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activation of the adrenergic nervous system and of the renin-
angiotensin-aldosterone system causes maladaptive remod-
eling of the ventricles and further myocardial injury, thereby
initiating a vicious cycle in what has become known as the
neurohumoral model of HF. The importance of this model
became even clearer when it was discovered that blockade
of these 2 systems prolongs survival in patients with HF
(Fig. 4).
Abnormal Ca2D cycling model. Cardiac contraction
results from the interaction of the thick (myosin) and thin
(actin) myofilaments; this interaction is triggered by the
cytoplasmic [Ca2þ]. The importance of Ca2þ to cardiac
contraction has been appreciated since the classic experiments
described by Ringer in 1883 (36). In the abnormal calcium
cycling model of HF, dysregulation of Ca2þ fluxes are
considered central to the depression of the myocardial
contractility that occurs in certain types of HF (Fig. 5).
During depolarization of the cell membrane, Ca2þ enters the
myocyte through L-type Ca2þ channels located in the
indentations of the membrane known as transverse tubules,
which are in close proximity to the sarcoplasmic reticulum
(SR). This influx stimulates the release of much greater
quantities of Ca2þ from the SR into the cytoplasm through
the Ca2þ release channels, also known as the ryanodine
receptors (RyR2).

After reaching a critical concentration, the cytoplasmicCa2þ

activates the contractile system of the myocyte, thereby trig-
gering contraction. The sarcoendoplasmic reticular adenosine

triphosphate–driven [Ca2þ] pump (SERCA2a) returns cyto-
plasmic Ca2þ to the SR against a concentration gradient. This
reduction in cytoplasmic [Ca2þ] shuts off contraction and
initiates myocyte relaxation (Fig. 6).

Dysregulation of Ca2þ movements has been demonstrated
in certain types of HF. A diastolic leak of Ca2þ through
altered RyR2 lowers the Ca2þ content of the SR, reducing the
Ca2þ that can be released during activation, thereby weak-
ening contraction (37). While there is agreement that ab-
normal function of these receptors occurs in certain types of
HF, there is controversy regarding the molecular cause of
“leaky” RyR2 receptors. Some have attributed it to hyper-
phosphorylation of this receptor at serine 2808 by phospho-
kinase A (38); others, to the phosphorylation of a nearby
amino acid, serine 2814, by another enzyme, Ca2þ/calm-
odular-dependent protein kinase II (39).

A second major abnormality of Ca2þ fluxes that may play
a crucial role in the development of HF is a loss of function
of the SERCA2a pump, which reduces the Ca2þ content of
the cardiac SR and hence the quantity of this ion that can
be released during myocyte activation, causing systolic
dysfunction and ventricular tachyarrhythmias (40). This
defect in SERCA2a function also reduces the quantity and
speed of removal of Ca2þ from the cytoplasm, thereby
inhibiting ventricular relaxation and causing diastolic
dysfunction. Phospholamban is a protein that is in close
proximity to and regulates SERCA2a (Fig. 6). In the
dephosphorylated state, phospholamban inhibits SERCA2a.
Stimulation of b-adrenergic receptors normally causes the
phosphorylation of phospholamban and thereby disinhibits
(stimulates) SERCA2a, enhancing both cardiac contraction
and relaxation (Fig. 6). This “contractile reserve” provided by
adrenergic stimulation may be reduced in HF, with the
desensitization of myocardial b-receptors that occurs in this
condition (41).
Cell death model. All types of HF are characterized by an
increased rate of cell death (42), which has been attributed to
a variety of stresses, including abnormal elevations in circu-
lating neurohormones; excessive adrenergic activity; inflam-
mation; oxidative stress; toxins, such as alcohol or cancer
chemotherapeutic agents; and infiltrative processes.Apoptosis
is a highly regulated type of cell death that normally increases
with aging and is further accelerated in the presence of pres-
sure overload. It has been suggested that, over time, the
resulting deletion of myocytes leads to HF (43). Myocardial
necrosis, the dominant type of cell death in myocardial
infarction, also occurs in doxorubicin-induced and other toxic
cardiomyopathies (42), as well as in Ca2þ-induced mito-
chondrial damage, which occurs during reperfusion following
severe ischemia (44). In autophagy, cells digest their own
intracellular proteins and lipids, a process that may be normal
(protective) when these substances are altered and become
toxic, but when accelerated may become maladaptive and
result in increased cell death (45).
Genetic model. Until about 5 years ago, the search for genes
associated with specific diseases (including CVD) focused

Figure 4
Interplay Between Cardiac Function
and Neurohumoral and Cytokine Systems

Myocardial injury, which may have any of a number of causes, might depress
cardiac function, which in turn may cause activation of the sympathoadrenal
system and the renin-angiotensin-aldosterone system and the elaboration of
endothelin, arginine vasopressin, and cytokines such as tumor necrosis factor
(TNF)-a. In acute heart failure (left), these are adaptive and tend to maintain
arterial pressure and cardiac function. In chronic heart failure (right), they cause
maladaptive hypertrophic remodeling and apoptosis, which cause further
myocardial injury and impairment of cardiac function. The horizontal line on the
right shows that chronic maladaptive influences can be inhibited by angiotensin-
converting enzyme inhibitors, b-adrenergic blockers, angiotensin II type 1 receptor
blockers, and/or aldosterone antagonists. Reprinted with permission from
Braunwald E. Normal and abnormal myocardial function, In Braunwald E et al.
[eds]: Harrison’s Principles of Internal Medicine, 15th ed. New York: McGraw-Hill;
2001:1309–18.
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There were significant but inconsistent differences
among countries with respect to overall mortality and to
the treatment effects with losartan and captopril. These
findings require further investigation. Table 4 presents 
the causes of death. Figure 5 shows relative risks and 
95% CIs for the primary endpoint according to selected
demographics and background treatments. Subgroup
analysis stratified by !-blocker use before randomisation
revealed no significant between-group differences with
respect to survival (without !-blockers: losartan 144
[25·1%] vs captopril 135 [22·6%], relative risk 1·11 [95%
CI 0·88–1·41], p=0·38; with !-blockers: losartan 355
[16·4%] vs captopril 312 [14·6%], 1·14 [0·98–1·32],
p=0·098). The test for interaction with !-blocker
treatment was not significant (p=0·88). Similarly, we did
not detect any significant interaction between treatment
and !-blocker use at 1 month.

Figure 6 provides Kaplan-Meier plots for other major
endpoints in the trial. The results for the secondary 
and tertiary endpoints were as follows. Sudden death or
resuscitated cardiac arrest: losartan 239 (9%) versus
captopril 203 (7%), relative risk 1·19 (95% CI
0·99–1·43), p=0·07; fatal/non-fatal reinfarction: losartan
384 (14%) versus captopril 379 (14%), 1·03 (0·89–1·18),
p=0·72. The relative risks for these secondary and tertiary
endpoints were consistent with those of the primary
endpoint (table 3). There were no significant differences
in the treatment effect for any of the other prespecified

endpoints apart from cardiovascular death. There were
fewer cardiovascular deaths in the captopril group:
losartan 420 (15%) versus captopril 363 (13%), 1·17
(1·01–1·34), p=0·032. Among the 5301 survivors of the
initial hospital admission, the mean number of days spent
in hospital after the admission for the index acute
myocardial infarction was 13·6 (23·9) days for losartan
and 13·1 (21·6) days for captopril.

NYHA functional class was assessed at each follow-up
visit. Modest improvement was seen in both groups over
time, but the distribution between treatment groups was
essentially identical throughout the trial and no significant
differences were detected.

Losartan was significantly better tolerated than
captopril, with fewer patients discontinuing study
medication for any reason (458 [17%] vs 624 [23%], 0·70
[0·62–0·79], p<0·0001). Overall, in 202 losartan patients
(7%) and 387 captopril patients (14%), discontinuation
was judged to be due to adverse experience (0·50
[0·42–0·59], p<0·0001). Table 5 contains the rates of and

Within 210 days After 210 days Overall

Losartan Captopril Losartan Captopril Losartan Captopril

Cardiovascular (CV) causes of death 238 195 182 168 420 363
Cardiac 209 173 141 143 350 316

Myocardial reinfarction 38 34 15 28 53 62
Progressive heart failure 65 52 42 43 107 95
Sudden cardiac death 99 81 83 70 182 151
Other cardiac cause 7 6 1 2 8 8

Non-cardiac 17 12 32 18 49 30
Stroke 9 8 21 11 30 19
Other CV non-cardiac cause 8 4 11 7 19 11

CV procedure-related 12 10 9 7 21 17

Non-cardiovascular causes of death 18 11 60 70 78 81
Cancer 8 1 34 41 42 42
Other non-CV cause 10 10 26 29 36 39

Unclassifiable* 0 0 1 3 1 3

All-cause mortality 256 206 243 241 499 447

*Due to insufficient data to satisfy prespecified diagnostic criteria for specific causes of death.

Table 4: Causes of death
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Figure 4: Kaplan-Meier curve for primary endpoint (all-cause
mortality)
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admissions for heart failure; NYHA functional classification;
quality of life; discontinuation of treatment for worsening heart
failure, intolerance, and cough; and multiple occurrences of
myocardial infarction or multiple admissions for heart failure,
cardiovascular reasons, or any reason.

We classified deaths as sudden cardiac death or death
because of progressive heart failure, fatal myocardial infarction,
stroke, other cardiac causes, other vascular disease, and non-
cardiovascular causes.

Statistical analysis
The study was an event-driven superiority trial designed with
90% power to detect a relative 25% difference in total mortality
between treatments. With the assumption of an annual
mortality rate of 9·4% in the captopril group, based on data
from ELITE, we planned to enrol at least 3000 patients and to
continue follow-up until 510 deaths had been recorded. We
included study endpoints occurring until July 18, 1999, in the
analyses (this date was established in advance by the steering
committee when at least 510 deaths would have been expected
to occur). Based on the 46% relative-risk reduction (95% CI
5–69) in the ELITE study, the study was originally powered to
detect a 30% relative reduction in mortality (midpoint of the
CI) in the losartan group compared with captopril. At the
recommendation of the steering committee, before any
unmasked review of data by the drug safety monitoring
committee, we amended the protocol to detect a more
conservative 25% treatment effect, which was  thought to be a
clinically relevant difference.

We did primary analysis of all efficacy variables by intention
to treat. All patients were analysed according to treatment

group, irrespective of whether they continued on treatment.
Patients lost to follow-up were censored at the time of last
contact.

We analysed the primary endpoint of death from any cause by
time to event. The hazard rate, CI, and test for differences
between treatments were based on Cox’s regression model
(terms included in the model: treatment group, geographical
region, and stratification level based on !-blocker use at
randomisation). Similar methods were used for all time-to-event
outcome variables. For combined outcome variables, the time to
the first event was used. We included geographical region in the
model to account for any potential differences in mortality.

Several interim analyses of the primary endpoint (all-cause
mortality) were done by the independent drug safety
monitoring committee during the trial. An O’Brien-Fleming
type stopping boundary was used as a guideline for any
recommendation to stop the study early because of an
overwhelming effect on mortality.21 The committee did not
consider futility of observing a significant treatment effect as a
reason to stop the study. To maintain the overall significance
level at 5%, the critical p value for the primary endpoint at the
final analysis was adjusted to 0·043 (two-sided) and 95·7% CI
are reported. Other outcome variables were assessed at a
significance level of 5%, according to the protocol.

Results
Of the 3152 patients enrolled, 1578 were assigned
losartan and 1574 captopril (figure 1). Median follow-up
was 1·5 years for each group. We saw all patients at a
final visit within 6 weeks of the end of the study or
established vital status. Only two patients were lost to
follow-up. The baseline characteristics were similar in
the two groups (table 1). 85% of patients were aged
65 years and older, mean left-ventricular ejection
fraction was 31%, 69% were men, and 79% had a
history of ischaemic heart disease. Severity of heart
failure was evenly distributed between mild and
moderate to severe.

In the losartan group there were 280 (17·7%) deaths
compared with 250 (15·9%) in the captopril group
(hazard ratio 1·13 [95·7% CI 0·95–1·35], p=0·16; figure
2, table 2). The estimated average annual mortality rate
was 11·7% in the losartan group and 10·4% in the
captopril group. Mortality did not generally differ
significantly between participating regions, across
predefined baseline demographic subgroups, or by
concomitant therapy at randomisation (figure 3).

The rate of sudden death or resuscitated cardiac arrest
did not differ significantly between the losartan and
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Losartan
Captopril

Endpoint Losartan Captopril Hazards p
(n=1578) (n=1574) ratio (CI)*

All-cause mortality (primary endpoint)
Total mortality 280 (17·7%) 250 (15·9%) 1·13 (0·95–1·35) 0·16
Sudden death 130 (8·2%) 101 (6·4%) 1·30 (1·00–1·69)
Progressive heart failure 46 (2·9%) 53 (3·4%) 0·88 (0·59–1·30)
Myocardial infarction 31 (2·0%) 28 (1·8%) 1·11 (0·66–1·85)
Stroke 18 (1·1%) 11 (0·7%) 1·65 (0·78–3·49)
Other cardiovascular 5 (0·3%) 6 (0·4%) 0·84 (0·26–2·76)
Non-cardiovascular 50 (3·2%) 51 (3·2%) 0·99 (0·67–1·47)

Sudden death or 142 (9·0%) 115 (7·3%) 1·25 (0·98–1·60) 0·08
resuscitated cardiac arrest

Combined total mortality 752 (47·7%) 707 (44·9%) 1·07 (0·97–1·19) 0·18
or hospital admission for  
any reason

Hospital admissions
Any reason 659 (41·8%) 638 (40·5%) 1·04 (0·94–1·16) 0·45
Heart failure 270 (17·1%) 293 (18·6%) 0·92 (0·78–1·08) 0·32

*95·7% CI for total mortality, 95% CI for other endpoints, including components.  

Table 2: Endpoint results

Figure 2: Endpoint results 
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admissions for heart failure; NYHA functional classification;
quality of life; discontinuation of treatment for worsening heart
failure, intolerance, and cough; and multiple occurrences of
myocardial infarction or multiple admissions for heart failure,
cardiovascular reasons, or any reason.

We classified deaths as sudden cardiac death or death
because of progressive heart failure, fatal myocardial infarction,
stroke, other cardiac causes, other vascular disease, and non-
cardiovascular causes.

Statistical analysis
The study was an event-driven superiority trial designed with
90% power to detect a relative 25% difference in total mortality
between treatments. With the assumption of an annual
mortality rate of 9·4% in the captopril group, based on data
from ELITE, we planned to enrol at least 3000 patients and to
continue follow-up until 510 deaths had been recorded. We
included study endpoints occurring until July 18, 1999, in the
analyses (this date was established in advance by the steering
committee when at least 510 deaths would have been expected
to occur). Based on the 46% relative-risk reduction (95% CI
5–69) in the ELITE study, the study was originally powered to
detect a 30% relative reduction in mortality (midpoint of the
CI) in the losartan group compared with captopril. At the
recommendation of the steering committee, before any
unmasked review of data by the drug safety monitoring
committee, we amended the protocol to detect a more
conservative 25% treatment effect, which was  thought to be a
clinically relevant difference.

We did primary analysis of all efficacy variables by intention
to treat. All patients were analysed according to treatment

group, irrespective of whether they continued on treatment.
Patients lost to follow-up were censored at the time of last
contact.

We analysed the primary endpoint of death from any cause by
time to event. The hazard rate, CI, and test for differences
between treatments were based on Cox’s regression model
(terms included in the model: treatment group, geographical
region, and stratification level based on !-blocker use at
randomisation). Similar methods were used for all time-to-event
outcome variables. For combined outcome variables, the time to
the first event was used. We included geographical region in the
model to account for any potential differences in mortality.

Several interim analyses of the primary endpoint (all-cause
mortality) were done by the independent drug safety
monitoring committee during the trial. An O’Brien-Fleming
type stopping boundary was used as a guideline for any
recommendation to stop the study early because of an
overwhelming effect on mortality.21 The committee did not
consider futility of observing a significant treatment effect as a
reason to stop the study. To maintain the overall significance
level at 5%, the critical p value for the primary endpoint at the
final analysis was adjusted to 0·043 (two-sided) and 95·7% CI
are reported. Other outcome variables were assessed at a
significance level of 5%, according to the protocol.

Results
Of the 3152 patients enrolled, 1578 were assigned
losartan and 1574 captopril (figure 1). Median follow-up
was 1·5 years for each group. We saw all patients at a
final visit within 6 weeks of the end of the study or
established vital status. Only two patients were lost to
follow-up. The baseline characteristics were similar in
the two groups (table 1). 85% of patients were aged
65 years and older, mean left-ventricular ejection
fraction was 31%, 69% were men, and 79% had a
history of ischaemic heart disease. Severity of heart
failure was evenly distributed between mild and
moderate to severe.

In the losartan group there were 280 (17·7%) deaths
compared with 250 (15·9%) in the captopril group
(hazard ratio 1·13 [95·7% CI 0·95–1·35], p=0·16; figure
2, table 2). The estimated average annual mortality rate
was 11·7% in the losartan group and 10·4% in the
captopril group. Mortality did not generally differ
significantly between participating regions, across
predefined baseline demographic subgroups, or by
concomitant therapy at randomisation (figure 3).

The rate of sudden death or resuscitated cardiac arrest
did not differ significantly between the losartan and
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A RAPID AND POTENT NATRIURETIC RESPONSE TO INTRAVENOUS INJECTION OF 
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Summary 

Supernatants of a t r i a l  or ven t r i cu la r  myocardial homogenates 
were in jected intravenously into anaesthetized non-diuret ic  rats.  
Extract derived from a t r i a l  muscle caused a rapid,  more than 30- 
fo ld increase of sodium and chlor ide excret ions,  whi le urine 
volume rose lO- fo ld ,  and potassium excret ion doubled. No such 
changes were observed a f te r  in jec t ion  of ven t r i cu la r  t issue 
ext ract  obtained from the same rat  hearts, or a f te r  in jec t ion  of 
the homogenization medium. There was no s ign i f i can t  d i f ference in 
glomerular f i l t r a t i o n  rates between the two groups. We conclude 
that the a t r i a l  ext ract  contained an extremely powerful i nh ib i t o r  
of renal tubular NaCI reabsorption. 

The muscle ce l ls  of the a t r i a l  myocardium in mammals contain, in addi t ion 
to con t rac t i l e  elements s imi lar  to those found in ven t r i cu la r  f ibers ,  a 
highly developed Golgi complex, a r e l a t i v e l y  high proport ion of rough endo- 
plasmic ret iculum, and numerous membrane-bound storage granules, referred to 
as spec i f ic  a t r i a l  granules. Morphologically and histochemical ly,  these 
granules resemble those present in polypeptide-hormone producing ce l l s .  ( I )  

The number of a t r i a l  granules appears to be a l tered by changes in f l u i d  
and e lec t ro l y te  balance (2). Therefore, we decided to assess the acute renal 
e f fects  of a crude ext ract  of a t r i a l  myocardium. Because vent r icu la r  muscle 
ce l ls  do not contain spec i f ic  granules, homogenates of th is  t issue served as 
a contro l .  

Methods 

Hearts were excised from f resh ly  decapitated male Sprague-Dawley rats 
(Wt. range 250-350 g). A t r ia l  and vent r i cu la r  t issues from the same hearts 
were washed and homogenized in a ground glass homogenizer in phosphate- 
buffered sal ine (PBS: 0.9% NaCl in I0 mM sodium phosphate buf fer ,  pH 7.2 in 
a proportion of 1 part of t issue (wet weight) to I0 parts in volume of PBS). 
The homogenates were centr i fuged at 2,000 g and 0 ° C for  I0 min., and the 
supernatant was stored at -70 u pr ior  to bioassay. 

Male Sprague-Dawley rats (Wt. range 250-372 g) were anaesthetized 
( Inact in ,  I0 mg/lO0 g body wt, i . p . )  and prepared for bioassay (3). Ar te r ia l  
blood pressure and heart rate were measured through a femoral ar tery cannula. 
A bladder catheter allowed Quant i tat ive co l lec t ion  of ur ine, and a femoral 
vein cannula was used for maintenance infusion and in jec t ion  of test  mater ial .  
On compl~tion of surgery a priming dose of Ringer's solut ion (1.2 ml) con- 
ta in ing H inu l in  (4.0 ~Ci/ml) was administered over 20 min, followed by 
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Summary 

Supernatants of a t r i a l  or ven t r i cu la r  myocardial homogenates 
were in jected intravenously into anaesthetized non-diuret ic  rats.  
Extract derived from a t r i a l  muscle caused a rapid,  more than 30- 
fo ld increase of sodium and chlor ide excret ions,  whi le urine 
volume rose lO- fo ld ,  and potassium excret ion doubled. No such 
changes were observed a f te r  in jec t ion  of ven t r i cu la r  t issue 
ext ract  obtained from the same rat  hearts, or a f te r  in jec t ion  of 
the homogenization medium. There was no s ign i f i can t  d i f ference in 
glomerular f i l t r a t i o n  rates between the two groups. We conclude 
that the a t r i a l  ext ract  contained an extremely powerful i nh ib i t o r  
of renal tubular NaCI reabsorption. 

The muscle ce l ls  of the a t r i a l  myocardium in mammals contain, in addi t ion 
to con t rac t i l e  elements s imi lar  to those found in ven t r i cu la r  f ibers ,  a 
highly developed Golgi complex, a r e l a t i v e l y  high proport ion of rough endo- 
plasmic ret iculum, and numerous membrane-bound storage granules, referred to 
as spec i f ic  a t r i a l  granules. Morphologically and histochemical ly,  these 
granules resemble those present in polypeptide-hormone producing ce l l s .  ( I )  

The number of a t r i a l  granules appears to be a l tered by changes in f l u i d  
and e lec t ro l y te  balance (2). Therefore, we decided to assess the acute renal 
e f fects  of a crude ext ract  of a t r i a l  myocardium. Because vent r icu la r  muscle 
ce l ls  do not contain spec i f ic  granules, homogenates of th is  t issue served as 
a contro l .  

Methods 

Hearts were excised from f resh ly  decapitated male Sprague-Dawley rats 
(Wt. range 250-350 g). A t r ia l  and vent r i cu la r  t issues from the same hearts 
were washed and homogenized in a ground glass homogenizer in phosphate- 
buffered sal ine (PBS: 0.9% NaCl in I0 mM sodium phosphate buf fer ,  pH 7.2 in 
a proportion of 1 part of t issue (wet weight) to I0 parts in volume of PBS). 
The homogenates were centr i fuged at 2,000 g and 0 ° C for  I0 min., and the 
supernatant was stored at -70 u pr ior  to bioassay. 

Male Sprague-Dawley rats (Wt. range 250-372 g) were anaesthetized 
( Inact in ,  I0 mg/lO0 g body wt, i . p . )  and prepared for bioassay (3). Ar te r ia l  
blood pressure and heart rate were measured through a femoral ar tery cannula. 
A bladder catheter allowed Quant i tat ive co l lec t ion  of ur ine, and a femoral 
vein cannula was used for maintenance infusion and in jec t ion  of test  mater ial .  
On compl~tion of surgery a priming dose of Ringer's solut ion (1.2 ml) con- 
ta in ing H inu l in  (4.0 ~Ci/ml) was administered over 20 min, followed by 

0024-3205/81/010089-06502.00/0 
Copyright (c) 1981 Pergamon Press Ltd. 

90 Atrial Extract and Natriuresis Vol. 28, No. I, 1981 

constant in fus ion of  the same so lu t ion throughout the experiment at 1.2 ml /hr .  
A f te r  an e o u i l i b r a t i o n  period of 1 hr ,  3 consecutive 20 min ur ine co l l ec t i ons  
were taken (contro l  per iod) .  A r t e r i a l  blood was obtained in the middle of  
each c o l l e c t i o n .  Two ml of  supernatant obtained from 0.3 - 0.4 g of  e i t he r  
a t r i a l  or v e n t r i c u l a r  t i ssue were then in jected over 4 min. The constant 
in fus ion was in te r rup ted  fo r  th is  t ime. Blood and ur ine co l l ec t i ons  were 
continued fo r  a fu r the r  2 hours. The 20 minutes beginning with the f rac t i on  
in jec t ion  were d iv ided in to 4 consecutive 5 min ur ine co l l ec t i ons .  Solut ions 
were coded so tha t  the der iva t ions  were unknown at the time of bioassay. 
In add i t ion ,  2 ml of  phosphate buf fer  subjected to the same procedures as 
those used to obtain t issue homogenates were in jected into i d e n t i c a l l y  
t reated rats  to assess the possible renal e f fec ts  of  veh ic le .  Eleven rats 
each received a t r i a l  or v e n t r i c u l a r  ex t rac ts  prepared in 3 d i f f e r e n t  batches, 
(Group A and B respec t i ve ly )  and I0 rats were in jected wi th vehic le alone 
(Group C). 

Plasma and ur ine sodium and potassium concentrat ions were measured by 
flame photometry, chlor ide~by e lec t romet r i c  t i t r a t i o n ,  ur ine volumes were 
obtained by weighing, and ~H i n u l i n  in plasma and ur ine by l i q u i d  s c i n t i l -  
l a t i on  counting (3).  Glomerular f i l t r a t i o n  rate and e l e c t r o l y t e  excret ions 
were calcu lated fo r  each ur ine c o l l e c t i o n  period. Period averages ± 
standard er rors  were ca lcu la ted for  each of  the three groups of experiments, 
and Student 's t - t e s t  was used for  s t a t i s t i c a l  comparisons. 

Results 
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Fig. I :  Time course of  average a r t e r i a l  blood pressure and hematocri t  in 
group A (closed c i r c l e s ,  heavy l i n e s ) ,  group B (open c i r c l e s ,  l i g h t  l i nes )  and 
group C rats (shaded c i r c l e s ,  broken l i n e s ) .  
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Background
We compared the angiotensin receptor–neprilysin inhibitor LCZ696 with enalapril 
in patients who had heart failure with a reduced ejection fraction. In previous stud-
ies, enalapril improved survival in such patients.

Methods
In this double-blind trial, we randomly assigned 8442 patients with class II, III, or 
IV heart failure and an ejection fraction of 40% or less to receive either LCZ696 (at 
a dose of 200 mg twice daily) or enalapril (at a dose of 10 mg twice daily), in addi-
tion to recommended therapy. The primary outcome was a composite of death from 
cardiovascular causes or hospitalization for heart failure, but the trial was designed 
to detect a difference in the rates of death from cardiovascular causes.

Results
The trial was stopped early, according to prespecified rules, after a median follow-
up of 27 months, because the boundary for an overwhelming benefit with LCZ696 
had been crossed. At the time of study closure, the primary outcome had occurred 
in 914 patients (21.8%) in the LCZ696 group and 1117 patients (26.5%) in the 
enalapril group (hazard ratio in the LCZ696 group, 0.80; 95% confidence interval 
[CI], 0.73 to 0.87; P<0.001). A total of 711 patients (17.0%) receiving LCZ696 and 835 
patients (19.8%) receiving enalapril died (hazard ratio for death from any cause, 
0.84; 95% CI, 0.76 to 0.93; P<0.001); of these patients, 558 (13.3%) and 693 (16.5%), 
respectively, died from cardiovascular causes (hazard ratio, 0.80; 95% CI, 0.71 to 
0.89; P<0.001). As compared with enalapril, LCZ696 also reduced the risk of hospi-
talization for heart failure by 21% (P<0.001) and decreased the symptoms and 
physical limitations of heart failure (P = 0.001). The LCZ696 group had higher pro-
portions of patients with hypotension and nonserious angioedema but lower pro-
portions with renal impairment, hyperkalemia, and cough than the enalapril group.

Conclusions
LCZ696 was superior to enalapril in reducing the risks of death and of hospitaliza-
tion for heart failure. (Funded by Novartis; PARADIGM-HF ClinicalTrials.gov num-
ber, NCT01035255.)
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Screening (Visit 1)
At the screening visit, patient eligibility was assessed according to
the inclusion/exclusion criteria (including the criteria in Table 3).
Any local measurement of LVEF within the eligibility range made
within the past 6 months was acceptable provided there was no
subsequent LVEF measurement above it. Eligibility BNP (and
NT-proBNP), serum potassium, and estimated glomerular filtra-
tion rate (eGFR) were measured in a central laboratory.

Enalapril active run-in period (Visit 2)
At Visit 2, most eligible patients started 2 weeks of single-blind
treatment with enalapril 10 mg b.i.d. A lower dose of enalapril
(5 mg b.i.d.) was allowed for patients currently treated with an
ARB and for those taking a low dose of ACE inhibitor (see
Table 1) if the investigator was concerned that switching directly

to enalapril 10 mg b.i.d. might not be tolerated (e.g. because of
hypotension, renal dysfunction, and/or hyperkalaemia). These
patients were up-titrated to enalapril 10 mg b.i.d. after 1–2
weeks. Patients tolerating enalapril 10 mg b.i.d. as defined by the
criteria in Table 3 were eligible for Visit 3.

LCZ696 active run-in period (Visits 3 and 4)
At Visit 3, patients started single-blind treatment with LCZ696
100 mg b.i.d. After 1–2 weeks, the dose was up-titrated to
200 mg b.i.d., for a further 2–4 weeks.

Other heart failure medication (except for an ACE inhibitor or
ARB) was continued during the run-in periods.

Randomization to double-blind treatment (Visit 5)
Patients tolerating both enalapril 10 mg b.i.d. and LCZ696 200 mg
b.i.d., as defined by the criteria in Table 3, were randomized in a 1:1
ratio to double-blind treatment with either enalapril 10 mg b.i.d. or
LCZ696 200 mg b.i.d. Study visits occur every 2–8 weeks during
the first 4 months of the double-blind period and every 4
months thereafter (with additional unscheduled visits, at the dis-
cretion of the investigator).

There were two short washout periods during the run-in
periods to minimize the potential risk of angioedema due to over-
lapping ACE inhibition and NEP inhibition at Visit 3 and Visit 5: (i)
enalapril was stopped a day prior to starting LCZ696 at Visit 3 and
(ii) LCZ696 was stopped a day prior to starting randomized study
drug at Visit 5.

Monitoring of safety and tolerability during double-blind
period
Patients are assessed at each study visit for hyperkalaemia, symp-
tomatic hypotension, increase in serum creatinine, angioedema,
and other adverse events (AEs) and serious AEs. Patients who
can no longer tolerate the target dose of study drug can be down-
titrated to the lower dose at the investigator’s discretion (after
considering whether any other relevant non-disease-modifying

Figure 1 PARADIGM-HF study schema.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Minimum required pre-study daily doses of
commonly prescribed angiotensin-converting enzyme
inhibitors and angiotensin receptor blockers

ACE
inhibitors

Minimum daily
dose

ARBs Minimum daily
dose

Enalapril 10 mg Candesartan 16 mg

Captopril 100 mg Eprosartan 400 mg

Cilazapril 2.5 mg Irbesartan 150 mg

Fosinopril 20 mg Losartan 50 mg

Lisinopril 10 mg Olmesartan 10 mg

Moexipril 7.5 mg Telmisartan 40 mg

Perindopril 4 mg Valsartan 160 mg

Quinapril 20 mg

Ramipril 5 mg

Trandolapril 2 mg

Zofenopril 30 mg

J.J.V. McMurray et al.1064
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100 mm Hg at screening or 95 mm Hg at random-
ization, an estimated glomerular filtration rate 
(eGFR) below 30 ml per minute per 1.73 m2 of 
body-surface area at screening or at randomization 
or a decrease in the eGFR of more than 25% 
(which was amended to 35%) between screening 
and randomization, a serum potassium level of 
more than 5.2 mmol per liter at screening (or 
above 5.4 mmol per liter at randomization), or a 

history of angioedema or unacceptable side ef-
fects during receipt of ACE inhibitors or ARBs.

Study Procedures
Eligible patients were switched from the ACE in-
hibitor or ARB that they had been receiving to 
single-blind treatment with enalapril (at a dose 
of 10 mg twice daily) for 2 weeks. If no unaccept-
able side effects occurred, this regimen was fol-

8442 Underwent randomization

9419 Entered LCZ696 run-in phase
(median duration, 29 days; IQR, 26–35)

977 Discontinued study
547 (5.8%) Had adverse event
58 (0.6%) Had abnormal laboratory

or other test result
100 (1.1%) Withdrew consent
146 (1.6%) Had protocol deviation, 

had administrative problem, or 
were lost to follow-up

47 (0.5%) Died
79 (0.8%) Had other reasons

10,513 Patients entered enalapril run-in phase
(median duration, 15 days; IQR, 14–21)

1102 Discontinued study
591 (5.6%) Had adverse event
66 (0.6%) Had abnormal laboratory

or other test result
171 (1.6%) Withdrew consent
138 (1.3%) Had protocol deviation, 

had administrative problem, or 
were lost to follow-up

49 (0.5%) Died
87 (0.8%) Had other reasons

4187 Were assigned to receive LCZ696
4176 Had known final vital status

11 Had unknown final vital status

4212 Were assigned to receive enalapril
4203 Had known final vital status

9 Had unknown final vital status

43 Were excluded
6 Did not undergo valid randomization

37 Were from four sites prematurely
closed because of major GCP violations

Figure 1. Screening Criteria, Run-in Periods, and Randomization.

The proportion of patients who withdrew from the study because of adverse events was higher during the enalapril 
run-in period than during the LCZ696 run-in period after adjustment for the longer duration of LCZ696 exposure. 
The most common reasons for withdrawal from the study during the run-in period were hypotension, cough, hyper-
kalemia, and renal dysfunction. During the run-in period, 8 patients did not take enalapril and took only LCZ696. 
IQR denotes interquartile range, and GCP Good Clinical Practice.
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lowed by single-blind treatment with LCZ696 for 
an additional 4 to 6 weeks (initially at a dose of 
100 mg twice daily, which was increased to 200 mg 
twice daily). (The ARB component of the 200-mg 

dose of LCZ696 is equivalent to 160 mg of valsar-
tan.) During this run-in period, to minimize the 
risk of angioedema caused by overlapping ACE 
and neprilysin inhibition, enalapril was withheld a 

Table 1. Characteristics of the Patients at Baseline.*

Characteristic
LCZ696

(N = 4187)
Enalapril

(N = 4212)

Age — yr 63.8±11.5 63.8±11.3

Female sex — no. (%) 879 (21.0) 953 (22.6)

Race or ethnic group — no. (%)†

White 2763 (66.0) 2781 (66.0)

Black 213 (5.1) 215 (5.1)

Asian 759 (18.1) 750 (17.8)

Other 452 (10.8) 466 (11.1)

Region — no. (%)

North America 310 (7.4) 292 (6.9)

Latin America 713 (17.0) 720 (17.1)

Western Europe and other‡ 1026 (24.5) 1025 (24.3)

Central Europe 1393 (33.3) 1433 (34.0)

Asia–Pacific 745 (17.8) 742 (17.6)

Systolic blood pressure — mm Hg 122±15 121±15

Heart rate — beats/min 72±12 73±12

Body-mass index§ 28.1±5.5 28.2±5.5

Serum creatinine — mg/dl 1.13±0.3 1.12±0.3

Clinical features of heart failure

Ischemic cardiomyopathy — no. (%) 2506 (59.9) 2530 (60.1)

Left ventricular ejection fraction — % 29.6±6.1 29.4±6.3

Median B-type natriuretic peptide (IQR) — pg/ml 255 (155–474) 251 (153–465)

Median N-terminal pro–B-type natriuretic peptide (IQR)  
— pg/ml

1631 (885–3154) 1594 (886–3305)

NYHA functional class — no. (%)¶

I 180 (4.3) 209 (5.0)

II 2998 (71.6) 2921 (69.3)

III 969 (23.1) 1049 (24.9)

IV 33 (0.8) 27 (0.6)

Missing data 7 (0.2) 6 (0.1)

Medical history — no. (%)

Hypertension 2969 (70.9) 2971 (70.5)

Diabetes 1451 (34.7) 1456 (34.6)

Atrial fibrillation 1517 (36.2) 1574 (37.4)

Hospitalization for heart failure 2607 (62.3) 2667 (63.3)

Myocardial infarction 1818 (43.4) 1816 (43.1)

Stroke 355 (8.5) 370 (8.8)

Pretrial use of ACE inhibitor∥ 3266 (78.0) 3266 (77.5)

Pretrial use of ARB∥ 929 (22.2) 963 (22.9)
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Pretrial use of ACE inhibitor∥ 3266 (78.0) 3266 (77.5)

Pretrial use of ARB∥ 929 (22.2) 963 (22.9)
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lowed by single-blind treatment with LCZ696 for 
an additional 4 to 6 weeks (initially at a dose of 
100 mg twice daily, which was increased to 200 mg 
twice daily). (The ARB component of the 200-mg 

dose of LCZ696 is equivalent to 160 mg of valsar-
tan.) During this run-in period, to minimize the 
risk of angioedema caused by overlapping ACE 
and neprilysin inhibition, enalapril was withheld a 

Table 1. Characteristics of the Patients at Baseline.*

Characteristic
LCZ696

(N = 4187)
Enalapril

(N = 4212)

Age — yr 63.8±11.5 63.8±11.3

Female sex — no. (%) 879 (21.0) 953 (22.6)

Race or ethnic group — no. (%)†

White 2763 (66.0) 2781 (66.0)

Black 213 (5.1) 215 (5.1)

Asian 759 (18.1) 750 (17.8)

Other 452 (10.8) 466 (11.1)

Region — no. (%)

North America 310 (7.4) 292 (6.9)

Latin America 713 (17.0) 720 (17.1)

Western Europe and other‡ 1026 (24.5) 1025 (24.3)

Central Europe 1393 (33.3) 1433 (34.0)

Asia–Pacific 745 (17.8) 742 (17.6)

Systolic blood pressure — mm Hg 122±15 121±15

Heart rate — beats/min 72±12 73±12

Body-mass index§ 28.1±5.5 28.2±5.5

Serum creatinine — mg/dl 1.13±0.3 1.12±0.3

Clinical features of heart failure
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Left ventricular ejection fraction — % 29.6±6.1 29.4±6.3

Median B-type natriuretic peptide (IQR) — pg/ml 255 (155–474) 251 (153–465)

Median N-terminal pro–B-type natriuretic peptide (IQR)  
— pg/ml

1631 (885–3154) 1594 (886–3305)

NYHA functional class — no. (%)¶

I 180 (4.3) 209 (5.0)

II 2998 (71.6) 2921 (69.3)

III 969 (23.1) 1049 (24.9)

IV 33 (0.8) 27 (0.6)

Missing data 7 (0.2) 6 (0.1)

Medical history — no. (%)

Hypertension 2969 (70.9) 2971 (70.5)

Diabetes 1451 (34.7) 1456 (34.6)

Atrial fibrillation 1517 (36.2) 1574 (37.4)

Hospitalization for heart failure 2607 (62.3) 2667 (63.3)

Myocardial infarction 1818 (43.4) 1816 (43.1)

Stroke 355 (8.5) 370 (8.8)

Pretrial use of ACE inhibitor∥ 3266 (78.0) 3266 (77.5)

Pretrial use of ARB∥ 929 (22.2) 963 (22.9)
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day before the initiation of treatment with LCZ696, 
and LCZ696 was withheld a day before random-
ization.

Patients who had no unacceptable side effects 
of the target doses of the two study medications 
were randomly assigned in a 1:1 ratio to double-
blind treatment with either enalapril (at a dose 
of 10 mg twice daily) or LCZ696 (at a dose of 
200 mg twice daily) with the use of a computer-
ized randomization system involving concealed 
study-group assignments. Patients were evaluated 
every 2 to 8 weeks during the first 4 months of 
double-blind therapy and every 4 months there-
after. The dose of the study drug could be reduced 
in patients who had unacceptable side effects at 
target doses.

Study Outcomes
The primary outcome was a composite of death 
from cardiovascular causes or a first hospitaliza-
tion for heart failure. The secondary outcomes were 
the time to death from any cause, the change from 
baseline to 8 months in the clinical summary score 
on the Kansas City Cardiomyopathy Questionnaire 
(KCCQ)25 (on a scale from 0 to 100, with higher 
scores indicating fewer symptoms and physical 
limitations associated with heart failure), the 
time to a new onset of atrial fibrillation, and the 

time to the first occurrence of a decline in renal 
function (which was defined as end-stage renal 
disease or as a decrease in the eGFR of at least 
50% or a decrease of more than 30 ml per minute 
per 1.73 m2 from randomization to less than 60 ml 
per minute per 1.73 m2). Adjudication of these 
outcomes was carried out in a blinded fashion by 
a clinical-end-points committee according to pre-
specified criteria.

Statistical Analysis
We estimated that the annual rate of the primary 
end point would be 14.5% and the rate of death 
from cardiovascular causes would be 7.0% in the 
enalapril group. Calculation of the sample size was 
based on mortality from cardiovascular causes. We 
estimated that we would need to follow approxi-
mately 8000 patients for 34 months, with 1229 
deaths from cardiovascular causes, to provide 
the study with a power of 80% to detect a relative 
reduction of 15% in the risk of death from car-
diovascular causes in the LCZ696 group, at an 
overall two-sided alpha level of 0.05. On the basis 
of these calculations, we estimated that the pri-
mary end point would occur in 2410 patients, 
which would provide a power of 97% to detect a 
15% reduction in the risk of this outcome.

The data and safety monitoring committee 

Table 1. (Continued.)

Characteristic
LCZ696

(N = 4187)
Enalapril

(N = 4212)

Treatments at randomization — no. (%)

Diuretic 3363 (80.3) 3375 (80.1)

Digitalis 1223 (29.2) 1316 (31.2)

Beta-blocker 3899 (93.1) 3912 (92.9)

Mineralocorticoid antagonist 2271 (54.2) 2400 (57.0)

Implantable cardioverter–defibrillator 623 (14.9) 620 (14.7)

Cardiac resynchronization therapy 292 (7.0) 282 (6.7)

* Plus–minus values are means ±SD. There were no significant differences between the two groups except for the use of 
digitalis (P = 0.04) and mineralocorticoid-receptor antagonists (P = 0.01), with values not adjusted for multiple testing. 
Percentages may not total 100 because of rounding. More details about the baseline characteristics are provided in 
Section 3 in the Supplementary Appendix. To convert the values for creatinine to micromoles per liter, multiply by 88.4. 
IQR denotes interquartile range.

† Race or ethnic group was reported by the investigators.
‡ This category includes South Africa and Israel.
§ The body-mass index is the weight in kilograms divided by the square of the height in meters.
¶ The data for New York Heart Association (NYHA) class reflect the status of patients at the time of randomization. Patients 

were required to have at least NYHA class II symptoms at screening.
∥ At the screening visit, 20 patients were not receiving the protocol-required treatment with an angiotensin-converting–

enzyme (ACE) inhibitor or an angiotensin-receptor blocker (ARB), and 45 patients were taking both drugs. Doses of 
pretrial ACE inhibitors and ARBs are provided in the Supplementary Appendix.
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specified that three interim efficacy analyses 
should be conducted after the accrual of one 
third, one half, and two thirds of the events, and 
the statistical stopping guideline for a compel-
ling benefit required a one-sided nominal P value 
of less than 0.0001 at the first analysis and less 
than 0.001 at the second and third analyses in 
favor of LCZ696 for both death from cardiovas-
cular causes and the primary end point. On 
March 28, 2014, at the third interim analysis 
(after enrollment had been completed), the com-
mittee informed the two coprincipal investiga-
tors that the prespecified stopping boundary for 
an overwhelming benefit had been crossed. The 

executive committee voted to stop the trial and 
selected March 31, 2014, as the cutoff date for 
all efficacy analyses; the sponsor accepted this 
decision.

We included data from all patients who had 
undergone a valid randomization in the analyses 
of the primary and secondary outcomes, accord-
ing to the intention-to-treat principle. A sequen-
tially rejective procedure was used for analysis of 
the secondary efficacy end points, with the first 
two secondary end points at the highest level of 
the testing sequence. (For details, see the statisti-
cal analysis plan in the Supplementary Appendix.) 
Time-to-event data were evaluated with the use 
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for heart failure more than once (a 29% reduction in the 
LCZ696 group, P=0.001). When all (including repeat) hos-
pitalizations were considered, the LCZ696 group had 15.6% 
fewer hospitalizations than the enalapril group for any reason 
(P<0.001), 16.0% fewer hospitalizations for a cardiovascu-
lar reason (P<0.001), and 23.0% fewer admissions for heart 
failure (P<0.001) than patients in the enalapril group (Table). 
The cumulative number of hospitalizations for heart failure 
per 100 patients is shown in Figure 2. The 2 groups were 
similar with respect to the average duration of each admission 
for heart failure, but, in comparison with the enalapril group, 
the patients in the LCZ696 group had 18% fewer stays in 
intensive care (P=0.005) and were 31% less likely to receive 
intravenous positive inotropic agents (P<0.001) and 22% less 
likely to have cardiac transplantation or implantation of a car-
diac device for heart failure (P=0.07). The number of patients 
who received a left ventricular assist device or underwent car-
diac transplantation was 23 in the enalapril group and 13 in 
the LCZ696 group.

Despite greater intensification of treatment and greater loss 
of more severely ill patients because of death in the enala-
pril group, a larger proportion of surviving patients in that 
group were considered by their physicians to be worse (by 
at least 1 NYHA class) than in the LCZ696 group; the dif-
ference between the 2 groups was significant at both 8 and 
12 months of follow-up (P=0.004 and P=0.023, respectively; 
Table). Moreover, fewer surviving patients considered them-
selves worse (by at least 5 points in the KCCQ total symptom 
score) in the LCZ696 group than in the enalapril group; the 
difference between the groups was significant at 4, 8, and 12 
months (P=0.002, P=0.001, and P=0.03, respectively; Table).

Effect on Biomarkers of Heart Failure Progression
Levels of urinary cyclic GMP and plasma BNP were 
higher during treatment with LCZ696 than with enalapril 

(Figure 3A), but circulating levels of NTproBNP and troponin 
were lower during treatment with LCZ696 than with enalapril 
(Figure 3B). The differences between groups were apparent 
within 4 weeks and were sustained at 8 months, P<0.0001 for 
the difference between groups at both time points.

Discussion
In patients with a reduced ejection fraction and mild-to-
moderate symptoms, combined inhibition of the angioten-
sin receptor and neprilysin with LCZ696 reduced the risk of 
developing worsening heart failure more than ACE inhibition 
with enalapril. Fewer patients in the LCZ696 group were con-
sidered to be worse by themselves or by their physicians, and 
fewer patients in the LCZ696 group had worsening symptoms 
requiring intensification of outpatient therapy or the use of 
medical or device treatments for advancing heart failure.

Not only was LCZ696 superior to enalapril in reducing the 
risk of a first emergency department visit or hospitalization 
for heart failure, but the drug was also more effective than 
ACE inhibition alone in decreasing the need for repeated 
emergency visits and hospitalizations for heart failure. These 
advantages were apparent even though (1) the enalapril group 
had a meaningfully higher mortality rate throughout the trial, 
leading to the preferential exclusion of high-risk enalapril-
treated patients with progressing symptoms from our analy-
ses; and (2) the enalapril group had greater intensification of 
background therapy, which would have been expected to ame-
liorate deleterious changes in clinical status. Therefore, the 
observed effect sizes reported in our analyses may underesti-
mate the true magnitude of the treatment difference. Despite 
the biases against the drug, LCZ696 was superior to enalapril 
in reducing the risk of symptom progression and exerting a 
favorable effect on the clinical course of surviving patients 
with mild-to-moderate heart failure.

Few trials have focused on the ability of new drugs to 
prevent worsening of clinical status in patients with mild-
to-moderate heart failure.27 Previous studies in such patients 
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for heart failure more than once (a 29% reduction in the 
LCZ696 group, P=0.001). When all (including repeat) hos-
pitalizations were considered, the LCZ696 group had 15.6% 
fewer hospitalizations than the enalapril group for any reason 
(P<0.001), 16.0% fewer hospitalizations for a cardiovascu-
lar reason (P<0.001), and 23.0% fewer admissions for heart 
failure (P<0.001) than patients in the enalapril group (Table). 
The cumulative number of hospitalizations for heart failure 
per 100 patients is shown in Figure 2. The 2 groups were 
similar with respect to the average duration of each admission 
for heart failure, but, in comparison with the enalapril group, 
the patients in the LCZ696 group had 18% fewer stays in 
intensive care (P=0.005) and were 31% less likely to receive 
intravenous positive inotropic agents (P<0.001) and 22% less 
likely to have cardiac transplantation or implantation of a car-
diac device for heart failure (P=0.07). The number of patients 
who received a left ventricular assist device or underwent car-
diac transplantation was 23 in the enalapril group and 13 in 
the LCZ696 group.

Despite greater intensification of treatment and greater loss 
of more severely ill patients because of death in the enala-
pril group, a larger proportion of surviving patients in that 
group were considered by their physicians to be worse (by 
at least 1 NYHA class) than in the LCZ696 group; the dif-
ference between the 2 groups was significant at both 8 and 
12 months of follow-up (P=0.004 and P=0.023, respectively; 
Table). Moreover, fewer surviving patients considered them-
selves worse (by at least 5 points in the KCCQ total symptom 
score) in the LCZ696 group than in the enalapril group; the 
difference between the groups was significant at 4, 8, and 12 
months (P=0.002, P=0.001, and P=0.03, respectively; Table).

Effect on Biomarkers of Heart Failure Progression
Levels of urinary cyclic GMP and plasma BNP were 
higher during treatment with LCZ696 than with enalapril 

(Figure 3A), but circulating levels of NTproBNP and troponin 
were lower during treatment with LCZ696 than with enalapril 
(Figure 3B). The differences between groups were apparent 
within 4 weeks and were sustained at 8 months, P<0.0001 for 
the difference between groups at both time points.

Discussion
In patients with a reduced ejection fraction and mild-to-
moderate symptoms, combined inhibition of the angioten-
sin receptor and neprilysin with LCZ696 reduced the risk of 
developing worsening heart failure more than ACE inhibition 
with enalapril. Fewer patients in the LCZ696 group were con-
sidered to be worse by themselves or by their physicians, and 
fewer patients in the LCZ696 group had worsening symptoms 
requiring intensification of outpatient therapy or the use of 
medical or device treatments for advancing heart failure.

Not only was LCZ696 superior to enalapril in reducing the 
risk of a first emergency department visit or hospitalization 
for heart failure, but the drug was also more effective than 
ACE inhibition alone in decreasing the need for repeated 
emergency visits and hospitalizations for heart failure. These 
advantages were apparent even though (1) the enalapril group 
had a meaningfully higher mortality rate throughout the trial, 
leading to the preferential exclusion of high-risk enalapril-
treated patients with progressing symptoms from our analy-
ses; and (2) the enalapril group had greater intensification of 
background therapy, which would have been expected to ame-
liorate deleterious changes in clinical status. Therefore, the 
observed effect sizes reported in our analyses may underesti-
mate the true magnitude of the treatment difference. Despite 
the biases against the drug, LCZ696 was superior to enalapril 
in reducing the risk of symptom progression and exerting a 
favorable effect on the clinical course of surviving patients 
with mild-to-moderate heart failure.

Few trials have focused on the ability of new drugs to 
prevent worsening of clinical status in patients with mild-
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have primarily reported improvements in exercise tolerance 
or functional class or decreases in the risk of hospitaliza-
tion for heart failure.28–30 In the few trials that have reported 
worsening of symptoms, quality of life, or functional class, 
active treatments produced a meaningful reduction in the risk 
of clinical worsening only when missing data were imputed 
or when patients who died were included in the analysis 
and assigned the worst possible score.29,31–33 In contrast, the 
PARADIGM-HF study is among the first trials to demon-
strate a reduction of clinical worsening of surviving patients, 
which is not only of paramount importance to those afflicted 
with the disease and their families, but also to the physicians 

who care for them and the insurers who pay for the intensifi-
cation of treatments. The advantage of LCZ696 over enalapril 
in preventing clinical deterioration was apparent early in the 
trial and persisted for the duration of double-blind therapy.

Our clinical findings are supported by the effects on 
biomarkers measured in surviving patients in the trial. As 
expected from neprilysin inhibition,34 levels of both urinary 
cyclic GMP and plasma BNP were higher during treatment 
with LCZ696 than with enalapril; the increases in cyclic 
GMP reflect the fact that the peptides whose levels are 
enhanced by neprilysin inhibition act through enhancement 
of cyclic GMP.35–37 In contrast, in comparison with enalapril, 
patients receiving LCZ696 had consistently lower levels of 
NTproBNP (reflecting reduced cardiac wall stress) and tro-
ponin (reflecting reduced cardiac injury) throughout the trial. 
The contrasting effects of LCZ696 on the 2 types of natri-
uretic peptides represents an important finding, because the 
levels of the 2 peptides characteristically parallel each other 
during the course of heart failure.38 However, because BNP 
(but not NTproBNP) is a substrate for neprilysin,39 levels 
of BNP will reflect the action of the drug, whereas levels of 
NTproBNP will reflect the effects of the drug on the heart. 
Furthermore, although differences in the levels of troponin 
between the 2 treatment groups were small, even very low 
levels of troponin release are believed to reflect ongoing myo-
cardial injury (possibly related to increased wall stress),40 and 
even small increases in the levels of troponin reflect a higher 
risk of disease progression in heart failure.41,42

In conclusion, in comparison with guideline-recommended 
doses of an ACE inhibitor, combined inhibition of both the 
angiotensin receptor and neprilysin was more effective not 
only in reducing all-cause and cardiovascular mortality,12 but 
also in reducing the risks and rates of multiple manifestations 
of clinical deterioration of surviving patients with heart fail-
ure. The effect of LCZ696 to stabilize the course of heart fail-
ure is likely to have important ramifications for both quality of 
life and resource utilization in this disorder.
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Figure 3. A, Median values for N-terminal pro-BNP and 
troponin T at entry and during single-blind run-in and double-
blind periods. Medians are shown in circles, and 25%/75% 
interquartile ranges are shown in bars, where patients in the 
LCZ696 group are shown in white circles and white bars and 
patients in the enalapril group are shown in black circles and gray 
bars. P values designate the significance of difference between 
the 2 treatment groups. Troponin T was not measured at the end 
of the enalapril phase of the run-in period. B, Median values for 
B-type natriuretic peptide and urinary cyclic GMP at entry and 
during single-blind run-in and double-blind periods. Medians are 
shown in circles, and 25%/75% interquartile ranges are shown 
in bars, where patients in the LCZ696 group are shown in white 
circles and white bars and patients in the enalapril group are 
shown in black circles and gray bars. P values designate the 
significance of the difference between the 2 treatment groups. 
Urinary cyclic GMP was not measured at the end of the enalapril 
phase of the run-in period. BNP indicates B-type natriuretic 
peptide; ENL, end of the enalapril phase of the run-in period; and 
LCZ, end of the LCZ696 phase of the run-in period.
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was modeled as a time-dependent covariate, it was 
not a determinant of the incremental benefit of 
LCZ696. At 8 months, there were no significant 
changes from baseline in heart rate or serum 
creatinine level between the two groups. Angio-
edema was confirmed by blinded adjudication in 
19 patients in the LCZ696 group and in 10 patients 
in the enalapril group (P = 0.13). No patient had 
airway compromise or required mechanical air-
way protection.

Discussion

In our study involving patients with chronic heart 
failure and a reduced ejection fraction, the inhi-
bition of both the angiotensin II receptor and 
neprilysin with LCZ696 was more effective in re-
ducing the risk of death from cardiovascular causes 
or hospitalization for heart failure than was ACE 
inhibition with enalapril. LCZ696 was also supe-
rior to enalapril in reducing the risk of death 
from any cause and reducing symptoms and 
physical limitations of heart failure. The magni-
tude of these advantages of LCZ696 over ACE in-

hibition was highly significant and clinically im-
portant, particularly since the drug was compared 
with a dose of enalapril that has been shown to 
reduce mortality, as compared with placebo.1,2 
The benefit of LCZ696, which was apparent early 
in the trial, was seen in patients who were al-
ready receiving all other drugs known to improve 
survival among patients with heart failure (i.e., 
beta-blockers and mineralocorticoid-receptor an-
tagonists). The benefit with respect to cardiovas-
cular mortality was consistent in all relevant sub-
groups.

Our study was designed to provide evidence 
to support the replacement of ACE inhibitors or 
ARBs with LCZ696 in the management of chronic 
heart failure. The trial was devised to show an 
advantage with respect to cardiovascular mortality 
alone, which was the primary determinant of the 
sample size and for which a statistically compel-
ling effect was required to stop the trial early 
because of a benefit. Although in clinical prac-
tice, many patients with heart failure receive low 
(and potentially subtherapeutic) doses of ACE 
inhibitors and ARBs,26 we included a run-in pe-

Table 3. Adverse Events during Randomized Treatment.*

Event
LCZ696

(N = 4187)
Enalapril

(N = 4212) P Value

no. (%)

Hypotension

Symptomatic 588 (14.0) 388 (9.2) <0.001

Symptomatic with systolic blood pressure <90 mm Hg 112 (2.7) 59 (1.4) <0.001

Elevated serum creatinine

≥2.5 mg/dl 139 (3.3) 188 (4.5) 0.007

≥3.0 mg/dl 63 (1.5) 83 (2.0) 0.10

Elevated serum potassium

>5.5 mmol/liter 674 (16.1) 727 (17.3) 0.15

>6.0 mmol/liter 181 (4.3) 236 (5.6) 0.007

Cough 474 (11.3) 601 (14.3) <0.001

Angioedema†

No treatment or use of antihistamines only 10 (0.2) 5 (0.1) 0.19

Use of catecholamines or glucocorticoids without 
hospitalization

6 (0.1) 4 (0.1) 0.52

Hospitalization without airway compromise 3 (0.1) 1 (<0.1) 0.31

Airway compromise 0 0 —

* Shown are results of the analyses of prespecified safety events at any time after randomization. The numbers of pa-
tients who permanently discontinued a study drug were as follows: for hypotension, 36 (0.9%) in the LCZ696 group 
and 29 (0.7%) in the enalapril group (P = 0.38); for renal impairment, 29 (0.7%) and 59 (1.4%), respectively (P = 0.002); 
and for hyperkalemia, 11 (0.3%) and 15 (0.4%), respectively (P = 0.56).

† Angioedema was adjudicated in a blinded fashion by an expert committee.
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7·5, 5, or 2·5 mg twice daily, according to resting heart 
rate and tolerability.15,17 The investigators and oversight 
committees for the study are listed in reference 15. 

In this study, we analysed the primary endpoint, which 
was the composite of cardiovascular mortality and 
hospital admission for worsening heart failure, as well as 
prespecifi ed secondary endpoints, including all-cause 
mortality, cardiovascular mortality and death from heart 
failure, all-cause hospital admission, hospital admission 
for worsening heart failure, any cardiovascular hospital 
admission, and the composite of cardiovascular death or 
hospital admission for worsening heart failure or for 
non-fatal myocardial infarction. For this analysis, we 
divided the placebo and ivabradine groups by quintiles of 
heart-rate distribution in the placebo group at baseline, 

and by classes of heart rate achieved at 28 days in the 
ivabradine group (ie, after titration of study drug, after 
which time heart rate was fairly stable15). 

Statistical analysis
SAS (version 9.1) was used for all analyses. Baseline 
characteristics for the combined placebo and ivabradine 
groups are presented by groups divided by heart-rate 
quintiles at baseline, with means and SD for continuous 
variables and percentages for categorical variables. We 
defi ned quintiles according to baseline heart-rate 
distribution in the placebo group. Baseline characteristics 
were compared across the quintiles of the distribution of 
baseline heart rate with a Kruskal-Wallis test for continuous 
variables and a χ² test for categorical variables. 

Figure 1: Kaplan-Meier cumulative event curves for (A) the primary composite endpoint, (B) fi rst hospital admissions for worsening heart failure, and (C) cardiovascular deaths in the placebo 
group,* according to groups defi ned by quintiles of heart rate at baseline
Primary composite endpoint includes cardiovascular deaths and hospital admissions for worsening heart failure. The log-rank p value is shown for the diff erence between the Kaplan-Meier curves. 
*n=3264. 
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Summary  The  prevalence  of  iron  deficiency  is  high  —  even  in  the  absence  of  anaemia  —  in
patients with  chronic  heart  failure  (HF).  Although  iron  deficiency  is  easily  diagnosed  with  two
biomarkers  (serum  ferritin  and  transferrin  saturation),  it  is  underdiagnosed  in  patients  with
HF. Iron  is  not  only  necessary  for  red  blood  cells,  but  also  for  cells  in  tissues  with  high-energy

Abbreviations: ESC, European Society of Cardiology; HF, Heart Failure; LVEF, Left Ventricular Ejection Fraction; NT-proBNP, N-Terminal
Fragment of pro-B-type Natriuretic Peptide; NYHA, New York Heart Association; pVO2, Peak Oxygen Uptake; TIBC, Total Iron Binding Capacity;
TSA, Ttransferrin Saturation.
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Table  2  Clinical  trials  with  intravenous  iron  in  patients  with  heart  failure.

Authors  Patients  (n)  Iron  and
anaemia
status

Disease
severity

Iron  treatment
(mean  dosage)

Follow-up  Study  results

Uncontrolled  studies
Bolger  et  al.  (2006)

[5]
16  Anaemia  NYHA  class

II—III
Iron  sucrose
(950  ±  137  mg)

92  days  Improvement  in
NYHA  functional
class  (P  <  0.02),
MLHF  questionnaire
score  (P  =  0.002)  and
6-minute  walk
distance

Usmanov  et  al.
(2008)  [8]

32  Anaemia  with
iron  deficiency

NYHA  class
III—IV

Iron  sucrose  26  weeks  Improvement  in
cardiac  remodelling
and  NYHA  functional
class  in  patients
with  baseline  NYHA
class  III  (P  < 0.01)

Randomized
placebo-controlled
studies

Toblli  et  al.  (2007)
[7]

40  Iron  deficiency
and  anaemia

NYHA  class
II—IV;
ejection
frac-
tion  ≤  35%

Iron  sucrose  6  months  Reduction  in
NT-proBNP  (P  <  0.01)
and  CRP  (P  <  0.01);
improvement  in
LVEF,  NYHA
functional  class,
exercise  capacity,
renal  function  and
quality  of  life  (all
P  <  0.01)

Okonko  et  al.  (2008)
(FERRIC-HF  study)
[6]

35  Iron  deficiency
with  and
without
anaemia

NYHA  class
II—III

Iron  sucrose
(928  ±  219  mg)

18  weeks  Increase  in  pVO2/kg
(P  =  0.01);
improvement  in
NYHA  functional
class  (P  =  0.007)  and
patient  global
assessment
(P  =  0.002)

Anker  et  al.  (2009)
(FAIR-HF  study)  [4]

459  Iron  deficiency
with  or
without
anaemia

NYHA  class
II—III

Ferric  car-
boxymaltose
(1850  ±  433  mg)

24  weeks  Improvement  in
patient  global
assessment  and
NYHA  functional
class  (primary
criteria;  P <  0.001);
improvement  in
6-minute  walk
distance  and  quality
of  life  (P  <  0.001);
similar  effect  in
patients  with  or
without  anaemia

CRP: C-reactive protein; HF: heart failure; LVEF: left ventricular ejection fraction; MLHF: minnesota living with heart failure; NT-proBNP:
N-terminal fragment of pro-B-type natriuretic peptide; NYHA: New York Heart Association; pVO2: peak oxygen uptake.

and  exercise  capacity.  The  Iron  Supplementation  in  Heart
Failure  Patients  with  Anaemia  study  (IRON-HF;  Clinical-
Trials.gov  identifier,  NCT00386126;  estimated  enrolment,
n  =  117)  is  evaluating  the  impact  of  supplementation  with

intravenous  or  oral  iron  on  changes  in  pVO2,  as  measured
with  ergospirometry  [38].  A  study  from  the  Anaemia  Work-
ing  Group  Romania  will  assess  the  efficiency  of  intravenous
iron  in  mild  to  moderate  anaemia  associated  with  chronic
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Aim The aim of this study was to evaluate the benefits and safety of long-term i.v. iron therapy in iron-deficient patients with
heart failure (HF).

Methods
and results

CONFIRM-HF was a multi-centre, double-blind, placebo-controlled trial that enrolled 304 ambulatory symptomatic
HF patients with left ventricular ejection fraction ≤45%, elevated natriuretic peptides, and iron deficiency (ferritin
,100 ng/mL or 100–300 ng/mL if transferrin saturation ,20%). Patients were randomized 1 : 1 to treatment with i.v.
iron, as ferric carboxymaltose (FCM, n ¼ 152) or placebo (saline, n ¼ 152) for 52 weeks. The primary end-point was
the change in 6-min-walk-test (6MWT) distance from baseline to Week 24. Secondary end-points included changes in
New York Heart Association (NYHA) class, Patient Global Assessment (PGA), 6MWT distance, health-related
quality of life (QoL), Fatigue Score at Weeks 6, 12, 24, 36, and 52 and the effect of FCM on the rate of hospitalization
for worsening HF. Treatment with FCM significantly prolonged 6MWT distance at Week 24 (difference FCM vs.
placebo: 33+ 11 m, P ¼ 0.002). The treatment effect of FCM was consistent in all subgroups and was sustained to
Week 52 (difference FCM vs. placebo: 36+11 m, P , 0.001). Throughout the study, an improvement in NYHA
class, PGA, QoL, and Fatigue Score in patients treated with FCM was detected with statistical significance observed
from Week 24 onwards. Treatment with FCM was associated with a significant reduction in the risk of hospitalizations
for worsening HF [hazard ratio (95% confidence interval): 0.39 (0.19–0.82), P ¼ 0.009]. The number of deaths (FCM: 12,
placebo: 14 deaths) and the incidence of adverse events were comparable between both groups.

Conclusion Treatment of symptomatic, iron-deficient HF patients with FCM over a 1-year period resulted in sustainable improve-
ment in functional capacity, symptoms, and QoL and may be associated with risk reduction of hospitalization for worsen-
ing HF (ClinicalTrials.gov number NCT01453608).

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Heart failure † Iron deficiency † Ferric carboxymaltose

† See Supplementary material online, for list of study groups involved and investigators/institutions recruiting patients.
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sponding mean differences for Hb (adjusted for baseline) were 0.6+
0.2 and 1.0+0.2 g/dL, at Weeks 24 and 52, respectively (all P ,

0.001).

Subgroup analyses
In all subgroups examined, the treatment effect was preserved.
A consistent improvement in 6MWT distance at Week 24 in patients
treated with FCM when compared with placebo was demonstrated.
For the majority of subgroups, there was no significant interaction
(Figure 5). Where the interaction for the subgroups was statistically
significant, i.e. in those with/without diabetes mellitus (P ¼ 0.04)
and impaired/preserved renal function (P ¼ 0.038), the magnitude
of the benefit for FCM over placebo varies, but it is not indicative

of a different direction of effect in any of these subgroups.The original,
pre-specified subgroup for baseline ferritin examined those subjects
with baseline ferritin levels at ,100 or ≥100 ng/mL. However, the
number of subjects in the latter group was very small (14 in the
FCM group and 18 in the placebo group) and made the results of
this analysis uninterpretable. Therefore, we examined subjects with
baseline ferritin above and below the median ferritin value as a post
hoc analysis (Figure 5).

In the primary efficacy analysis adjustment for country (Russia,
Ukraine, Poland considered separately, and other European
countries pooled together) revealed no significant interaction
(P ¼ 0.30), which indicates that treatment effect on 6MWT at
Week 24 is consistent without major regional outliers.

Figure 2 Patient Global Assessment and NYHA Functional Class over Time (full-analysis set). The data presented are odds ratios for patient
global assessment (A) and NYHA functional class (B) for the ferric carboxymaltose group when compared with the placebo, of being in a better
category of patient global assessment (A) and NYHA functional class (B). In those panels, the P-values are for the comparison between the two
study groups, and the I bars denote the 95% confidence intervals.
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Figure3 6-MinWalkTest, FatigueandQualityof Life ScoreoverTime (full-analysis set). Shownaredata across the studyperiodusinga repeatmeasures
model for the changes (least squares mean with the 95% confidence intervals on the 6-min walk test (A), Fatigue score (assessed using a 10-point visual
analogue fatigue scale, ranging from 1 for no fatigue to 10 for very severe fatigue) shown in (B), Kansas City Cardiomyopathy questionnaire (KCCQ)
score (on which the overall score ranges from 0 to 100, with a higher score indicating a better QoL) shown in (C), and the European Quality of Life-5
Dimensions (EQ-5D) Visual Analogue Scale (on which the score ranges from 0 to 100, with higher scores indicating better health) shown in (D).
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Safety analyses
The overall incidence of investigator reported adverse events,
serious adverse events and adverse events leading to study discon-
tinuation were similar in both groups (Table 3).

No severe allergic reactions related to the study treatment were
reported. Of the patients reporting treatment-related adverse
events with FCM, two patients experienced injection site discolour-
ation, four patients reported feeling hot, and skin discolouration,
urticaria, rash, and erythema were each reported by one patient.

No differences were observed between the two treatment groups
with respect to investigator reported adverse events related to
laboratory test results.

Dosing
In the FCM arm, the mean and median total dose was 1500 mg
of iron during the 1-year study period, with a dosing range of
500–3500 mg of iron. Over 75% of the patients required a
maximum of two injections of FCM to correct and maintain
the iron parameters.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Hospitalizations and deaths (full-analysis set)

End-point or event FCM (n 5 150) Placebo (n 5 151)

Total
number of
events

Incidence/100
patient-years at risk

Total
number of
events

Incidence/100
patient- years at
risk

Time to first event
hazard ratio 95% CI

P-value

Death 12 12 (8.9) 14 14 (9.9) 0.89 (0.41– 1.93) 0.77

Death for any cardiovascular
reason

11 11 (8.1) 12 12 (8.5) 0.96 (0.42– 2.16) 0.91

Death due to worsening HF 4 4 (3.0) 3 3 (2.1) 1.39 (0.31–6.21) 0.67

Death due to other
cardiovascular reason

7 7 (5.2) 9 9 (6.4) 0.81 (0.30–2.17) 0.68

Hospitalizations 46 32 (26.3) 69 44 (37.0) 0.71 (0.45–1.12) 0.14

Hospitalizations for any
cardiovascular reason

26 21 (16.6) 51 33 (26.3) 0.63 (0.37–1.09) 0.097

Hospitalizations due to
worsening HF

10 10 (7.6) 32 25 (19.4) 0.39 (0.19–0.82) 0.009

Hospitalizations due to other
cardiovascular reason

16 13 (10.0) 19 15 (11.0) 0.91 (0.43–1.92) 0.81

Post hoc Analyses

Hospitalizations or death 58 38 (31.2) 83 50 (42.1) 0.75 (0.49–1.14) 0.17

Hospitalizations for any
cardiovascular reason or
death

38 28 (22.1) 65 40 (31.9) 0.70 (0.43–1.13) 0.14

Hospitalizations due to
worsening HF or death

22 18 (13.7) 46 33 (25.6) 0.53 (0.30–0.95) 0.03

Hospitalizations due to other
cardiovascular reason or
death

28 23 (17.7) 33 25 (18.3) 0.97 (0.55–1.70) 0.91

Hospitalizations or death for
any cardiovascular reason

37 27 (21.3) 63 38 (30.3) 0.71 (0.43–1.16) 0.16

Incidence/100 patient-years at risk are computed using the number of subjects with the end-point/event adjusted on the total length of exposure while the subjects are still at risk
[before observing the first event or before completing the study for subjects without any event (censored)].

Figure 4 Time to first hospitalization due to worsening heart
failure. The time to first hospitalization due to worsening heart
failure was estimated using the Kaplan–Meier method, on the full-
analysis set. Subjects were censored at their death, study comple-
tion, or withdrawal date.
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570  A.  Cohen-Solal  et  al.

Figure 1. Assessment of iron variables and treatment of iron deficiency in chronic heart failure. ESC: European Society of Cardiology;
HF: heart failure; IV: intravenous; NYHA: New York Heart Association; OMS: Organización Mundial de la Salud (World Health Organization);
TSAT: transferrin saturation.

Conclusion

The  high  prevalence  of  iron  deficiency  in  patients  with
chronic  HF,  even  in  the  absence  of  anaemia,  is  now  well-
established.  Despite  this,  iron  deficiency  is  underdiagnosed
in  HF  patients,  although  it  is  recognized  as  a  predictor  of
outcome  in  chronic  HF.  Cardiologists  should  be  aware  of
the  consequences  of  iron  deficiency  in  these  patients,  and
should  routinely  assess  iron  status  with  measurement  of
serum  ferritin  and  TSAT  (Fig.  1).  Several  studies  have  shown
improvement  in  exercise  capacity,  NYHA  functional  class  and
quality  of  life  after  correction  of  iron  deficiency.  The  results
of  clinical  trials  should  encourage  cardiologists  to  consider
iron  deficiency  as  a  therapeutic  target  in  HF.
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The MitraClip System

• Percutaneous repair of the MV

• Beating heart procedure—no 
cardiopulmonary bypass

• Allows for real-time positioning 
and repositioning to optimize 
MR reduction

• Designed to preserve surgical 
options

• Femoral venous access

• Limited hospital length of stay 
compared to that after surgery
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Background
Mineralocorticoid-receptor antagonists improve the prognosis for patients with 
heart failure and a reduced left ventricular ejection fraction. We evaluated the ef-
fects of spironolactone in patients with heart failure and a preserved left ventricular 
ejection fraction.

Methods
In this randomized, double-blind trial, we assigned 3445 patients with symptomatic 
heart failure and a left ventricular ejection fraction of 45% or more to receive either 
spironolactone (15 to 45 mg daily) or placebo. The primary outcome was a composite 
of death from cardiovascular causes, aborted cardiac arrest, or hospitalization for 
the management of heart failure.

Results
With a mean follow-up of 3.3 years, the primary outcome occurred in 320 of 
1722 patients in the spironolactone group (18.6%) and 351 of 1723 patients in 
the placebo group (20.4%) (hazard ratio, 0.89; 95% confidence interval [CI], 0.77 
to 1.04; P = 0.14). Of the components of the primary outcome, only hospitalization 
for heart failure had a significantly lower incidence in the spironolactone group 
than in the placebo group (206 patients [12.0%] vs. 245 patients [14.2%]; hazard 
ratio, 0.83; 95% CI, 0.69 to 0.99, P = 0.04). Neither total deaths nor hospitalizations 
for any reason were significantly reduced by spironolactone. Treatment with spir-
on olactone was associated with increased serum creatinine levels and a doubling of 
the rate of hyperkalemia (18.7%, vs. 9.1% in the placebo group) but reduced hypo-
kalemia. With frequent monitoring, there were no significant differences in the 
incidence of serious adverse events, a serum creatinine level of 3.0 mg per deciliter 
(265 µmol per liter) or higher, or dialysis.

Conclusions
In patients with heart failure and a preserved ejection fraction, treatment with spir-
onolactone did not significantly reduce the incidence of the primary composite 
outcome of death from cardiovascular causes, aborted cardiac arrest, or hospital-
ization for the management of heart failure. (Funded by the National Heart, Lung, 
and Blood Institute; TOPCAT ClinicalTrials.gov number, NCT00094302.)
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dence rates and the adjusted models are shown 
in Table S4 in the Supplementary Appendix.

Death from cardiovascular causes occurred in 
160 patients in the spironolactone group (9.3%) 
and 176 patients in the placebo group (10.2%), 
with a hazard ratio of 0.90 (95% CI, 0.73 to 1.12; 
P = 0.35 by the log-rank test) (Fig. 2A). Aborted 
cardiac arrest occurred in 3 patients in the spir-
onolactone group (0.2%) and 5 patients in the 
placebo group (0.3%) (P = 0.48 by the log-rank 
test). Hospitalization for heart failure occurred in 
206 patients in the spironolactone group (12.0%) 
and 245 patients in the placebo group (14.2%), 
with a hazard ratio of 0.83 (95% CI, 0.69 to 0.99; 
P = 0.04 by the log-rank test) (Fig. 2B). Approxi-
mately two thirds of first primary-outcome events 
were hospitalizations for heart failure. In an 
analysis of total hospitalizations (including re-
peat hospitalizations) for heart failure over the 
entire study period, the frequency was lower in 
the spironolactone group than in the placebo 
group (394 vs. 475 hospitalizations; 6.8 vs. 8.3 
per 100 person-years; P = 0.03).

The results of analyses of the primary out-
come in 22 prespecified subgroups are shown in 
Figure S3 in the Supplementary Appendix. Study-
drug effects differed significantly only according 
to randomization stratum (P = 0.01 for interac-

Table 2. Incidence Rates of the Primary Composite Outcome, Its Components, and Additional Secondary Outcomes.*

Outcome
Spironolactone  

(N = 1722)
Placebo  

(N = 1723)

Hazard Ratio with  
Spironolactone  

(95% CI)† P Value

Participants  
with Event

Incidence  
Rate

Participants  
with Event

Incidence  
Rate

no. (%) no./100 person-yr no. (%) no./100 person-yr

Primary outcome 320 (18.6) 5.9 351 (20.4) 6.6 0.89 (0.77–1.04) 0.14
Components of the primary 

 outcome
Death from cardiovascular 

causes
160 (9.3) 2.8 176 (10.2) 3.1 0.90 (0.73–1.12) 0.35

Aborted cardiac arrest 3 (0.2) 0.05 5 (0.3) 0.09 0.60 (0.14–2.50) 0.48
Hospitalization for heart failure 206 (12.0) 3.8 245 (14.2) 4.6 0.83 (0.69–0.99) 0.04

Additional secondary outcomes
Death from any cause 252 (14.6) 4.2 274 (15.9) 4.6 0.91 (0.77–1.08) 0.29
Hospitalization for any reason 766 (44.5) 18.8 792 (46.0) 20.0 0.94 (0.85–1.04) 0.25
Myocardial infarction 65 (3.8) 1.2 64 (3.7) 1.1 1.00 (0.71–1.42) 0.98
Stroke 57 (3.3) 1.0 60 (3.5) 1.1 0.94 (0.65–1.35) 0.73

* Some participants had more than one component of the primary outcome and are included once for the primary outcome and once for 
each component they had.

† Shown are unadjusted hazard ratios calculated with the use of Cox proportional-hazards models.
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Figure 1. Kaplan–Meier Plot of Time to the First Confirmed Primary-Outcome 
Event.

The primary outcome was a composite of death from cardiovascular causes, 
aborted cardiac arrest, or hospitalization for the management of heart failure. 
The inset shows the same data on an expanded y axis.
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tion). In the hospitalization stratum, spiro no lac-
tone had no effect on the time to the composite 
outcome (hazard ratio, 1.01; 95% CI, 0.84 to 1.21; 
P = 0.92), whereas in the BNP stratum, spirono-
lactone showed a benefit (hazard ratio, 0.65; 
95% CI, 0.49 to 0.87; P = 0.003) (see Table S5A in 
the Supplementary Appendix for the primary 
outcome and its components according to ran-
domization stratum). As compared with patients 
in the hospitalization stratum, patients in the 
BNP stratum were older; were less likely to be 
current smokers; had higher baseline creatinine 
levels, lower potassium levels, and lower esti-
mated GFRs; and were less likely to be enrolled 
at sites in Russia or Georgia (Table S5B in the 
Supplementary Appendix).

Post hoc analysis indicated marked regional 
differences in event rates (Table S6 in the Supple-
mentary Appendix). In the Americas (the United 
States, Canada, Brazil, and Argentina), the pri-
mary outcome occurred in 242 patients in the 
spironolactone group (27.3%) and 280 patients 
in the placebo group (31.8%). In Russia and 
Georgia, the primary outcome occurred in 78 
patients in the spironolactone group (9.3%) and 
71 patients in the placebo group (8.4%). How-
ever, the prespecified test for interaction be-
tween region and study group was not signifi-
cant (P = 0.12) (Fig. S3 in the Supplementary 
Appendix).

Secondary Outcomes
There were no significant differences between 
study groups in time to death from any cause or 
first hospitalization for any reason (Table 2 and 
Fig. 3, and Fig. S4 in the Supplementary Appendix). 
Causes of death were generally similar between 
the two groups (Table S7 in the Supplementary 
Appendix). The frequency of hospitalization for 
any reason (including recurrent hospitalization) 
did not differ significantly according to study 
group (36.8 hospitalizations per 100 person-
years in the spironolactone group and 36.3 per 
100 person-years in the placebo group, P = 0.71). 
There were no significant differences in rates of 
myocardial infarction or stroke between the 
groups (Table 2).

Adverse Events
There were 2395 serious adverse events in the 
spironolactone group and 2387 in the placebo 
group (41.6 per 100 person-years and 41.8 per 
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Figure 2. Kaplan–Meier Plots of Two Components of the Primary  
Outcome.

Panel A shows the time to confirmed death from cardiovascular causes, 
and Panel B the time to the first confirmed hospitalization for heart failure. 
The insets show the same data on an expanded y axis.
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amplified in additional sensitivity analysis restricted to patients 
reported to be on study medication at that visit (Table VIII in the 
online-only Data Supplement). All values obtained through the 
first year of follow-up are shown in Figure 2. The average mag-
nitude of the systolic blood pressure reduction associated with 
spironolactone relative to placebo was greater in the Americas  
(4.2 mm Hg; P<0.001) than in Russia/Georgia (0.6 mm Hg: 
P=0.10; interaction P<0.001). Similarly, the average magni-
tude of the increase in potassium associated with spironolactone 
relative to placebo was greater in the Americas (0.26 mmol/L; 

P<0.001) than in Russia/Georgia (0.08 mmol/L; P<0.001; inter-
action P<0.001), and the average magnitude of the increase in 
creatinine associated with spironolactone relative to placebo was 
greater in the Americas (0.10 mg/dL; P<0.001) than in Russia/
Georgia (0.02 mmol/L; P=0.002; interaction P<0.001). These 
3 differences in magnitude of treatment response similarly per-
sisted in adjusted models using these serial measurements.

Discussion
This post hoc analysis was based on the observation of an unusu-
ally large difference in the placebo event rates between the sites 
conducting TOPCAT in the 4 countries in the Americas com-
pared with those in Russia and Georgia.14 In addition to the 
marked differences in prognosis, this regional analysis revealed 
many additional important dissimilarities in patient characteris-
tics; the potassium, creatinine, and blood pressure responses to 
spironolactone; and reports of adherence to study medications. 
Regional differences have complicated the interpretations of 
other randomized trials in cardiovascular medicine.1–7,20–22 The 
prior observed pattern of fewer events in patients from Eastern 
Europe2,5,7 may have been amplified in TOPCAT because Russia 
and Georgia contributed 49% of the total enrollment. However, 
the observed difference between regions in TOPCAT is striking 
in magnitude, exceeding that anticipated by variations in practice 
patterns; indeed, it is the marked difference in the placebo groups 
that distinguishes this from many previous reports of regional 
variation. This observed difference in population risk profiles 
obfuscates our ability to unite the results from these 2 disparate 
regions to draw conclusions about the results of the overall study.

The regional differences in almost every important base-
line variable suggest that clinical diagnostic criteria were not 
uniformly interpreted or applied. Making the assessment that 
the dyspnea and fatigue of a patient with a preserved ejection 
fraction are attributed to heart failure rather than to the com-
monly associated comorbidities is notoriously difficult.23–30 The 
additional protocol inclusion criterion in TOPCAT of either a 
prior hospitalization in which heart failure was a prominent 
feature or an elevated natriuretic peptide level was intended 
to both improve diagnostic certainty and to augment risk. The 
assumption that those with a prior hospitalization would have 
higher risk31–35 was confirmed only for the patients random-
ized from the Americas, suggesting that the nonadjudicated 
qualifying hospitalization criterion enrolled different patient 
populations. However, multifold lower event rates were also 
observed in the patients qualifying by natriuretic peptides 
from Russia/Georgia. The event rates of those enrolled from 
the Americas were reflective of other clinical trial populations 
with symptomatic heart failure and preserved ejection frac-
tion,36,37 whereas the observed heart failure hospitalization rate 
of 1 per 100 patient-years in the placebo arm of the Russia/
Georgia cohort is quite consistent with rates reported in hyper-
tension trials such as the Antihypertensive and Lipid Lowering 
Treatment to Prevent Heart Attack Trial (ALLHAT), Valsartan 
Antihypertensive Long-Term Use Evaluation (VALUE), and 
Losartan Intervention for Endpoint Reduction in Hypertension 
(LIFE), and it is 5-fold lower than the 2 prior heart failure 
with preserved ejection fraction trials, Candesartan in Heart 
Failure: Assessment of Reduction in Mortality and Morbidity 
(CHARM)-Preserved and Irbesartan in Heart Failure With 

Figure 1. Kaplan-Meier plots of primary outcome and 2 
major components. A, Time to primary outcome; B, time 
to cardiovascular (CV) death; and C, time to first confirmed 
hospitalization for heart failure.
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Preserved Systolic Function (I-PRESERVE).38 All-cause mor-
tality provides a more unbiased assessment of disease severity 
than cardiovascular event rates. The death rate of the cohort from 
Russia/Georgia was more reflective of the general populations 
from their regions than of patients with heart failure,39 whereas 
rates of death in the TOPCAT patients from the Americas were 
several-fold higher than age- and sex-matched estimates from 
US life tables (Table IX in the online-only Data Supplement).40

Our observation that the magnitude of the effects of spirono-
lactone relative to placebo on blood pressure, potassium, and 
creatinine was substantially greater in the patients from the 

Americas is equally puzzling. In models adjusting for baseline 
factors known to influence potassium and creatinine responses 
to spironolactone (including age, estimated glomerular filtra-
tion rate, diabetes mellitus, and angiotensin-converting enzyme 
inhibitor/angiotensin receptor blocker use), these important 
differences between geographic regions persisted.16–19 These 
unexplained regional differences in the renal and electrolyte 
responses to spironolactone are an additional confounder of the 
TOPCAT results from the Russia/Georgia cohort. On the other 
hand, within each treatment group, the percentage of subjects 
discontinuing study treatment as a result of breast tenderness 
or gynecomastia was similar between the 2 regions.

There is a marked disparity in the number of randomized 
trial--based recommendations for patients with symptomatic 
heart failure according to ejection fraction because patients 
with reduced ejection fraction (generally <40%) have been the 
focus of most of the major randomized, controlled trials.41,42 In 
sharp contrast, for those with preserved ejection fraction, there 
have been only 3 major randomized, placebo-controlled, clini-
cal outcome trials, including TOPCAT, specifically addressing 
this large segment of the symptomatic heart failure population, 
and in each, the primary outcome was not found to be improved 
by the investigational therapy.14,36,37 This lack of randomized, 
controlled, clinical trial evidence for effectiveness is reflected 
in the guidelines, which offer little direction for this substantial 
and expanding proportion of patients with heart failure, aside 
from empirical treatment of underlying comorbidities.41–44 As 
a result, prognosis has been improving for those with reduced 
but not for those with preserved ejection fraction.45,46

This lack of evidence-based guidelines for treatment of heart 
failure with preserved ejection fraction continues to be perpetu-
ated because diagnostic uncertainties, diverse and poorly under-
stood mechanistic underpinnings, lack of animal models, and 
heterogeneous phenotypes with relatively greater contribution 
of comorbidities are some of the heightened challenges to gar-
nering the extensive resources needed to conduct outcome trials 
in these patients.21–28,47 In the absence of definitive data and with 
no new outcome trial results in the near term, physicians and 
patients faced with this serious medical condition must use the 
best available information to guide their therapeutic decisions. 
The overall neutral finding of TOPCAT with the observation of 
fewer hospitalizations for heart failure in the patients assigned to 
spironolactone would generally be considered the most reliable 
result of the trial. However, the marked regional differences in 
patient populations and responses to spironolactone in TOPCAT 
highly confound the interpretation of these overall findings. 
This post hoc regional analysis indicates that 2 distinctly differ-
ent populations were enrolled and that only the cohort from the 
Americas shared the characteristics observed in other random-
ized trials and, importantly, with event rates as anticipated with 
the selection of patients with symptomatic heart failure with pre-
served ejection fraction. In contrast, the patients enrolled from 
Russia/Georgia did not manifest either the anticipated morbidity 
and mortality rates associated with symptomatic heart failure or 
most pharmacological responses to spironolactone. Although 
post hoc analyses of clinical trials are fraught with hazard, they 
may generate important incremental information.48 Therefore, 
our findings in the TOPCAT patients randomized from the 
Americas of improved prognosis (lower rates of cardiovascular 

Figure 2. Longitudinal plots of blood pressure, potassium, and 
creatinine over the first 12 months of follow-up by treatment and 
region. A, Systolic blood pressure; B, potassium; and C, creatinine. 
*Magnitude of treatment effect differs by region for each variable 
(interaction P<0.001 for each, unadjusted and adjusted; see text).
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(95% CI, 0.69–0.98), whereas in Russia/Georgia, it was 1.10 
(95% CI, 0.79–1.51; Figure 1A). The interaction between 
treatment and region was not significant (P=0.12; Table 4).

The rates of cardiovascular death by treatment assignment 
were 3.6 and 4.9 per 100 patient-years in the spironolactone and 
placebo groups in the Americas and 2.0 and 1.6 per 100 patient-
years in the spironolactone and placebo groups in Russia/Georgia 
(Table 4 and Figure 1B). In the Americas, the hazard ratio for 
treatment with spironolactone with respect to cardiovascular 
death was 0.74 (95% CI, 0.57–0.97), whereas in Russia/Georgia, 
it was 1.31 (95% CI, 0.91–1.90; P=0.012 for interaction; Table 4).

The rates for hospitalization for heart failure were 7.9 and 9.7 
per 100 patient-years in the spironolactone and placebo groups 
in the Americas and 0.7 and 0.9 per 100 patient-years in the spi-
ronolactone and placebo groups in Russia/Georgia, respectively 
(Table 4). In the Americas, the hazard ratio for heart failure hos-
pitalization with spironolactone treatment was 0.82 (95% CI, 
0.67–0.99), whereas in Russia/Georgia, it was 0.76 (95% CI, 
0.44–1.32; Figure 1C). Although the interaction between treat-
ment and region was not significant (P=0.81), in the Americas, 

the treatment hazard ratio showed a significant decrease in the 
spironolactone group (Table 4). Cumulative hospitalizations 
(including recurrent hospitalizations) for heart failure occurred 
at rates of 15.3 and 1.1 per 100 patient-years for the patients 
randomized in the Americas and Russia/Georgia, respectively 
(P<0.001; Table IV in the online-only Data Supplement), with 
a reduced rate in those randomized to spironolactone in the 
Americas only (Table 4). Among the previously reported sub-
groups, 1 significant treatment interaction was detected in each 
region (Figures I and II in the online-only Data Supplement).

Deaths resulting from all causes occurred at rates of 7.1 and 
2.1 per 100 patient-years and reports of hospitalizations for any 
diagnosis occurred at rates of 34.3 and 10.1 in those enrolled 
from the Americas and Russia/Georgia, respectively (P<0.001 
for each; Table IV in the online-only Data Supplement). Within 
each region, there were no significant differences by treatment 
assignment for these major outcomes (Table 4).

Regardless of treatment assignment, reports of serious 
adverse events were more frequent in the cohort random-
ized in the Americas than in Russia/Georgia overall (64.2% 
and 33.1%, respectively), as well as in nearly all Medical 
Dictionary for Regulatory Activities categories (Table V in 
the online-only Data Supplement). Of the 15 categories, only 
renal/genitourinary was significantly higher in the spironolac-
tone group, and this effect was not observed in Russia/Georgia 
(Table V in the online-only Data Supplement).

In the cohort enrolled in the Americas, hyperkalemia (potas-
sium ≥5.5 mmol/L) was more frequent in the spironolactone 
group (25.2%) compared with the placebo group (8.9%; 
P<0.001). Conversely, hypokalemia (potassium <3.5 mmol/L) 
was less frequent in the spironolactone group (15.2%) than 
in the placebo group (26.2%; P<0.001). These effects of spi-
ronolactone were not observed in the Russia/Georgia patients 
(Table 4), and the differences in treatment effects between 

Table 3. Summary of Trial Outcomes by Enrollment Stratum and Region

Outcome

Americas
(n=1767)

Russia/Georgia
(n=1678)

No. (%) With Event  
[Incidence Rate per 100 person-y]

No. (%) with Event  
[Incidence Rate per 100 person-y]

BNP
(n=791)

Hospitalization 
(n=976)

Hospitalization vs BNP:
HR (95% CI)

P Value
BNP

(n=190)
Hospitalization 

(n=1488)

Hospitalization vs BNP:
HR (95% CI)

P Value

Primary outcome 181 (22.9)
[8.1]

341 (34.9)  
[14.7]

1.78
(1.48–2.13)  

<0.001

13 (6.8)
[2.4]

136 (9.1)
[2.4]

1.06
(0.60–1.89)  

0.83

Cardiovascular 
mortality

86 (10.9)
[3.5]

137 (14.0)
[4.9]

1.43
(1.09–1.88)

0.009

13 (6.8)
[2.4]

100 (6.7)
[1.7]

0.70
(0.39–1.26)  

0.24

Aborted cardiac arrest 2 (0.3)
[0.1]

4 (0.4)
[0.1]

N/A 0 (0.0)
[0.00]

2 (0.1)
[0.04]

N/A

Hospitalization 
for heart failure

138 (17.4)
[6.2]

262 (26.8)
[11.2]

1.76
(1.44–2.17)

<0.001

0 (0.0)
[0.0]

51 (3.4)
[0.9]

N/A
0.015*

All-cause mortality 155 (19.6)
[6.1]

230 (23.6)  
[8.0]

1.33
(1.09–1.64)

0.006

15 (7.9)
[2.6]

126 (8.5)
[2.1]

0.77
(0.45–1.32)  

0.33

BNP indicates brain natriuretic peptide; CI, confidence interval; and HR, hazard ratio.
*Hazard ratio is undefined. P value is from log-rank test.

Table 2. Reported Study Drug Use at Month 8 Visit

Month 8
Reported  
Daily  
Dose, mg

Americas,  
n (%)

Russia/Georgia,  
n (%)

P, 
Treatment- 

Region 
Interaction

Spironolactone 
(n=866)

Placebo
(n=846)

Spironolactone 
(n=823)

Placebo
(n=830)

0 212 (24.5) 160 (18.9) 59 (7.2) 61 (7.3)

15 194 (22.4) 105 (12.4) 83 (10.1) 38 (4.6)

30 319 (36.8) 386 (45.6) 570 (69.3) 597 (71.9)

45 141 (16.3) 195 (23.0) 111 (13.5) 134 (16.1)

Average  
dose, mg

21.7 25.9 28.4 29.5 0.001
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