80; 95% CI, 0.70–
0.91; p<0.001). Among patients in the enalapril group, serum creatinine elevation was
significantly higher in those without CKD (0.09 versus 0.04 mg/dL in CKD; p=0.003) during first
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year of follow-up, but there was no differences in changes in systolic blood pressure (mean drop, 7
mmHg, both) and serum potassium (mean increase, 0.2 mEq/L, both).

Conclusions—Enalapril reduces mortality and hospitalization in SHF patients without
significant heterogeneity between those with and without CKD.
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enalapril; heart failure; chronic kidney disease

1. Introduction
Treatment with angiotensin-converting enzyme inhibitors (ACEIs) has been shown to
reduce mortality and hospitalization in patients with systolic heart failure (SHF) or heart
failure with reduced ejection fraction (HF-REF) [1–3]. However, these drugs are often
underutilized, especially in those with chronic kidney disease (CKD) [4–6]. Although
elevation of serum creatinine after initiation of ACEIs is temporary and not harmful to
kidney function [7], this has been often cited as a reason for their non-use [7–10]. As most
randomized clinical trials (RCT) of ACEIs excluded patients with advanced CKD there is
also lack of RCT evidence of their benefit in HF patients with CKD [11]. This is unfortunate
as CKD is common among SHF patients and is associated with poor outcomes [12–15].
Further, ACEIs have also been shown to reduce renal failure and prevent death in patients
with CKD [16]. Therefore, the purpose of the current study was to evaluate the effect of
enalapril on mortality and hospitalization in SHF patients with CKD in the Studies of Left
Ventricular Dysfunction (SOLVD)-Treatment trial.

2. Materials and methods
2.1. Source of data and study patients

SOLVD-Treatment was a randomized, double-blind, placebo controlled trial of enalapril, an
ACEI, in patients with SHF, the rationale, design, and the results of which have been
previously reported [2]. Briefly, 2569 ambulatory chronic HF patients with left ventricular
ejection fraction ≤35% who were not currently receiving ACEIs were randomly assigned to
receive either placebo (n=1284) or enalapril (n=1285) 2.5 to 20 mg/day. Patients were
recruited from 89 hospitals in the United States, Canada, and Belgium between June 1986
and March 1989. Nearly 90% of the patients had New York Heart Association classes II and
III symptoms. Patients age >80 years and those with serum creatinine level >2.5 mg/dL were
excluded. During an average of 41.4 months of follow-up, 40% and 35% of patients in the
placebo and enalapril groups, respectively, died from all causes, which corresponded to a
significant 16% risk reduction [2]. The current analysis includes 2502 participants who had
data on baseline serum creatinine levels.

2.2. Chronic kidney disease
Overall, 1036 (41% of 2502) patients had CKD defined as estimated glomerular filtration
rate (eGFR) <60 ml/min/1.73 m2 using the MDRD (Modification of Diet in Renal Disease)
formula [17]. Of these, 538 and 498 patients were randomized to receive placebo or
enalapril, respectively. Of the 1466 patients with eGFR ≥60 ml/min/1.73 m2, 714 and 752
were receiving placebo and enalapril, respectively.

2.3. Study outcomes
The primary outcome for the current study was all-cause mortality, which was also the
primary end point in the SOLVD-Treatment trial. Secondary outcomes included cause-
specific mortality and all-cause and cause-specific hospitalization. Outcomes were
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ascertained by principal investigator at each center by blinded review of hospital chart and
interview of participant relatives.

2.4. Statistical analysis
Baseline characteristics of SOLVD-Treatment participants with CKD receiving placebo and
enalapril were compared using Pearson’s chi-square test and Student’s t-test as appropriate.
Because MDRD formula underestimates eGFR at higher levels, for between-group
comparison of eGFR in those without CKD, we used eGFR estimated using the CKD-EPI
(Chronic Kidney Disease Epidemiology Collaboration) formula [18]. Kaplan Meier and Cox
proportional hazard analyses were used to estimate the effect of enalapril on outcomes. In
SOLVD-Treatment, the effect of enalapril on mortality was most marked during the first 24
months of follow-up, after which there was no mortality difference between patients
receiving placebo and enalapril [2]. Therefore, we also examined the effect of enalapril on
mortality at various time periods during follow-up. To examine if the effect of enalapril was
different in those without CKD, we repeated the above analysis in those without CKD, and
formally tested for first-order interaction. We then examined the effect of enalapril on
outcomes in SHF patients with CKD stage ≥3B (eGFR <45 ml/min/1.73 m2). We then
categorized all patients into those receiving below-target (less than 20 mg daily) and target
(20 mg daily or higher) doses of study drugs at Visit 4 and compared all-cause mortality
within each dose group, using patients in the placebo group as the reference category. The
Visit 4 assessment occurred 2 to 3 weeks after randomization when doses of study drugs
were increased to target study dosages and the follow-up began. Finally, we examined the
within-group and between-group changes in systolic blood pressure (SBP), serum potassium
and serum creatinine during the first 12 months of follow-up. All statistical tests were two-
tailed with 95% confidence levels and a p-value <0.05 was considered significant. SPSS for
Windows, Version 15 (2006, Chicago: SPSS Inc.) was used for all data analysis.

3. Results
3.1. Patient characteristics

Baseline characteristics of SHF patients with and without CKD in the placebo and enalapril
groups are displayed in Table 1. Compared to patients without CKD, those with CKD were
generally older, more likely to be women and have ischemic heart disease, and diabetes, and
had a higher NYHA functional class, but were similar with respect to other characteristics.

3.2. Effect of enalapril on all-cause mortality in SHF patients with data on baseline kidney
function

Among the 2502 SOLVD-Treatment participants with data on baseline serum creatinine, all-
cause mortality occurred in 40% and 35% of patients in the placebo and enalapril groups,
respectively (hazard ratio {HR} when enalapril was compared with placebo, 0.84; 95%
confidence interval {CI}, 0.74–0.95; p=0.007; Table 2), which is consistent with the
findings from the SOLVD-Treatment trial based on 2569 patients [2]. This effect was
attenuated, but remained significant, after adjustment for baseline CKD (HR, 0.85; 95% CI,
0.75–0.96; p=0.011) and eGFR (HR, 0.85; 95% CI, 0.75–0.97; p=0.013), and was not
significantly different between those with and without CKD (p for interaction, 0.615).

3.3. Effect of enalapril on outcomes in SHF patients with CKD
Among the 1036 patients with CKD, all-cause mortality occurred in 45% of those in the
placebo group and 42% of those in the enalapril group (HR, 0.88; 95% CI, 0.73–1.06;
p=0.164; Figure 1-a and Table 2). Among CKD patients receiving below-target doses, 48%
and 40% of those in the placebo and enalapril groups, respectively, died from all causes
(HR, 0.78; 95% CI, 0.58–1.02; p=0.066), while respective mortality among those receiving
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target doses were 42% and 41% (HR, 0.96; 95% CI, 0.73–1.24; p=0.733; Table 3). The
effect of enalapril on all-cause mortality at 3, 6, 12, 24, 36 and 48 months of follow-up is
displayed in Table 4. The effects of enalapril on cause-specific mortalities are displayed in
Table 2. Enalapril significantly reduced hospitalization in SHF patients with CKD (Table 2).

3.4. Effect of enalapril on outcomes in SHF patients with CKD stage ≥3B
Among the 268 patients with CKD stage ≥3B, all-cause mortality occurred in 52% and 44%
of patients in the placebo and enalapril groups, respectively (HR, 0.76; 95% CI, 0.54–1.08;
p=0.123). Enalapril reduced hospitalizations due to cardiovascular causes (HR, 0.73; 95%
CI, 0.54–0.98; p=0.037) and worsening HF (HR, 0.69; 95% CI, 0.46–1.02; p=0.063).

3.5. Effect of enalapril on outcomes in SHF patients without CKD
Among the 1466 patients without CKD, all-cause mortality occurred in 36% of those in the
placebo group and 31% of those in the enalapril group (HR, 0.82; 95% CI, 0.69–0.98;
p=0.028; Figure 1-b and Table 2). Among patients without CKD receiving below-target
doses, 35% and 32% of those in the placebo and enalapril groups, respectively, died from all
causes (HR, 0.92; 95% CI, 0.68–1.23; p=0.570), while respective mortality among those
receiving target doses were 37% and 29% (HR, 0.75; 95% CI, 0.59–0.94; p=0.015; Table 3).
The effect of enalapril on all-cause mortality at various time periods is displayed in Table 4.
The effects of enalapril on other outcomes in SHF patients without CKD are displayed in
Table 2.

3.6. Changes in systolic blood pressure, serum potassium and serum creatinine during
follow-up

During the first year of follow-up, 27 patients had SBP <90 mmHg, 32 and 8 patients had
serum potassium ≥5.5 and ≥6 mEq/L respectively, and 99 and 28 patients had serum
creatinine ≥2 and ≥2.5 mg/dL respectively. Changes in SBP, serum potassium and creatinine
during follow-up are displayed in Table 5. SBP <90 mmHg occurred in 0.2% and 2.1% of
placebo and enalapril patients, respectively (p<0.001). Respective rates for those with CKD
were 0.0% and 3.4% (p<0.001), and those without CKD were 0.3% and 1.2% (p=0.047; p
for heterogeneity=0.061). Among patients in the enalapril group, SBP dropped by 7 mmHg,
which was similar in those with and without CKD (p=0.948; Table 5).

Serum potassium ≥5.5 mEq/L occurred in 0.9% and 1.8% of patients in the placebo and
enalapril groups, respectively (p=0.078). Respective rates for those with CKD were 1.2%
and 1.9% (p=0.354), and those without CKD were 0.7% and 1.7% (p=0.115; p for
heterogeneity=0.657). Among patients in the enalapril group, serum potassium increased by
0.2 mEq/L, which was similar in those with and without CKD (p=0.632; Table 5). Serum
creatinine ≥2.5 mg/dL occurred in 0.5% and 1.9% of placebo and enalapril patients,
respectively (p=0.002). Respective rates for those with and without CKD were 1.0% and
4.3% (p=0.001), and 0.1% and 0.3% (p=0.600), respectively (p for heterogeneity=0.507).
Among patients in the enalapril group, serum creatinine increased by 0.05 and 0.09 mg/dL
in those with and without CKD, respectively (p=0.003; Table 5).

4. Discussion
Findings from the current study demonstrate that while enalapril significantly reduced the
risk of all-cause and cardiovascular mortality in SHF patients without CKD, its effect on
those with CKD was more modest and lacked significance. Furthermore, SHF patients with
CKD seemed to derive benefit during the early years of follow-up and at below-target doses
of enalapril. However, there was no significant heterogeneity in the effect of enalapril
between SHF patients with and without CKD. Enalapril also significantly reduced all-cause,
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cardiovascular and HF hospitalizations regardless of CKD. These findings provide important
insights into the effect of ACEIs in SHF patients with CKD and suggest that these drugs
may play an important role in improving outcomes in SHF patients with CKD, who
comprise nearly half of all SHF patients and have poor prognosis, and yet often deprived of
these drugs.

As in SHF, CKD is also associated with activation of renin-angiotensin system hormones,
suppression of which has been shown to be associated with improved outcomes in patients
with CKD [16, 19]. ACEIs have also been shown to improve kidney function in HF patients
with rather advanced CKD (mean serum creatinine of 2.3 mg/dL) [8]. Therefore, it is
mechanistically plausible that ACEIs would be beneficial for patients with both SHF and
CKD. However, considering that treatment effect is generally more pronounced in subsets of
patients with more advanced disease and poor outcomes [20], the modest nature of the effect
of enalapril on SHF patients with CKD is rather surprising. However, as prognosis worsens
with disease progression in HF, the mode of death may also change, which may explain a
relatively modest effect of enalapril in SHF patients with CKD. Sudden cardiac death and
progressive HF are two common modes of death in HF. With disease progression,
progressive HF becomes a more common mode of death. In the main SOLVD-Treatment
trial, the effect of enalapril on mortality was mostly driven by reduction in death due to
progressive HF as enalapril had little or no effect on sudden cardiac death [2].

If SHF patients with CKD in SOLVD-Treatment were more likely to die from progressive
HF and if enalapril was less effective in preventing death due to progressive HF, then the
effect of enalapril would be modest in those patients. However, findings from our cause-
specific death analysis do not suggest that SHF patients with CKD were more likely to die
from progressive cardiac failure which may in part also explain the attenuated effect of
enalapril in those with CKD. Yet, enalapril had a rather robust effect on reduction in
hospitalization due to worsening HF in those with CKD. Because most HF patients with
disease progression would have worsening symptoms with many requiring hospitalizations,
these findings suggest that enalapril may have had some effect on symptomatic disease
progression. Because in the SOLVD-Treatment trial, mortality reduction associated with
enalapril use occurred entirely among patients who had HF hospitalizations during the trial,
reduction of HF hospitalization was considered a mechanism by which enalapril reduced
mortality [2]. The robust effect of enalapril on hospitalization due to worsening HF
regardless of CKD suggests that the underlying mechanism of action of enalapril may be
similar in SHF patients with and without CKD.

Prior studies on the effect of ACEIs in SHF patients with CKD based on secondary analysis
of existing databases have produced inconclusive results [21–24]. However, to the best of
our knowledge this is the first report on the effect of an ACEI on outcomes in SHF patients
with CKD based on subgroup analysis of an RCT. These findings are also consistent with
those from a propensity-matched study of ACEIs in SHF patients with CKD [25].
Cumulative evidence from those studies and the findings from the current study suggest that
as in SHF patients without CKD, ACEIs may reduce mortality and hospitalization in those
with CKD. Our findings also suggest that common adverse effects of enalapril such as
hypotension, hyperkalemia or elevation of serum creatinine, was low regardless of CKD and
was safe.

Our study has several limitations. The exclusion of SHF patients with a creatinine >2.5 mg/
dL may limit generalizability of these findings to those with more advanced CKD. However,
we observed that enalapril had a similar effect on those with CKD stage ≥3B. We had no
data on urine albumin and some patients with early CKD may have been misclassified as
having no CKD. Finally, the SOLVD-Treatment trial was conducted in the pre-beta-blocker
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era of HF care. Whether the modest mortality reduction associated with enalapril in
SOLVD-Treatment may be generalizable to contemporary HF patients receiving beta-
blockers and other neurohormonal antagonists and devices remains unclear.

In conclusion, enalapril reduces mortality and hospitalization in SHF patients without
significant heterogeneity between those with and without CKD. Despite higher mortality in
those with CKD, the effect of enalapril seemed somewhat attenuated. However, the effect of
enalapril on cardiovascular and HF hospitalization was robust regardless of CKD. Future
studies need to examine the effect of ACEIs in more contemporary HF patients with CKD.
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Figure 1.
Kaplan-Meier plots for all-cause mortality in SOLVD-Treatment trial participants (a) with
and (b) without chronic kidney disease (CKD); (CI=confidence interval)

Bowling et al. Page 8

Int J Cardiol. Author manuscript; available in PMC 2014 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bowling et al. Page 9

Table 1

Baseline characteristics of SOLVD-Treatment trial participants with and without chronic kidney disease
(CKD) by randomization to enalapril or placebo

CKD (n=1036) No CKD (n=1466)

Placebo (n=538) Enalapril (n=498) Placebo (n=714) Enalapril (n=752)

Age, years† 64.5 (±7.6) 64.1 (±8.3) 57.7 (±10.0) 57.6 (±10.4)

Female† 135 (25%) 119 (24%) 117 (16%) 119 (16%)

Race†

 White 452 (84%) 414 (83%) 565 (79%) 578 (77%)

 African American 61 (11%) 55 (11%) 119 (17%) 146 (19%)

 Other 25 (5%) 29 (6%) 30 (4%) 28 (4%)

Current smoker† 74 (14%) 79 (16%) 189 (27%) 204 (27%)

New York Heart Association class†

 I 59 (11%) 58 (12%) 111 (16%) 119 (16%)

 II 288 (54%) 237 (48%) 398 (56%) 422 (56%)

 III 178 (33%) 196 (39%) 189 (27%) 199 (27%)

 IV 13 (2%) 7 (1%) 16 (2%) 12 (2%)

Ischemic heart disease† 394 (73%) 364 (73%) 510 (71%) 516 (69%)

Myocardial infarction 354 (66%) 336 (68%) 463 (65%) 496 (66%)

Angina pectoris† 224 (42%) 197 (40%) 267 (37%) 254 (34%)

Hypertension† 240 (45%) 248 (50%) 279 (39%) 283 (38%)

Diabetes mellitus† 158 (29%) 150 (30%) 177 (25%) 161 (21%)

Atrial fibrillation 45 (8%) 40 (8%) 38 (5%) 74 (10%)*

Medications

 Beta-blockers 39 (7%) 34 (7%) 48 (7%) 67 (9%)

 Digitalis† 350 (65%) 313 (63%) 504 (71%) 512 (68%)

 Diuretics† 477 (89%) 441 (89%) 589 (83%) 682 (84%)

 Potassium-sparing diuretic 53 (10%) 47 (9%) 64 (9%) 69 (9%)

 Potassium supplements 267 (50%) 275 (55%) 347 (49%) 370 (49%)

 Nitrates† 246 (46%) 219 (44%) 306 (43%) 279 (37%)*

 Anti-arrhythmic drugs† 133 (25%) 136 (27%) 128 (18%) 150 (20%)

 Calcium-channel blockers† 184 (34%) 166 (33%) 223 (31%) 200 (27%)

 Anticoagulants 84 (16%) 70 (14%) 116 (16%) 128 (17%)

 Anti-platelet agents 193 (36%) 166 (33%) 238 (33%) 249 (33%)

Weight, kg† 75 (±8) 76 (±8) 78 (±10) 78 (±9)

Heart rate, beats/min† 78 (±12) 80 (±13) 81 (±14) 80 (±13)

Systolic blood pressure, mm Hg† 126 (±18) 127 (±19) 124 (±17) 124 (±17)

Diastolic blood pressure, mm Hg† 76 (±10) 77 (±11) 77 (±10) 78 (±10)

Serum sodium, mmol/liter 140 (±3) 140 (±3) 140 (±3) 140 (±3)
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CKD (n=1036) No CKD (n=1466)

Placebo (n=538) Enalapril (n=498) Placebo (n=714) Enalapril (n=752)

Serum potassium, mmol/liter† 4.3 (±0.5) 4.3 (±0.5) 4.3 (±0.4) 4.2 (±0.4)

Serum creatinine, mg/dl† 1.49 (±0.27) 1.50 (±0.27) 1.06 (±0.18) 1.06 (±0.18)

Estimated glomerular filtration rate, ml/min/1.73m2 49 (±8) 49 (±8) 78 (±14)‡ 78 (±14)‡

Cardiothoracic ratio >0.50† 296 (55%) 294 (59%) 401 (56%) 430 (57%)

Ejection fraction, % 25 (±7) 25 (±6) 25 (±7) 25 (±7)

*
P<0.05

†
 P<0.05 between CKD and no-CKD groups

‡
 Estimated using the CKD-EPI formula
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Table 5

Change in systolic blood pressure, serum potassium and creatinine values during first 12 months of follow-up,
in patients in the placebo and enalapril groups in the SOLVD-Treatment trial

Changes during first 12 months
Mean (95% CI); paired t-test p value Student’s t-test p value

Systolic blood pressure, mm Hg

 CKD (n=983)
Placebo (n=508) +0.10 (−1.21 to +1.41); 0.880

<0.001
Enalapril (n=475) −7.00 (−8.62 to −5.38); <0.001*

 No CKD (n=1411)
Placebo (n=677) +0.60 (−0.53 to +1.72); 0.297

<0.001
Enalapril (n=734) −7.06 (−8.23 to −5.90); <0.001*

Serum potassium, mEq/L

 CKD (n=970)
Placebo (n=503) −0.06 (−0.11 to −0.02); 0.008

<0.001
Enalapril (n=467) +0.20 (+0.14 to +0.25); <0.001†

 No CKD (n=1384)
Placebo (n=670) −0.04 (−0.08 to +0.003); 0.069

<0.001
Enalapril (n=714) +0.18 (+0.14 to +0.22); <0.001†

Serum creatinine, mg/dL

 CKD (n=967)
Placebo (n=501) −0.02 (−0.05 to −0.001); 0.041

<0.001
Enalapril (n=466) +0.04 (+0.02 to +0.07); 0.002‡

 No CKD (n=1383)
Placebo (n=670) +0.05 (+0.03 to +0.06); <0.001

<0.001
Enalapril (n=713) +0.09 (+0.08 to +0.11); <0.001‡

*
P=0.948 for differences in patients in the enalapril group with and without CKD

†
P=0.632 for differences in patients in the enalapril group with and without CKD

‡
P=0.003 for differences in patients in the enalapril group with and without CKD
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