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Treatment of Heart Failure With Normal Ejection Fraction
An Inconvenient Truth!
Walter J. Paulus, MD, PHD, Joris J. M. van Ballegoij, BSC
Amsterdam, the Netherlands
Despite use of similar drugs, outcomes of recent heart failure (HF) trials were frequently neutral in heart failure
with normal left ventricular ejection fraction (HFNEF) and positive in heart failure with reduced left ventricular
ejection fraction (HFREF). The neutral outcomes of HFNEF trials were often attributed to deficient HFNEF patient
recruitment with inclusion of many HFREF or noncardiac patients. Patient recruitment criteria of 21 HFNEF trials
were therefore reviewed in reference to diagnostic guidelines for HFNEF. In the 4 published sets of guidelines, a
definite diagnosis of HFNEF required the simultaneous and obligatory presence of signs and/or symptoms of HF
and evidence of normal systolic left ventricular (LV) function and of diastolic LV dysfunction. In 3 of 4 sets of
guidelines, normal systolic LV function comprised both a left ventricular ejection fraction (LVEF) ⬎50% and an
absence of LV dilation. Among the 21 HFNEF trials, LVEF cutoff values ranged from 35% to 50%, with only 8
trials adhering to an LVEF ⬎50%. Furthermore, only 1 trial specified a normal LV end-diastolic dimension as an
enrollment criterion and only 7 trials required evidence of diastolic LV dysfunction. Nonadherence to diagnostic
guidelines induced excessive enrollment into HFNEF trials of HF patients with eccentric LV remodeling and ischemic
heart disease compared with HF patients with concentric LV remodeling and arterial hypertension. Nonadherence to
guidelines also led to underpowered HFNEF trials with a low incidence of outcome events such as death or HF hospitalizations. Future HFNEF trials should therefore adhere to diagnostic guidelines for HFNEF. (J Am Coll Cardiol 2010;
55:526–37) © 2010 by the American College of Cardiology Foundation

As a result of modern evidence-based heart failure (HF)
therapy, the prognosis of patients with heart failure with
reduced left ventricular ejection fraction (HFREF) improved progressively over the past 3 decades. Conversely,
despite frequent use of similar pharmacological agents, the
prognosis of patients with heart failure with normal left
ventricular ejection fraction (HFNEF) remained unaltered
over the same time period (1). Contrasting efficacy of
comparable pharmacological agents in HFREF and HFNEF was
convincingly demonstrated by the neutral outcome of the
recent I-PRESERVE (Irbesartan in Heart Failure with
Preserved Systolic Function) trial (2), which assigned
HFNEF patients to the angiotensin II receptor blocker
(ARB) irbesartan or placebo, and by the positive outcome
of the earlier CHARM (Candesartan in Heart Failure–
Assessment of Mortality and Morbidity)-Alternative trial
(3), which assigned HFREF patients to the ARB candesartan or placebo. Contrasting efficacy has also been reported
for the prevention of HFNEF or HFREF. In hypertensive
patients of the ALLHAT (Antihypertensive and LipidLowering Treatment to Prevent Heart Attack Trial) study (4),
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lisinopril was inferior to chlorthalidone for preventing newonset HFNEF but not for new-onset HFREF.
The discordant outcomes of similar pharmacological
therapy in HFNEF and HFREF could suggest that the
signal transduction cascades driving myocardial remodeling
differ in HFNEF and HFREF (5). The left ventricular (LV)
structure and myocardial ultrastructure indeed argue in favor
of unequal myocardial signal transduction cascades in both
HFNEF and HFREF. Patients with HFNEF have concentric LV remodeling with high LV mass/volume ratio in
contrast to patients with HFREF, who have eccentric LV
remodeling with low LV mass/volume ratio (6 –9). Myocardial ultrastructure follows a similar trend, with cardiomyocyte hypertrophy in HFNEF and loss of myofilaments
in HFREF (9). Because of these divergences of myocardial
structure and ultrastructure in HFNEF and HFREF, an
unequal clinical response to similar pharmacological agents
is not surprising.
Nevertheless, many concerns persist that mainly methodological issues involving identification and recruitment of
HFNEF patients account for the neutral outcomes of HFNEF
trials. In the presence of a normal left ventricular ejection
fraction (LVEF), the diagnosis of HF is less evident. Inclusion
of patients whose complaints of low exercise tolerance and
dyspnea are caused by noncardiac causes is therefore more
likely in HFNEF than in HFREF trials. The present review of
major HFNEF trials addresses these concerns and focuses on
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patient recruitment in reference to published guidelines for the
diagnosis of HFNEF. In HFNEF trials, criteria used for
patient recruitment were highly variable, disregarded diagnostic guidelines, and were therefore frequently unsatisfactory.
This “inconvenient truth” unfortunately leads to a persistent
uncertainty of whether the neutral outcomes of these trials
resulted from methodological flaws or from specific pathophysiological features characterizing HFNEF.
Diagnostic Guidelines for HFNEF
Originally HFNEF was described as diastolic HF (10).
When awareness grew that diastolic LV dysfunction was
not unique to diastolic HF but also was present in HF with
systolic LV dysfunction, the term diastolic HF was largely
abandoned and was replaced by the terms HF with preserved LVEF (11) or HFNEF (12). Both terms, however,
also have their shortcomings. The notion of a preserved
LVEF implies knowledge of a pre-existing LVEF, which is
usually absent, and the exact range of a normal LVEF is
hard to define (13,14). The present review, which relates
recruitment criteria of trials to diagnostic guidelines, prefers
the use of the term HFNEF because formal diagnostic
guidelines were only published for diastolic HF (10,15,16)
and HFNEF (5).
Four sets of guidelines have so far been published for the
diagnosis of HFNEF. They all require the simultaneous and
obligatory presence of signs and/or symptoms of HF,
evidence of normal systolic LV function, and evidence of
diastolic LV dysfunction (Table 1). The first set of guidelines was provided by the Working Group on Myocardial
Function of the European Society of Cardiology (10). The
criteria used were signs or symptoms of HF, an LVEF
⬎45%, a left ventricular end-diastolic volume index
(LVEDVI) ⬍102 ml/m2, and evidence of diastolic LV
dysfunction provided by cardiac catheterization (pulmonary
capillary wedge pressure [PCWP] ⬎12 mm Hg or left
ventricular end-diastolic pressures [LVEDP] ⬎16 mm Hg)
or by mitral or pulmonary venous Doppler flow velocity
recordings. A second set of guidelines was provided by the
National Heart, Lung, and Blood Institute Framingham
Heart Study and combined signs and symptoms of HF,
normal LVEF (⬎50%), and invasive evidence of diastolic
LV dysfunction to provide 3 different levels of evidence for
HFNEF (15). Definite HFNEF required the 3 conditions
to be satisfied and the LVEF data to be procured within
72 h of the congestive HF episode. Probable and possible
HFNEF required the first 2 conditions to be satisfied and
the LVEF data to be procured within 72 h for probable
HFNEF and later than 72 h for possible HFNEF. The
emphasis placed on timely acquisition of the LVEF data
was subsequently shown to be unwarranted because patients
with hypertensive pulmonary edema had normal and comparable LVEF at hospital admission and 3 days later at
recompensation (17). A third set of guidelines was proposed
by Yturralde and Gaasch from the Lahey Clinic (16). For
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the definite diagnosis of HFNEF,
Abbreviations
and Acronyms
they also require the same 3 conditions to be satisfied as in the 2
ACEI ⴝ angiotensinprevious sets of guidelines. They
converting enzyme inhibitor
implement their assessment with a
AGE ⴝ advanced glycation
scoring system of major criteria
end product
and confirmatory evidence and use
ARB ⴝ angiotensin II
LV hypertrophy and left atrial
receptor blocker
(LA) enlargement as substitutes
cGMP ⴝ guanosine 3=,5=cyclic monophosphate
for catheterization or Doppler evidence of diastolic LV dysfunction.
HF ⴝ heart failure
Finally, the last set of guidelines
HFNEF ⴝ heart failure with
was recently published by the
normal left ventricular
ejection fraction
Heart Failure and EchocardiograHFREF ⴝ heart failure with
phy Associations of the European
reduced left ventricular
Society of Cardiology (5). This set
ejection fraction
of guidelines was the first to conLA ⴝ left atrial
sider the use in HFNEF of tissue
LBBB ⴝ left bundle branch
Doppler imaging (TDI) and natriblock
uretic peptides (NP). The diagLV ⴝ left ventricle/
nosis of HFNEF required signs
ventricular
or symptoms of HF, an LVEF
LVEDP ⴝ left ventricular
2
⬎50%, an LVEDVI ⬍97 ml/m ,
end-diastolic pressure
and evidence of diastolic LV dysLVEDVI ⴝ left ventricular
function. Only cardiac catheterizaend-diastolic volume index
tion and TDI could provide stanLVEF ⴝ left ventricular
dalone evidence of diastolic LV
ejection fraction
dysfunction, whereas NP needed
MMP ⴝ matrix
to be implemented with TDI, mimetalloproteinase
tral flow velocity Doppler, or meaNP ⴝ natriuretic peptide
sures of LA size or LV mass.
PCWP ⴝ pulmonary
When comparing these 4 sets of
capillary wedge pressure
diagnostic guidelines, it becomes
PDE5 ⴝ
evident that the mere presence of
phosphodiesterase-5
signs or symptoms of HF and a
PFR ⴝ peak filling rate
normal LVEF never sufficed to
PKG ⴝ protein kinase G
firmly establish the diagnosis of
TDI ⴝ tissue Doppler
HFNEF, which always required
imaging
additional evidence of diastolic LV
TIMP ⴝ tissue inhibitors of
dysfunction, LA size, or LV mass.
matrix metalloproteinase
The emphasis on diastolic
LV dysfunction in the published sets of diagnostic guidelines does not imply diastolic LV dysfunction to be the sole mechanism underlying HFNEF. Numerous other mechanisms have
recently been identified and could be equally important
(18). These mechanisms include reduced mitral annular
shortening velocity (19), depressed LV longitudinal and
radial deformation (20,21), ventriculovascular coupling
(22), chronotropic incompetence (23), LA dilation (24),
volume overload (25), and pulmonary arterial hypertension (26). In the normal heart, systolic motion of the
mitral annulus toward the apex and systolic LV twist help
to suck in blood during early diastole through the sudden
release of stored energy. In HFNEF patients, this interplay between systolic and diastolic LV function is dis-
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Overview
HFNEF for HFNEF
Table 1 of Diagnostic
Overview ofGuidelines
Diagnosticfor
Guidelines
HFNEF Guidelines
Year Published (Ref. #)
ESC
1998 (10)

NHLBI
2000 (15)

LAHEY
2005 (16)

ESC
2007 (5)

Present

Present

Present

Present

Normal LV systolic function

LVEF ⬎45%
LVEDVI ⬍102 ml/m2

LVEF ⬎50%
within 72h HF
episode

LVEF ⬎50%
LVEDVI ⬍97 ml/m2

LVEF ⬎50%
LVEDVI ⬍97 ml/m2

LV diastolic dysfunction

LVEDP ⬎16 mm Hg
PCW ⬎12 mm Hg
E/A ⬍0.5
DT ⬎280 ms
IVRT ⬎105 ms
PVV ⬎0.35 m/s
Ard-Ad ⬎20 ms

LVEDP ⬎16 mm Hg
PCW ⬎12 mm Hg

LVEDP ⬎16 mm Hg
PCW ⬎12 mm Hg
E/A ⬍0.5
DT ⬎280 ms
IVRT ⬎105 ms
LAE
LVH

LVEDP ⬎16 mm Hg
PCW ⬎12 mm Hg
E/E= ⬎15
E/E= ⬎8 ⫹ NT-proBNP ⬎220 pg/
ml

HF signs and symptoms
(other criteria)

All 4 sets of guidelines require the simultaneous presence of HF signs and/or symptoms and normal LV systolic function and diastolic LV dysfunction. Criteria for normal LV systolic function are comparable,
but criteria for diastolic LV dysfunction are variable.
A ⫽ atrial wave mitral flow velocity; Ad ⫽ duration of atrial wave mitral flow velocity; Ard ⫽ duration of reverse pulmonary vein atrial systole flow velocity; DT ⫽ deceleration time; E ⫽ early mitral flow
velocity; E= ⫽ early tissue Doppler lengthening velocity; HF ⫽ heart failure; HFNEF ⫽ heart failure with normal left ventricular ejection fraction; IVRT ⫽ isovolumic relaxation time; LAE ⫽ left atrial
enlargement; LV ⫽ left ventricular; LVEF ⫽ left ventricular ejection fraction; LVH ⫽ left ventricular hypertrophy; NT-proBNP ⫽ N-terminal pro–B-type natriuretic peptide; PCW ⫽ pulmonary capillary wedge;
PVV ⫽ pulmonary vein atrial maximal velocity.

rupted with concomitant elevation of LV filling pressures, especially during exercise (12). Effective arterial
elastance, a global measure of arterial stiffness, and
end-systolic LV elastance are typically elevated in HFNEF patients. Because of these elevated arterial and
ventricular elastances, limited changes in LV enddiastolic volume induce exaggerated swings in systolic
blood pressure. Intermittent high arterial systolic blood
pressure because of these swings greatly increases cardiac
oxygen consumption (22). At similar exercise workloads,
HFNEF patients have less increase in heart rate and less
systemic vasodilation than matched control subjects (23).
Restoring chronotropic competence in HFNEF patients
with rate-adaptive pacing is currently being assessed in
the RESET (Restoration of Chronotropic Competence
in Heart Failure Patients with Normal Ejection Fraction)

study. Finally, LA dilation and dysfunction (24); volume
overload because of renal insufficiency, anemia, or obesity
(25); and pulmonary hypertension with a pre-capillary
component (26) can all contribute to HF in HFNEF
patients. Future refinements to diagnostic guidelines for
HFNEF will probably incorporate criteria based on these
nondiastolic mechanisms.
Overview of HFNEF Trials
Table 2 shows all major large outcome trials that have been
performed so far in HFNEF patients. An outcome trial is
defined as a large-scale, long-duration clinical trial with
hard end points, including morbidity and mortality. The
V-HeFT II (Vasodilator in Heart Failure Trial II), which
compared enalapril with the combination of hydralazine and

Enrollment
of Large
HFNEF
Outcome
Trials
Table 2 Criteria
Enrollment
Criteria
of Large
HFNEF
Outcome Trials
Trial
Compound
Duration (Ref. #)

HF signs and symptoms
(other criteria)
Normal LV systolic function

LV diastolic dysfunction

Positive outcomes

V-HeFTII
Enalapril
2 years (27)

DIG
Digoxin
37 months (31)

CHARM-P
Candesartan
3 years (33)

SENIORS
Nebivolol
12 months (37)

PEP-CHF
Perindopril
2.1 years (38)

I-PRESERVE
Irbesartan
49.5 months (2)

Present
(VO2 2)

Present

Present

Present

Present
(3/9 criteria including prior MI)

Present

LVEF ⬎35%
CTR ⬎0.55
LVEDDI ⬎2.7 cm/m2

LVEF ⬎45%

LVEF ⬎40%

LVEF ⬎35%

LVEF ⬎40%
WMI ⬎1.4

LVEF ⬎45%

—

—

—

—

WT ⬎13 mm
IVRT ⬎105 ms
E/A ⬍0.5
DT ⬎280 ms
LA diameter ⬎25 mm/m2

LAE
LVH

Mortality ⫺40%

Hospitalizations

Hospitalizations

Mortality⫹hospitalizations
⫺14%

Hospitalizations and symptoms
at 1 yr follow-up

—

CTR ⫽ cardiothoracic ratio; DT ⫽ deceleration time; LVEDDI ⫽ left ventricular end-diastolic dimension index; MI ⫽ myocardial infarction; VO2 ⫽ maximal oxygen consumption during exercise; WMI ⫽ wall
motion index; WT ⫽ wall thickness; other abbreviations as in Table 1.
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isosorbide dinitrate, performed a subanalysis of patients
with LVEF ⬎35% and reported a beneficial effect on
mortality and incidence of ventricular tachycardia (27). This
favorable response to enalapril probably related to reduced
eccentric LV remodeling because the enrollment criteria of
V-HeFT II explicitly required evidence of LV dilation.
Reduced eccentric LV remodeling is, however, of questionable relevance to most HFNEF patients, who are more
likely to present with progressive concentric LV remodeling
(6 –9). Based on data from large HFNEF registries, concentric LV remodeling in HFNEF relates to comorbidities
other than prior myocardial infarction, such as arterial
hypertension (80% of patients), diabetes (30% of patients),
and excess body weight (80% of patients) (28 –30). These
HFNEF registries, however, also enrolled their patients
without requiring evidence of diastolic LV dysfunction. The
Digitalis Investigation Group studied outcomes of treatment with digoxin both in patients with reduced LVEF
(main trial) (31) and in patients with preserved LVEF
(ancillary trial) (32). In both trials, digoxin had no effect on
the mortality of chronic HF patients in normal sinus rhythm
but reduced their need for worsening HF hospitalizations.
Specific clinical characteristics of the patients recruited for
the ancillary trial have been reported (32), and again
suggested a high prevalence of eccentric LV remodeling
because 49% of patients had suffered a prior myocardial
infarction. The CHARM-Preserved trial randomized 3,023
patients between candesartan and placebo (33). The
CHARM-Preserved trial failed to demonstrate a significant
effect on cardiovascular death, but fewer HF hospitalizations in the candesartan-treated patients were observed.
Again, HF was mainly of ischemic origin (56% of patients),
with a history of prior myocardial infarction, percutaneous
coronary intervention, and coronary artery bypass grafting
present in 45%, 17%, and 21% of patients, respectively.
Predominant eccentric LV remodeling in the CHARMPreserved trial was demonstrated by the CHARMES (Candesartan in Heart Failure Reduction in Mortality Echocardiographic Substudy) trial (34), which revealed an LV mass
index in the candesartan-treated group of 111 ⫾ 35 g/m2.
This value was within the normal reference range for men
(49 to 115 g/m2) (35), who composed 66% of the
CHARMES substudy population. The SENIORS (Study
of Effects of Nebivolol Intervention on Outcomes and
Rehospitalization in Seniors With Heart Failure) used the
beta-blocker nebivolol in elderly HF patients over 70 years
of age and observed a 14% reduction in primary outcomes
(all-cause mortality and cardiovascular hospital admission)
(36). The beneficial effect on primary outcome did not differ
between patients with LVEF ⬍35% and those with LVEF
⬎35%, but favorable effects on LV end-systolic volume and
LVEF were limited to nebivolol-treated patients with
LVEF ⬍35% (37). The PEP-CHF (Perindopril in Elderly
People with Chronic Heart Failure) study was the first
major randomized controlled trial on the use of angiotensinconverting enzyme inhibitors (ACEI) in HFNEF patients (38).
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It compared perindopril 4 mg daily with placebo in elderly
patients (ⱖ70 years old) with a diagnosis of HF, an LVEF
⬎40%, minimal impairment of segmental LV wall motion,
echocardiographic evidence of LA dilation or LV hypertrophy, and abnormal LV filling kinetics on mitral flow velocity
Doppler. The study showed no difference in mortality and
HF hospitalizations. Premature withdrawal of many patients after 1 year could have contributed to the neutral
outcome because an interim analysis at 1 year of follow-up
showed a significant reduction (p ⫽ 0.033) in HF hospitalizations. Criteria for patient enrollment into the PEPCHF study, however, also had shortcomings. The diagnosis
of symptomatic HF was linked to 9 criteria, of which 3
needed to be satisfied. These criteria comprised, among
others, prior myocardial infarction and a cardiothoracic ratio
⬎0.55. As a result, 39% of enrolled patients had coronary
artery disease, and eccentric LV remodeling again became
an important confounder. The I-PRESERVE trial is so far
the largest reported trial for HFNEF. It enrolled 4,128
patients and randomly assigned them to irbesartan or
placebo (2). Mortality or rates of hospitalizations for cardiovascular causes were not improved by irbesartan. Almost
half of the patients were recruited because of HF hospitalization within the previous 6 months. The other half
was recruited because they were symptomatic and satisfied at least 1 of the following criteria: pulmonary
vascular congestion on chest X-ray film, echocardiographic evidence of LV hypertrophy or of LA enlargement, and electrocardiographic evidence of LV hypertrophy or of left bundle branch block (LBBB). Inclusion of
LBBB is worrisome because LBBB is more prevalent in
patients with HFREF than with HFNEF. Nevertheless,
the clinical characteristics of the I-PRESERVE study
population suggest less eccentric LV remodeling than in
the previous trials, as there was a lower prevalence of
prior myocardial infarction (24%) and a higher prevalence
of arterial hypertension (88%) and of electrocardiographic evidence of LV hypertrophy (30%). Echocardiographic measures of LV mass, LVEDVI, and LV mass/
volume ratio have not yet been reported and could further
substantiate predominant concentric LV remodeling in
the I-PRESERVE study population.
In HFNEF registries, the effect of pharmacological treatment on mortality was variable, as evident from Table 3. In
a cohort of HFNEF patients prospectively followed up for
25 months after hospital discharge, prescription of a betablocker resulted in a 43% mortality reduction (39). In a
similar 5-year registry of HFNEF patients surviving a first
HF hospitalization, the 5-year mortality risk also decreased
by 30% with ACEI treatment (40). In a community-based
registry of HF patients (the COHERE [Carvedilol Heart
Failure Registry] study), the benefit of carvedilol therapy
was less, with a 6% mortality reduction for patients with an
LVEF ⬎40% (41). In this registry, the mortality reduction
did not differ across the range of LVEF, but functional
status and need for hospitalizations showed less improve-
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Enrollment
of HFNEF
Registries
Table 3 Criteria
Enrollment
Criteria
of HFNEF Registries
Trial
Compound
Duration (Ref. #)

HF signs and symptoms
(other criteria)
Normal LV systolic function
LV diastolic dysfunction
Positive outcomes

Dobre et al.
Beta-Blockers
25 months (39)

COHERE
Carvedilol
1 year (41)

OPT-HF
ACEI, ARB, Beta-Blockers
60–90 days* (29)

Tribouilloy
ACEIs
5 years (40)

Present

Present

Present

Present

LVEF ⬎40%

LVEF ⬎40%

LVEF ⬎50%

LVEF ⬎50%

—

—

—

—

Mortality ⫺43%

Mortality ⫺6%; hospitalizations

—

Mortality ⫺30%

*Use of beta-blockers also had no effect on 1-year mortality or hospitalization rates (42).
Abbreviations as in Table 1.

ment when LVEF exceeded 40%. Finally, in the
OPTIMIZE-HF (Organized Program to Initiate Lifesaving Treatment in Hospitalized Patients With Heart Failure)
registry, discharge use of ACEIs, ARBs, or beta-blockers
had no effect on 60- to 90-day mortality or hospitalization
rates of HFNEF patients (29,42).
As outlined in Table 4, numerous small mechanistic trials
also reported on clinical and hemodynamic effects of pharmacological treatment in HFNEF patients. In the aftermath of studies reporting beneficial effects on diastolic LV
function of calcium-channel blockers in patients with hypertrophic cardiomyopathy, positive results were reported
with verapamil in HF patients with normal LV systolic
performance (LVEF ⬎45%) and abnormal diastolic LV
filling (LV peak filling rate [PFR] ⬍2.5 LVEDV/s) (43).
Positive results consisted of improvement of a clinical HF
score, treadmill exercise capacity, and LV PFR. Although
only 22 patients participated in this trial, patient recruitment was performed with great care and derived from a
screening procedure of 182 HF patients with an LVEF
⬎45%. This screening procedure drew on earlier experience
with HFNEF patients (44), whereby an LV PFR ⬍2.5
LVEDV/s was observed in only 38% of patients with HF
and a normal LVEF. The hemodynamic features of the trial
population corresponded with concentric LV remodeling as
symmetric LV hypertrophy, defined by a wall thickness
⬎1.2 cm, was present in 65% of patients. In line with
concentric LV remodeling, HF was attributed to hypertension in 75% of patients and to coronary artery disease in only
25% of patients. In contrast to this initial study, 2 subsequent studies on pharmacological treatment of HFNEF
patients focused on patients with limited prior myocardial
infarctions (45,46). In this patient group, Aronow et al.
(45,46) reported beneficial effects on symptoms with enalapril
and on prognosis with propranolol. In the propranolol-treated
group, mortality decreased by 30%. Post-myocardial infarction
patients are at risk for unfavorable eccentric LV remodeling,
and the positive outcomes observed in these studies therefore
have limited relevance to HFNEF patients, who usually suffer
from concentric LV remodeling. Beneficial effects of betablocker therapy also were observed in a small study comparing
nebivolol with atenolol (47). This study rigorously adhered to

diagnostic HFNEF guidelines by requiring both an LVEF
⬎50% and an LV end-diastolic dimension ⬍60 mm to
establish normal systolic LV function and by obtaining invasive
evidence of elevated PCWP. Six months of treatment resulted
in improvement of the E/A ratio and reduction in LV mass
with both compounds. Only nebivolol, however, succeeded to
lower rest and exercise PCWP and to raise maximal oxygen
consumption during exercise. Another small study, the
SWEDIC (Swedish Doppler-Echocardiographic Study), also
used stringent entry criteria as it determined a wall motion
score index to exclude dyskinetic segments of previous myocardial infarctions and as it required evidence of age-adjusted
diastolic LV dysfunction on mitral or pulmonary venous flow
velocity Doppler (48). Six months of carvedilol therapy had no
effect on symptomatic status; failed to alter an integrated score
of all diastolic function indexes, which was the primary end
point of the study; but improved the E/A ratio, especially in
patients with a higher baseline heart rate. Because aldosterone
had been implicated in myocardial fibrosis and hypertrophy,
the effects of aldosterone antagonism on myocardial
function were investigated in hypertensive patients with
diastolic HF (New York Heart Association functional
class II) using quantitative echocardiographic techniques
(49). In the spironolactone-treated (25 mg) group, LV
long-axis function improved with higher strain, strain rate,
and integrated backscatter. The treated group also had
smaller posterior wall thickness and LA area but unchanged
treadmill exercise time. Inspired by these positive results,
large outcome trials are currently being carried out to further
explore the use of spironolactone in HFNEF. Their results
are expected by 2010 for the ALDO-DHF (Aldosterone
Receptor Blockade in Diastolic Heart Failure) trial and by
2011 for the TOPCAT (Treatment of Preserved Cardiac
Function Heart Failure with an Aldosterone Antagonist)
trial. In experimental hypertensive HF, statins exert a
variety of actions that may directly impact diastolic LV
dysfunction, such as regression of LV hypertrophy and
prevention of myocardial fibrosis (50). These actions have
not yet been confirmed in clinical hypertensive heart disease
or HFNEF. Nevertheless, usefulness of statins in HFNEF
was suggested in a preliminary report that showed statins to
lower mortality with a relative risk reduction of 22% (51).
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S, E=, NT-proBNP
Mortality ⫺20%
LV mass
E/A
Only nebivolol: VO2,
PCW
Positive outcomes

Exercise capacity
PFR

E/A
Symptoms

Mortality ⫺30%
LVEF
LV mass

E/A

Strain rate
Strain LAV
LV mass

—
—
E/A ⬍1.0
DT ⬎250 ms
E/A ⬍1.0
IVRT ⬎85 ms
S/D ⬍1.0
PVV ⬎0.45 m/s
Ard-Ad ⬎20 ms
PCW-R ⬎12
PCW-Ex ⬎20
E/A ⬍1.0
—
PFR ⬍2.5
LVEDV/s
LV diastolic dysfunction

—

LVEF ⬎45%
LVEF ⬎50%
LVEF ⬎50%
LVEF ⬎45%
Wall motion score
LVEF ⬎50%
LVEDD ⬍60 mn
LVEF ⬎50%
LVEF ⬎45%
Normal LV systolic function

LVEF ⬎40%

Present
Present
Present
Present
Present
(prior MI)
HF signs and symptoms
(other criteria)

Present

Present
(prior MI)

Present
(VO2 2)

Mottram et al.
Spironolactone
6 months (49)
SWEDIC
Carvedilol
6 months (48)
Aronow et al.
Propranolol
32 months (46)
Aronow et al.
Enalapril
3 months (45)
Setaro et al.
Verapamil
5 weeks (43)

Enrollment
of Small
Mechanistic
HFNEF TrialsHFNEF Trials
Table 4 Criteria
Enrollment
Criteria
of Small Mechanistic

Nodari et al.
Nebivolol or Atenolol
6 months (47)

Authors/Trial
Compound
Duration (Ref. #)

Fukuta et al.
Statins
21 months (51)

HKDHF
Irb/RamiⴙHCTZ Versus HCTZ
1 year (52)
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Clinical and hemodynamic features of the HFNEF patient
population recruited in this study suggested predominant
concentric LV remodeling as most patients were hypertensive (80%) and as LV mass was elevated (204 g). In this
study, other compounds, such as ACEIs, ARBs, betablockers, or calcium-channel blockers, had no discernible
effect on survival. In contrast to most other outcome or
mechanistic trials, which randomized patients between
medication and placebo, the Hong Kong Diastolic Heart
Failure Study randomized HFNEF patients among diuretics alone, diuretics plus ramipril, and diuretics plus irbesartan (52). In elderly HFNEF patients, emphasis on symptomatic improvement instead of survival seems justified, and
as such a comparison with diuretics instead of placebo seems
defendable. Hospitalizations and exercise tolerance changed
similarly in all 3 groups, and addition of ramipril or
irbesartan only resulted in lower NT-proBNP levels and
higher systolic (S) and early diastolic (E=) mitral annular
velocities.
Finally, a series of smaller studies also investigated clinical
and hemodynamic effects of pharmacological treatment in
patients with prior myocardial infarction or with arterial
hypertension who had normal LVEF and no HF. These
studies are summarized in Table 5. Their results are of
relevance to HFNEF patients as they provide important
mechanistic insight. The PREAMI (Randomized Perindopril and Remodelling in Elderly With Acute Myocardial
Infarction) trial studied New York Heart Association functional class I to II patients with an LVEF ⬎40% after prior
myocardial infarction and observed less eccentric LV remodeling (0.7 ml vs. 4 ml ⌬LVEDV/year) when patients
were treated with 8 mg perindopril (53). This trial is of
interest as it revealed eccentric LV remodeling to occur even
after small myocardial infarctions that do not compromise
baseline LV function. It also implies that inclusion of
patients with prior myocardial infarction can have a confounding effect in an HFNEF trial because these patients
will respond favorably through reduced eccentric LV remodeling. A low prevalence of prior myocardial infarction
(⬍30% of patients) has therefore been suggested as a good
indicator for a correct HFNEF patient recruitment (30). In
patients with mitral flow velocity Doppler evidence of
diastolic LV dysfunction and with a hypertensive response
to exercise, losartan improved exercise tolerance and quality
of life when compared with both placebo (54) and hydrochlorothiazide (55). In contrast, in a similar patient population with arterial hypertension and TDI evidence of
diastolic LV dysfunction, valsartan was not superior to
regular antihypertensive agents for improving TDI early
diastolic mitral annular lengthening velocity (E=) (56). Both
studies are of interest because they suggested that in
HFNEF trial populations with a high prevalence of arterial
hypertension, superiority needs to be established not just
over placebo but also over regular blood-pressure-lowering
therapy.
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Enrollment
of Small
Trials
or HT
Table 5 Criteria
Enrollment
Criteria
of With
SmallPrior
TrialsMIWith
Prior MI or HT
Trial/Authors
Compound
Duration (Ref. #)

HF signs and symptoms
(other criteria)
Normal LV systolic function
LV diastolic dysfunction
Positive outcomes

PREAMI
Perindopril
1 year (53)

Little et al.
Losartan vs. HCTZ
6 months (55)

VALIDD
Valsartan ⴙ RR 2 vs. RR 2
38 weeks (56)

Absent (prior MI)

Absent
(exertional HTN)

Absent (HTN)

LVEF ⬎40%

LVEF ⬎50%

LVEF ⬎50%

—

E/A ⬍1.0

E= ⬍8

LVEDV

Symptoms

—

Enrollment criteria of small mechanistic trials in patients with prior myocardial infarction (MI) or with arterial hypertension (HTN), who had normal
LVEF and no HF.
RR 2 ⫽ regular blood pressure lowering therapy; other abbreviations as in Table 1.

The Mismatch Between Guidelines and Trials
Evidence of normal systolic LV function was defined in the
first set of guidelines (10) as an LVEF ⬎45% and in the 3
most recent sets of guidelines (5,15,16) as an LVEF ⬎50%.
The HFNEF trials or registries, however, recruited patients
whose LVEF varied from 35% to 50%, with 8 of the 21
trials or registries presented in this review using a cutoff
value of 40% or less. Because LVEF of HF patients presents
as a unimodal distribution (57), the choice of a specific
cutoff value might seem arbitrary. However, data from the
CHARM program on the predictive value of LVEF for
cardiovascular outcome revealed LVEF to contribute to
cardiovascular death only when it fell below 45% (58).
Hence, an LVEF ⬎45% seems to be a logical cutoff value
for establishing a level of systolic LV function that separates
HFREF from HFNEF. Furthermore, raising the LVEF
criterion above 45% increases inclusion of women into the
trial or registry because the distribution of LVEF in female
HF patients peaks at 60%, whereas in male HF patients it
peaks at 35% (57).
The LV anatomy characteristically differs between HFNEF
and HFREF, with eccentric (low mass/volume ratio) LV
remodeling in HFREF and concentric (high mass/volume
ratio) LV remodeling in HFNEF (6 –9). To account for
these anatomical differences, 3 of 4 sets of guidelines
(5,15,16) added an LVEDVI criterion to the requirements
for establishing normal systolic LV function in HFNEF. Of
the 21 HFNEF trials presented in this review, only 1
specified an LV end-diastolic dimension ⬍60 mm as an
enrollment criterion (47). In fact, several trials ended up in
the reverse situation as they promoted recruitment of
patients with eccentric LV remodeling by specifying a
cardiothoracic ratio ⬎0.55 as an enrollment criterion
(27,38). This seems understandable for V-HeFT (27),
which identified HFNEF patients by retrospective analysis
of the V-HeFT population, but is less evident for recent
trials such as PEP-CHF (38), which specifically recruited
HFNEF patients. Another patient characteristic favoring
recruitment of patients with eccentric LV remodeling is the
presence of LBBB, which was used in the I-PRESERVE

trial as an enrollment criterion (2). By not rigorously
excluding LV dilation and eccentric remodeling, many
HFNEF trials ended up with a patient population in which
HF was mainly of ischemic etiology. This was especially
true in the CHARM-Preserved trial (33) and the Digitalis
Investigation Group studies (31,32), in which HF was of
ischemic etiology in respectively 56% and 70% of patients,
and in the COHERE registry (41), which reported a 51%
prevalence of coronary artery disease. To exclude patients
with coronary artery disease and dyskinetic LV segments, an
echocardiographic wall motion score has been used as an
enrollment criterion in the PEP-CHF (38) and SWEDIC
(48) trials. Such a score indeed seems a valuable adjunct to
the LVEF and LVEDVI criteria currently proposed to
establish normal systolic LV function in patients with
HFNEF.
In the 21 HFNEF trials presented in this review, the
most frequently overlooked condition for the diagnosis of
HFNEF was evidence of diastolic LV dysfunction. In fact,
only 7 trials (38,43,47– 49,55,56) required this condition to
be satisfied. The reasons for overlooking diastolic LV
dysfunction in the diagnosis of HFNEF were both conceptual and methodological. Initial studies on diastolic HF (44)
already emphasized the heterogeneity of its clinical presentation, with only one-third of the patients who present with
HF and a normal systolic LV function also having significant diastolic LV dysfunction evident from a depressed LV
PFR on radionuclide LV angiograms. More than 2 decades
later, the echocardiographic CHARMES substudy again
confirmed these findings (34). Only one-half of the
CHARM-Preserved trial patients, whose recruitment was
solely based on signs and symptoms of HF and an LVEF
⬎40%, also had diastolic LV dysfunction evident from a
pseudonormal or restrictive LV filling pattern on mitral flow
velocity Doppler. Furthermore, evidence of diastolic LV
dysfunction on mitral flow velocity Doppler appeared to be
widespread and aspecific as it also occurred in the elderly
patients (59) and in patients with HFREF (60). Because of
this lack of sensitivity and specificity of diastolic LV
dysfunction, diastolic HF was referred to as HF with

JACC Vol. 55, No. 6, 2010
February 9, 2010:526–37

preserved LVEF (11) or as HFNEF (12). Trial design
followed this conceptual evolution and largely discarded
diastolic LV dysfunction as an inclusion criterion in HFNEF
trials. Recently, however, this trend again reversed because
of the appearance of superior, less load-sensitive, TDIderived indexes of diastolic LV dysfunction (5) and because
of growing awareness that many HFNEF patients, defined
solely by signs and symptoms of HF and normal LVEF,
might be suffering from noncardiac illnesses. This reversal
was evident from the more recent trials such as the
VALIDD (Valsartan In Diastolic Dysfunction) (56) and
Hong Kong diastolic HF trials (52), which used TDIderived mitral annular early diastolic lengthening velocity
(E=) as an inclusion criterion or as an outcome measure,
respectively. The importance of diastolic LV dysfunction
for HFNEF was also reappraised by recent invasive
studies in HFNEF patients, which showed uniform
presence at rest of slow LV relaxation and elevated
diastolic LV stiffness (61) and which demonstrated elevated diastolic LV stiffness to limit cardiac performance
during atrial pacing and exercise (62).
A final compelling argument for using evidence of diastolic LV dysfunction as an obligatory inclusion criterion in
HFNEF trials was provided by the CHARMES echocardiographic substudy of the CHARM-Preserved trial (34).
The CHARMES trial revealed less than one-half of the
CHARM-Preserved patients to have moderate or severe
diastolic LV dysfunction. Moderate or severe diastolic LV
dysfunction was, however, an important predictor of adverse
outcomes, in both univariate and multivariate analysis with
respective hazard ratios of 3.7 and 5.7. The low event rate
observed in the CHARM-Preserved trial was therefore
attributed to the inclusion of numerous patients who failed
to have significant diastolic LV dysfunction. Similar to the
CHARMES trial, an earlier study (44) also compared
clinical characteristics of HFNEF patients with or without
diastolic LV dysfunction. In the absence of diastolic LV
dysfunction, patients mainly suffered from acute myocardial
ischemia or from LV volume overload because of chronic
renal failure, hemodialysis, or unappreciated mitral regurgitation, whereas in the presence of diastolic LV dysfunction,
the HF etiology was arterial hypertension in 60% of patients
and coronary artery disease in only 27% of patients. Hence,
although inclusion of LVEDVI and diastolic LV dysfunction criteria would make patient enrollment into a large
outcome HFNEF trial more cumbersome and limited to a
distinct subset of patients, this drawback would largely be
compensated by a study population with a higher prevalence
of concentric LV remodeling and a higher outcome event
rate.
Roadmap for a Specific HFNEF Therapy
Although the neutral outcomes of many HFNEF trials
could have resulted from deficient patient enrollment criteria, differences in myocardial structure and function could
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also account for the unequal outcomes of trials in HFNEF
and HFREF (9). Future HFNEF trials should therefore
focus on compounds that specifically interfere with structural and functional myocardial abnormalities characteristically observed in HFNEF patients. These abnormalities
include: 1) prominent cardiomyocyte hypertrophy; 2) breakdown and turnover of the myocardial extracellular matrix,
which leads to concentric instead of eccentric LV remodeling; 3) elevated cardiomyocyte resting tension with higher
myocardial expression and less phosphorylation of the stiff
N2B titin isoform; and 4) a shift in myocardial metabolism
from glucose to free fatty acids use because of frequent
comorbidities such as type 2 diabetes, metabolic syndrome,
and obesity.
The LV myocardial ultrastructure in HFNEF is characterized by prominent cardiomyocyte hypertrophy (9), with a
cardiomyocyte diameter 50% larger than in HFREF. This
cardiomyocyte hypertrophy parallels the LV hypertrophy
observed in many studies or registries of HFNEF patients
(6 –9). Regression of myocardial hypertrophy is therefore a
meaningful therapeutic goal in HFNEF. Three HFNEF
trials thus far reported on regression of myocardial hypertrophy. The subanalysis of patients with LVEF ⬎35%
included in the V-HeFT reported a significant reduction in
LV mass with enalapril (27). Similarly, lower LV mass was
observed in patients treated with candesartan in the echocardiographic substudy of the CHARM-Preserved trial (34).
Finally, in a small trial comparing atenolol with nebivolol, both
compounds significantly reduced LV mass (47). To specifically
target regression of myocardial hypertrophy in HFNEF,
statins and phosphodiesterase-5 (PDE5) inhibitors both
have been proposed recently.
By suppressing activity of the guanosine triphosphate–
binding proteins Ras, Rho, and Rac, statins can decrease
cardiomyocyte hypertrophy (63) and reduce collagen synthesis (64). In a rat model of hypertensive HF, statin
treatment thereby effectively reduced LV mass both at the
stage of compensatory hypertrophy and at the stage of HF
(65). The reduction of LV mass was accompanied by
reduced fibrosis and lower expression of genes involved in
cardiomyocyte hypertrophy, endothelin-1 signaling, or collagen synthesis. In clinical HF, hemodynamic effects of
chronic statin therapy have only been reported in HFREF
patients. In one study, LV end-diastolic dimension decreased over a 12-month period in the atorvastatin-treated
group but increased over the same time period in the
placebo group. The LV mass index, however, failed to
change in both groups (66). These findings suggest beneficial clinical effects of chronic statin therapy on eccentric LV
remodeling, but not on LV hypertrophy regression, which
would have been a more relevant finding to HFNEF.
Furthermore, in another study on HFREF patients, no
significant LV remodeling effects of short-term (14-week)
simvastatin treatment were observed (67).
Regression of LV hypertrophy is also the target for using
PDE5 inhibitors in HFNEF. In a mouse transverse aortic
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constriction model, the PDE5 inhibitor sildenafil reversed
pre-established LV hypertrophy induced by pressure overload and restored LV chamber function to normal (68). In
these pressure-overloaded hearts, guanosine 3=,5=-cyclic monophosphate (cGMP) catabolism by PDE5 was increased. Administration of sildenafil restored cGMP levels, reactivated
protein kinase G (PKG) activity, and deactivated multiple
hypertrophy signaling pathways such as calcineurin/nuclear
factor of activated T-cells, phosphoinositide-3 kinase/Akt, and
ERK1/2. Overexpression of PDE5 was recently also observed
in the right ventricular myocardium of patients with right
ventricular hypertrophy and pulmonary hypertension (69) and
in the LV myocardium of patients with end-stage HFREF
(70). Regression of LV hypertrophy through restored PKG
activity supports the use of PDE5 inhibitors in HFNEF, and
this hypothesis is currently being tested in the RELAX
(PhosphodiesteRasE-5 Inhibition to Improve Quality of Life
And EXercise Capacity in Diastolic Heart Failure) trial.
Restored myocardial PKG activity also could directly
improve myocardial distensibility through phosphorylation
of the giant cytoskeletal protein titin, which is responsible
for cardiomyocyte stiffness (71–73). This was confirmed in
recent experiments using isolated cardiomyocytes of HFNEF
patients in which PKG administration resulted in a prompt
decrease of cardiomyocyte resting tension (74,75). Correction of cardiomyocyte stiffness, unrelated to regression of
cardiomyocyte hypertrophy, could be especially relevant to
early stages of hypertensive heart disease as suggested by the
VALIDD (Valsartan In Diastolic Dysfunction) trial, which
only observed LV hypertrophy in 3% of asymptomatic
hypertensive patients with diastolic LV dysfunction (56).
In both HFNEF and HFREF, there is increased myocardial collagen deposition but the underlying expression
patterns of matrix metalloproteinases (MMPs) and of tissue
inhibitors of matrix metalloproteinases (TIMPs), which are
responsible for breakdown and turnover of the extracellular
matrix, are different as they are driving concentric LV
remodeling in HFNEF but eccentric LV remodeling in
HFREF. In hypertensive patients with HFNEF (76) and in
patients with aortic stenosis (77), there is decreased matrix
degradation because of down-regulation of MMPs and
up-regulation of TIMPs, whereas in patients with dilated
cardiomyopathy there is increased matrix degradation because of up-regulation of MMPs (78). In patients with
aortic stenosis who develop a depressed LVEF, this balance
between proteolysis and antiproteolysis shifts (79). These
distinct expression patterns of MMPs and TIMPs in
HFNEF and HFREF result in unequal myocardial collagen
deposition with mainly interstitial fibrosis in HFNEF and
both replacement and interstitial fibrosis in HFREF (9).
Moreover, the extent of LV interstitial fibrosis also differs
between HFNEF and HFREF. Collagen volume fraction
was lower in HFNEF than in HFREF (80), and one-third
of the patients presenting with HFNEF had a normal
collagen volume fraction (81). Their LVEDP and LV
stiffness modulus were, however, comparable to those of
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patients with an increased collagen volume fraction. This
finding suggested that in addition to collagen deposition,
other factors also importantly contributed to the high in
vivo LV stiffness observed in HFNEF patients (81). Intrinsic cardiomyocyte stiffness is one of these factors. Intrinsic
cardiomyocyte stiffness is elevated in patients with HFNEF
(9,81), and this mainly relates to transcriptional or posttranslational modifications of the cytoskeletal protein titin
(73). Hence, an antiproteolytic expression pattern of MMPs
and TIMPs, absence of replacement fibrosis, and less
interstitial fibrosis could all explain why ACEIs and ARBs,
which exert their beneficial action on LV remodeling partly
through reduction of collagen deposition, have been less
successful in HFNEF.
Increased diastolic LV stiffness is recognized as the
earliest manifestation of LV dysfunction induced by diabetes mellitus (82– 84) and frequently becomes the main
functional deficit as many diabetic patients have HFNEF
(28). Excessive diastolic LV stiffness of the diabetic heart
has been related to myocardial deposition of advanced
glycation end products (AGEs). The AGE deposition
results from long-standing hyperglycemia and affects diastolic LV stiffness by direct and indirect mechanisms (85).
The AGE cross linking of collagen increases its tensile
strength, and this altered biophysical property of collagen
increases diastolic LV stiffness. The AGE deposition can
also indirectly augment diastolic LV stiffness through reduced nitric oxide (NO) bioavailability. The AGEs quench
endothelially produced NO, and low myocardial NO bioavailability raises diastolic LV stiffness (86). The importance
of the latter mechanism is supported by the preferential
localization of AGEs in small intramyocardial vessels as
recently demonstrated in endomyocardial biopsies of both
diabetic HF patients (80) and elderly hypertensive dogs
(87). Based on these observations, the use of AGE crosslink breakers such as alagebrium chloride seems promising.
A small pilot study in HFNEF patients showed alagebrium
chloride to reduce LV mass, to improve LV filling, and to
ameliorate quality of life (88). A similar study in hypertensive subjects also showed alagebrium chloride to restore
endothelial function (89).
Apart from myocardial AGE deposition, diabetes-related
diastolic LV dysfunction has been linked to deranged
myocardial metabolism with low myocardial phosphocreatine to adenosine-triphosphate ratio and high myocardial
triglyceride content. The former could be explained by
reduced glucose utilization because of less-insulin-sensitive
glucose (GLUT4) transporters and the latter by increased
nonesterified fatty acid fluxes (83,90). Myocardial triglyceride accumulation in turn leads to formation of toxic intermediates, mitochondrial dysfunction, and free radical production, which has also been linked to diabetes-related
diastolic LV dysfunction (91). Thiazolidinediones restore
glucose utilization and have recently been shown to favorably modify diastolic LV dysfunction as evident from
improved TDI mitral annular lengthening velocity (E=) (91)
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and rightward displacement of the LV diastolic pressure–
volume relation (92). Such a rightward shift of the LV
diastolic pressure–volume relation could be beneficial in
diabetic HFNEF patients with concentric LV remodeling,
but deleterious in diabetic HFREF patients, in whom it
would exacerbate eccentric LV remodeling (93).
Conclusions
In contrast to HFREF, the prognosis of HFNEF failed to
improve over the last 3 decades, despite similar use of ACEIs,
ARBs, and beta-blockers in both conditions. An urgent need
has therefore arisen for development and evaluation of novel
HFNEF treatment strategies. Novel strategies should try to
interfere with HFNEF-specific myocardial signal transduction
pathways, which account for prominent cardiomyocyte hypertrophy, down-regulation of MMPs, up-regulation of TIMPs,
hypophosphorylation of stiff titin isoforms, and substrate shifts
from glucose to free fatty acids. To secure correct identification
of HFNEF patients and to avoid recruitment of HFREF or
noncardiac patients, future HFNEF trials should adhere to the
proposed diagnostic guidelines for HFNEF. This implies
patient enrollment criteria to include not only a lower limit of
LVEF but also an upper limit of LVEDVI and significant
evidence of diastolic LV dysfunction. Use of expanded patient
enrollment criteria is more likely to result in an HFNEF trial
population with concentric LV remodeling and with HF
caused by hypertension or diabetes and not by ischemic heart
disease.
Reprint requests and correspondence: Dr. Walter J. Paulus,
Institute for Cardiovascular Research VU, VU University Medical
Center Amsterdam, Van der Boechorststraat 7, 1081 BT Amsterdam, the Netherlands. E-mail: wj.paulus@vumc.nl.

REFERENCES

1. Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield
MM. Trends in prevalence and outcome of heart failure with preserved
ejection fraction. N Engl J Med 2006;355:251–9.
2. Massie BM, Carson PE, McMurray JJ, et al., for the I-PRESERVE
Investigators. Irbesartan in patients with heart failure and preserved
ejection fraction. N Engl J Med 2008;359:2456 – 67.
3. Granger CB, McMurray JJ, Yusuf S, et al., for the CHARM Investigators
and Committees. Effects of candesartan in patients with chronic heart
failure and reduced left-ventricular systolic function intolerant to
angiotensin-converting-enzyme inhibitors: the CHARM-Alternative
trial. Lancet 2003;362:772– 6.
4. Davis BR, Kostis JB, Simpson LM, et al., for the ALLHAT
Collaborative Research Group. Heart failure with preserved and
reduced left ventricular ejection fraction in the Antihypertensive and
Lipid-Lowering Treatment to Prevent Heart Attack Trial. Circulation
2008;118:2259 – 67.
5. Paulus WJ, Tschöpe C, Sanderson JE, et al. How to diagnose diastolic
heart failure: a consensus statement on the diagnosis of heart failure
with normal left ventricular ejection fraction by the Heart Failure and
Echocardiography Associations of the European Society of Cardiology. Eur Heart J 2007;28:2539 –50.
6. Kitzman DW, Little WC, Brubaker PH, et al. Pathophysiological
characterization of isolated diastolic heart failure in comparison to
systolic heart failure. JAMA 2002;288:2144 –50.

Paulus and van Ballegoij
Treatment of HFNEF

535

7. Brucks S, Little WC, Chao T, et al. Contribution of left ventricular
diastolic dysfunction to heart failure regardless of ejection fraction.
Am J Cardiol 2005;95:603– 6.
8. Zile MR, Gaasch WH, Carroll JD, et al. Heart failure with a normal
ejection fraction: is measurement of diastolic function necessary to
make the diagnosis of diastolic heart failure? Circulation 2001;104:
779 – 82.
9. van Heerebeek L, Borbély A, Niessen HW, et al. Myocardial structure
and function differ in systolic and diastolic heart failure. Circulation
2006;113:1966 –73.
10. European Study Group on Diastolic Heart Failure. How to diagnose
diastolic heart failure. Eur Heart J 1998;19:990 –1003.
11. McMurray J, Pfeffer MA. New therapeutic options in congestive heart
failure. Part II. Circulation 2002;105:2223– 8.
12. Sanderson JE. Heart failure with a normal ejection fraction. Heart
2007;93:155– 8.
13. Davies MK, Hobbs FDR, Davis RC, et al. Prevalence of leftventricular systolic dysfunction and heart failure in the Echocardiographic Heart of England Screening study: a population based study.
Lancet 2001;358:439 – 44.
14. Petrie M, McMurray J. Changes in notions about heart failure. Lancet
2001;358:432– 4.
15. Vasan RS, Levy D. Defining diastolic heart failure: a call for standardized diagnostic criteria. Circulation 2000;101:2118 –21.
16. Yturralde RF, Gaasch WH. Diagnostic criteria for diastolic heart
failure. Prog Cardiovasc Dis 2005;47:314 –9.
17. Gandhi SK, Powers JC, Nomeir AM, et al. The pathogenesis of acute
pulmonary edema associated with hypertension. N Engl J Med
2001;344:17–22.
18. Maeder MT, Kaye DM. Heart failure with normal left ventricular
ejection fraction. J Am Coll Cardiol 2009;53:905–18.
19. Yip G, Wang M, Zhang Y, Fung JW, Ho PY, Sanderson JE. Left
ventricular long axis function in diastolic heart failure is reduced in
both diastole and systole: time for a redefinition? Heart 2002;87:
121–5.
20. Wang J, Khoury DS, Yue Y, Torre-Amione G, Nagueh SF. Preserved
left ventricular twist and circumferential deformation, but depressed
longitudinal and radial deformation in patients with diastolic heart
failure. Eur Heart J 2008;29:1283–9.
21. Wang J, Nagueh SF. Current perspectives on cardiac function in
patients with diastolic heart failure. Circulation 2009;119:1146 –57.
22. Kawaguchi M, Hay I, Fetics B, Kass DA. Combined ventricular
systolic and arterial stiffening in patients with heart failure and
preserved ejection fraction. Implications for systolic and diastolic
reserve limitations. Circulation 2003;107:714 –20.
23. Borlaug BA, Melenovsky V, Russell SD, et al. Impaired chronotropic and
vasodilator reserves limit exercise capacity in patients with heart failure and
a preserved ejection fraction. Circulation 2006;114:2138 – 47.
24. Melenovsky V, Borlaug BA, Rosen B, et al. Cardiovascular features of
heart failure with preserved ejection fraction versus nonfailing hypertensive left ventricular hypertrophy in the urban Baltimore community:
the role of atrial remodeling/dysfunction. J Am Coll Cardiol 2007;49:
198 –207.
25. Maurer MS, Burkhoff D, Fried LP, Gottdiener J, King DL, Kitzman
DW. Ventricular structure and function in hypertensive participants
with heart failure and a normal ejection fraction: the Cardiovascular
Health Study. J Am Coll Cardiol 2007;49:972– 81.
26. Lam CSP, Roger VL, Rodeheffer RJ, Borlaug BA, Enders FT,
Redfield MM. Pulmonary hypertension in heart failure with preserved
ejection fraction a community-based study. J Am Coll Cardiol 2009;
53:1119 –26.
27. Carson P, Johnson G, Fletcher R, Cohn J, for the V-HeFT Cooperative Study Group. Mild systolic dysfunction in heart failure (left
ventricular ejection fraction ⬎35%): baseline characteristics, prognosis
and response to therapy in the Vasodilator in Heart Failure Trials
(V-HeFT). J Am Coll Cardiol 1996;27:642–9.
28. Klapholz M, Maurer M, Lowe AM, et al., for the New York Heart
Failure Consortium. Hospitalization for heart failure in the presence of
a normal left ventricular ejection fraction: results of the New York
Heart Failure Registry. J Am Coll Cardiol 2004;43:1432– 8.
29. Fonarow GC, Stough WG, Abraham WT, et al., for the
OPTIMIZE-HF Investigators and Hospitals. Characteristics, treatments, and outcomes of patients with preserved systolic function

536

30.
31.
32.
33.

34.

35.
36.

37.

38.
39.

40.
41.

42.

43.

44.
45.

46.

47.

48.

Paulus and van Ballegoij
Treatment of HFNEF
hospitalized for heart failure: a report from the OPTIMIZE-HF
Registry. J Am Coll Cardiol 2007;50:768 –77.
McMurray JJV, Carson PE, Komajda M, et al. Heart failure with
preserved ejection fraction: clinical characteristics of 4133 patients
enrolled in the I-PRESERVE trial. Eur J Heart Fail 2008;10:149 –56.
The Digitalis Investigation Group. The effect of digoxin on mortality
and morbidity in patients with heart failure. N Engl J Med 1997;336:
525–33.
Ahmed A, Rich MW, Fleg JL, et al. Effects of digoxin on morbidity
and mortality in diastolic heart failure: the ancillary digitalis investigation group trial. Circulation 2006;114:397– 403.
Yusuf S, Pfeffer MA, Swedberg K, et al., for the CHARM Investigators and Committees. Effects of candesartan in patients with chronic
heart failure and preserved left-ventricular ejection fraction: the
CHARM-Preserved Trial. Lancet 2003;362:777– 81.
Persson H, Lonn E, Edner M, et al., for the Investigators of the
CHARM Echocardiographic Substudy—CHARMES. Diastolic dysfunction in heart failure with preserved systolic function: need for
objective evidence: results from the CHARM Echocardiographic
Substudy—CHARMES. J Am Coll Cardiol 2007;49:687–94.
Lang RM, Bierig M, Devereux RB, et al. Recommendations for
chamber quantification. Eur J Echocardiogr 2006;7:79 –108.
Flather MD, Shibata MC, Coats AJS, et al., for the SENIORS
Investigators. Randomized trial to determine the effect of nebivolol on
mortality and cardiovascular admission in elderly patients with heart
failure (SENIORS). Eur Heart J 2005;26:215–25.
Ghio S, Magrini G, Serio A, et al., for the SENIORS Investigators.
Effects of nebivolol in elderly heart failure patients with or without
systolic left ventricular dysfunction: results of the SENIORS echocardiographic substudy. Eur Heart J 2006;27:562– 8.
Cleland JG, Tendera M, Adamus J, Freemantle N, Polonski L, Taylor
J. The perindopril in elderly people with chronic heart failure (PEPCHF) study. Eur Heart J 2006;27:2338 – 45.
Dobre D, Van Veldhuisen DJ, DeJongste MJL, et al. Prescription of
beta-blockers in patients with advanced heart failure and preserved
ejection fraction. Clinical implications and survival. Eur J Heart Fail
2007;9:280 – 6.
Tribouilloy C, Rusinaru D, Leborgne L, Peltier M, Massy Z, Slama
M. prognostic impact of angiotensin-converting enzyme inhibitor
therapy in diastolic heart failure. Am J Cardiol 2008;101:639 – 44.
Massie BM, Nelson JJ, Lukas MA, et al., for the COHERE
Participant Physicians. Comparison of outcomes and usefulness of
carvedilol across a spectrum of left ventricular ejection fractions in
patients with heart failure in clinical practice. Am J Cardiol 2007;99:
1263– 8.
Hernandez AF, Hammill BG, O’Connor CM, Schulman KA, Curtis
LH, Fonarow GC. Clinical effectiveness of beta-blockers in heart
failure: findings from the OPTIMIZE-HF (Organized Program to
Initiate Lifesaving Treatment in Hospitalized Patients with Heart
Failure) Registry. J Am Coll Cardiol 2009;53:184 –92.
Setaro JF, Zaret BL, Schulman DS, Black HR, Soufer R. Usefulness
of verapamil for congestive heart failure associated with abnormal left
ventricular diastolic filling and normal left ventricular systolic performance. Am J Cardiol 1990;66:981– 6.
Soufer R, Wohlgelernter D, Vita NA, et al. Intact systolic left
ventricular function in clinical congestive heart failure. Am J Cardiol
1985;55:1032– 6.
Aronow WS, Kronzon I. Effect of enalapril on congestive heart failure
treated with diuretics in elderly patients with prior myocardial infarction and normal left ventricular ejection fraction. Am J Cardiol
1993;71:602– 4.
Aronow WS, Ahn C, Kronzon I. Effect of propranolol versus no
propranolol on total mortality plus nonfatal myocardial infarction in
older patients with prior myocardial infarction, congestive heart
failure, and left ventricular ejection fraction ⱖ40% treated with
diuretics plus angiotensin-converting enzyme inhibitors. Am J Cardiol
1997;80:207–9.
Nodari S, Metra M, Dei Cas L. ␤-blocker treatment of patients with
diastolic heart failure and arterial hypertension. A prospective, randomized, comparison of the long-term effects of atenolol vs nebivolol.
Eur J Heart Fail 2003;5:621–7.
Bergström A, Andersson B, Edner M, Nylander E, Persson H,
Dahlström U. Effect of carvedilol on diastolic function in patients with
diastolic heart failure and preserved systolic function. Results of the

JACC Vol. 55, No. 6, 2010
February 9, 2010:526–37

49.

50.
51.
52.

53.

54.

55.

56.

57.

58.

59.
60.

61.
62.
63.
64.
65.

66.

Swedish Doppler-echocardiographic study (SWEDIC). Eur J Heart
Fail 2004;6:453– 61.
Mottram PM, Haluska B, Leano R, Cowley D, Stowasser M,
Marwick TH. Effect of aldosterone antagonism on myocardial dysfunction in hypertensive patients with diastolic heart failure. Circulation 2004;110:558 – 65.
Ramasubbu K, Estep J, White DL, Deswal A, Mann DL. Experimental and clinical basis for the use of statins in patients with ischemic
and nonischemic cardiomyopathy. J Am Coll Cardiol 2008;51:415–26.
Fukata H, Sane DC, Brucks S, Little WC. Statin therapy may be
associated with lower mortality in patients with diastolic heart failure:
a preliminary report. Circulation 2005;112:357– 63.
Yip GWK, Wang, M, Wang T, et al. The Hong Kong Diastolic
Heart Failure Study: a randomized control trial of diuretics, irbesartan
and ramipril on quality of life, exercise capacity, left ventricular global
and regional function in heart failure with a normal ejection fraction.
Heart 2008;94:573– 80.
Ferrari R, for the PREAMI Investigators. Effects of angiotensinconverting enzyme inhibition with perindopril on left ventricular
remodeling and clinical outcome—results of the Randomized Perindopril and Remodeling in Elderly With Acute Myocardial Infarction
(PREAMI) study. Arch Intern Med 2006;166:659 – 66.
Warner JG Jr., Metzger DC, Kitzman DW, Wesley DJ, Little WC.
Losartan improves exercise tolerance in patients with diastolic dysfunction and a hypertensive response to exercise. J Am Coll Cardiol
1999;33:1567–72.
Little WC, Zile MR, Klein A, Appleton CP, Kitzman DW, WesleyFarrington DJ. Effect of losartan and hydrochlorothiazide on exercise
tolerance in exertional hypertension and left ventricular diastolic
dysfunction. Am J Cardiol 2006;98:383–5.
Solomon SD, Janardhanan R, Verma A, et al., for the Valsartan In
Diastolic Dysfunction (VALIDD) Investigators. Effect of angiotensin
receptor blockade and antihypertensive drugs on diastolic function in
patients with hypertension and diastolic dysfunction: a randomised
trial. Lancet 2007;369:2079 – 87.
Cleland JG, Swedberg K, Follath F, et al., for the Study Group on
Diagnosis of the Working Group on Heart Failure of the European
Society of Cardiology. The EuroHeart Failure survey programme—a
survey on the quality of care among patients with heart failure in
Europe. Part 1: patient characteristics and diagnosis. Eur Heart J
2003;24:442– 63.
Solomon SD, Anavekar N, Skali H, et al., for the Candesartan in
Heart Failure Reduction in Mortality (CHARM) Investigators. Influence of ejection fraction on cardiovascular outcomes in a broad
spectrum of heart failure patients. Circulation 2005;112:3738 – 44.
Mantero A, Gentile F, Gualtierotti C, et al. Left ventricular diastolic
parameters in 288 normal subjects from 20 to 80 years old. Eur Heart J
1995;16:94 –105.
Belardinelli R, Georgiou D, Cianci G, Berman N, Ginzton L, Purcaro
A. Exercise training improves left ventricular diastolic filling in
patients with dilated cardiomyopathy. Clinical and prognostic implications. Circulation 1995;91:2775– 84.
Zile MR, Baicu CF, Gaasch WH. Diastolic heart failure—
abnormalities in active relaxation and passive stiffness of the left
ventricle. N Engl J Med 2004;350:1953–9.
Westermann D, Kasner M, Steendijk P, et al. Role of left ventricular
stiffness in heart failure with normal ejection fraction. Circulation
2008;117:2051– 60.
Hattori T, Shimokawa H, Higashi M, et al. Long-term inhibition of
Rho-kinase suppresses left ventricular remodeling after myocardial
infarction in mice. Circulation 2004;109:2234 –9.
Martin J, Denver R, Bailey M, Krum H. In vitro inhibitory effects of
atorvastatin on cardiac fibroblasts: implications for ventricular remodeling, Clin Exp Pharmacol Physiol 2005;32:697–701.
Saka M, Obata K, Ichihara S, et al. Pitavastatin improves cardiac
function and survival in association with suppression of the myocardial
endothelin system in a rat model of hypertensive heart failure.
J Cardiovasc Pharmacol 2006;47:770 –9.
Sola S, Mir MQ, Lerakis S, Tandon N, Khan BV. Atorvastatin
improves left ventricular systolic function and serum markers of
inflammation in nonischemic heart failure. J Am Coll Cardiol 2006;
47:332–7.

JACC Vol. 55, No. 6, 2010
February 9, 2010:526–37
67. Node K, Fujita M, Kitakaze M, Hori M, Liao JK. Short-term statin
therapy improves cardiac function and symptoms in patients with
idiopathic dilated cardiomyopathy. Circulation 2003;108:839 – 43.
68. Nagayama T, Hsu S, Zhang M, et al. Sildenafil stops progressive
chamber, cellular, and molecular remodeling and improves calcium
handling and function in hearts with pre-existing advanced hypertrophy caused by pressure overload. J Am Coll Cardiol 2009;53:207–15.
69. Nagendran J, Archer SL, Soliman D, et al. Phosphodiesterase type 5
is highly expressed in the hypertrophied human right ventricle, and
acute inhibition of phosphodiesterase type 5 improves contractility.
Circulation 2007;116:238 – 48.
70. Pokreisz P, Vandenwijngaert S, Bito V, et al. Ventricular phosphodiesterase-5 expression is increased in patients with advanced heart
failure and contributes to adverse ventricular remodeling after myocardial infarction in mice. Circulation 2009;119:408 –16.
71. Granzier HL, Labeit S. The giant protein titin: a major player in
myocardial mechanics, signaling, and disease. Circ Res 2004;94:284 –95.
72. Linke WA. Sense and stretchability: the role of titin and titinassociated proteins in myocardial stress-sensing and mechanical dysfunction. Cardiovasc Res 2008;77:637– 48.
73. Borbély A, van Heerebeek L, Paulus WJ. Transcriptional and posttranslational modifications of titin: implications for diastole. Circ Res
2009;104:12– 4.
74. Krüger M, Kötter S, Grützner A, et al. Protein kinase G modulates
human myocardial passive stiffness by phosphorylation of the titin
springs. Circ Res 2009;104:87–94.
75. Borbély A, Falcao-Pires I, van Heerebeek L, et al. Hypophosphorylation of the stiff N2B titin isoform raises cardiomyocyte resting
tension in failing human myocardium. Circ Res 2009;104:780 – 6.
76. Ahmed SH, Clark LL, Pennington WR, et al. Matrix metalloproteinases/tissue inhibitors of metalloproteinases. Relationship between
changes in proteolytic determinants of matrix composition and structural, functional, and clinical manifestations of hypertensive heart
disease. Circulation 2006;113:2089 –96.
77. Heymans S, Schroen B, Vermeersch P, et al. Increased cardiac
expression of tissue inhibitor of metalloproteinase-1 and tissue inhibitor of metalloproteinase-2 is related to cardiac fibrosis and dysfunction
in the chronic pressure-overloaded human heart. Circulation 2005;
112:1136 – 44.
78. Spinale FG, Coker ML, Heung LJ, et al. A matrix metalloproteinase
induction/activation system exists in the human left ventricular myocardium and is upregulated in heart failure. Circulation 2000;102;1944 –9.
79. Polyakova V, Hein S, Kostin S, Ziegelhoeffer T, Schaper J. Matrix
metalloproteinases and their tissue inhibitors in pressure-overloaded
human myocardium during heart failure progression. J Am Coll
Cardiol 2004;44:1609 –18.
80. Van Heerebeek L, Hamdani N, Handoko L, et al. Diastolic stiffness of
the failing diabetic heart: importance of fibrosis, advanced glycation
endproducts and myocyte resting tension. Circulation 2008;117:43–51.

Paulus and van Ballegoij
Treatment of HFNEF

537

81. Borbély A, van der Velden J, Papp Z, et al. cardiomyocyte stiffness in
diastolic heart failure. Circulation 2005;111:774 – 81.
82. Zarich SW, Arbuckle BE, Cohen LR, Roberts M, Nesto RW.
Diastolic abnormalities in young asymptomatic diabetic patients assessed by pulsed Doppler echocardiography. J Am Coll Cardiol
1988;12:114 –20.
83. Diamant M, Lamb HJ, Groeneveld Y, et al. Diastolic dysfunction is
associated with altered myocardial metabolism in asymptomatic normotensive patients with well-controlled type 2 diabetes mellitus. J Am
Coll Cardiol 2003;42:328 –35.
84. van Heerebeek L, Paulus WJ. The dialogue between diabetes and
diastole. Eur J Heart Fail 2009;11:3–5.
85. Kass DA, Bronzwaer JGF, Paulus WJ. What mechanisms underlie
diastolic dysfunction in heart failure? Circ Res 2004;94:1533– 42.
86. Bronzwaer JG, Paulus WJ. Nitric oxide: the missing lusitrope in failing
myocardium. Eur Heart J 2008;29:2453–5.
87. Shapiro BP, Owan TE, Mohammed SF, et al. Advanced glycation end
products accumulate in vascular smooth muscle and modify vascular
but not ventricular properties in elderly hypertensive canines. Circulation 2008;118:1002–10.
88. Little WC, Zile MR, Kitzman DW, Hundley WG, O’Brien TX,
Degroof RC. The effect of alagebrium chloride (ALT-711), a novel
glucose cross-link breaker, in the treatment of elderly patients with
diastolic heart failure. J Card Fail 2005;11:191–5
89. Zieman SJ, Melenovsky V, Clattenburg L, et al. Advanced glycation
endproduct crosslink breaker (alagebrium) improves endothelial function in patients with isolated systolic hypertension. J Hypertens
2007:25:577– 83.
90. Rijzewijk LJ, van der Meer RW, Smit JW, et al. Myocardial steatosis
is an independent predictor of diastolic dysfunction in type 2 diabetes
mellitus. J Am Coll Cardiol 2008;52:1793–9.
91. von Bibra H, Diamant M, Scheffer PG, Siegmund T, SchummDraeger PM. Rosiglitazone, but not glimepiride, improves myocardial
diastolic function in association with reduction in oxidative stress in
type 2 diabetic patients without overt heart disease. Diab Vasc Dis Res
2008;5:310 – 8.
92. Van der Meer RW, Rijzewijk LJ, de Jong HWAM, et al. Pioglitazone
improves cardiac function and alters myocardial substrate metabolism
without affecting cardiac triglyceride accumulation and high-energy
phosphate metabolism in patients with well-controlled type 2 diabetes
mellitus. Circulation 2009;119:2069 –77.
93. Lago RM, Singh PP, Nesto RW. Congestive heart failure and
cardiovascular death in patients with prediabetes and type 2 diabetes
given thiazolidinediones: a meta-analysis of randomised clinical trials.
Lancet 2007;370:1129 –36.
Key Words: heart failure y diastole y hemodynamics y ejection
fraction.

