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Role of Left Ventricular Stiffness in Heart Failure With
Normal Ejection Fraction

Dirk Westermann, MD; Mario Kasner, MD; Paul Steendijk, PhD; Frank Spillmann, MD;
Alexander Riad, MD; Kerstin Weitmann, MSc; Wolfgang Hoffmann, MD, MPH;

Wolfgang Poller, MD; Matthias Pauschinger, MD; Heinz-Peter Schultheiss, MD; Carsten Tschöpe, MD

Background—Increased left ventricular stiffness is a distinct finding in patients who have heart failure with normal
ejection fraction (HFNEF). To elucidate how diastolic dysfunction contributes to heart failure symptomatology during
exercise, we conducted a study using an invasive pressure-volume loop approach and measured cardiac function at rest
and during atrial pacing and handgrip exercise.

Methods and Results—Patients with HFNEF (n�70) and patients without heart failure symptoms (n�20) were enrolled.
Pressure-volume loops were measured with a conductance catheter during basal conditions, handgrip exercise, and atrial
pacing with 120 bpm to analyze diastolic and systolic left ventricular function. During transient preload reduction, the
diastolic stiffness constant was measured directly. Diastolic function with increased stiffness was significantly impaired
in patients with HFNEF during basal conditions. This was associated with increased end-diastolic pressures during
handgrip exercise and with decreased stroke volume and a leftward shift of pressure-volume loops during atrial pacing.

Conclusions—Increased left ventricular stiffness contributed to increased end-diastolic pressure during handgrip exercise
and decreased stroke volume during atrial pacing in patients with HFNEF. These data suggest that left ventricular
stiffness modulates cardiac function in HFNEF patients and suggests that diastolic dysfunction with increased stiffness
is a target for treating HFNEF. (Circulation. 2008;117:2051-2060.)
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Patients who have heart failure present with dyspnea and
exercise intolerance, regardless of a preserved or an im-

paired ejection fraction (EF). Up to 50% of patients with heart
failure have preserved EF (typically described as EF �50%),1

and most of them show evidence of diastolic dysfunction.2,3

Therefore, the term heart failure with normal EF (HFNEF) has
emerged. The underlying hemodynamic mechanisms leading to
clinical symptoms in HFNEF are still under debate. Thus, it is
important to improve the knowledge in this field and to inves-
tigate the underlying hemodynamic pathophysiology because
the number of patients with a diagnosis of HFNEF is growing
continuously and studies providing reliable data for evidence-
based medical strategies are limited. Recent studies especially
have revealed the relevance of HFNEF: Patients with HFNEF
have survival rates that are similar to or only slightly better than
those of patients with impaired EF.2,3
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Under physiological conditions, left ventricular (LV) pres-
sure rapidly decays after systole, allowing low filling pres-

sures and adequate diastolic filling. In HFNEF, diastolic
filling is thought to be compromised as a result of aggravation
in active and/or passive relaxation. Elevated filling pressure
will increase pressure in the pulmonary system and eventu-
ally lead to pulmonary edema. It has been proposed that
increased diastolic LV stiffness modulates cardiac function,
but only a few studies measuring invasive LV diastolic
function in patients with HFNEF appear to be available to
further clarify this issue today. Moreover, these studies
produced conflicting results focusing on the exact pathophys-
iological changes in diastolic function and its main factor, the
end-diastolic pressure-volume (PV) relationship.4,5 Recently,
a large population-based noninvasive study has focused on
patients with HFNEF. The results of this study showed that
increased diastolic stiffness is a distinct finding in this patient
collective.6 Nevertheless, how this pathophysiological param-
eter translates into heart failure symptomatology with dys-
pnea and exercise intolerance with signs of output failure is
still a subject of discussion because systolic function is
deemed to be rather normal. Therefore, the question of how

Continuing medical education (CME) credit is available for this article. Go to http://cme.ahajournals.org to take the quiz.
Received May 23, 2007; accepted January 29, 2008.
From the Department of Cardiology and Pneumology, Benjamin Franklin Campus, Charité University Hospital, Berlin, Germany (D.W., M.K., F.S.,

A.R., W.P., M.P., H.-P.S., C.T.); Department of Cardiology, Leiden University Medical Center, Leiden, Netherlands (P.S.); and Institute for Community
Medicine, Ernst-Moritz-Arndt University of Greifswald, Greifswald, Germany (K.W., W.H.).

Correspondence to Carsten Tschöpe, MD, Department of Cardiology and Pneumology, Benjamin Franklin Campus, Charité University Hospital,
Hindenburgdamm 30, 12200 Berlin, Germany. E-mail ctschoepe@yahoo.com

© 2008 American Heart Association, Inc.

Circulation is available at http://circ.ahajournals.org DOI: 10.1161/CIRCULATIONAHA.107.716886

2051

Heart Failure

 at SWETS SUBSCR SVC/25338706 on April 15, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


differential responses to exercise and other stressors may
contribute to the pathophysiology of HFNEF was addressed.6

We hypothesized that diastolic stiffness modulates cardiac
function in HFNEF during exercise. To test this hypothesis,
we conducted the first prospective conductance PV loop
study to investigate systolic and diastolic LV function in
patients with HFNEF not only at rest but also during handgrip
exercise and atrial pacing to examine any possible impact of
diastolic dysfunction on the clinical symptoms in patients
with HFNEF.

Methods

HFNEF Group
Patients were considered eligible for this study if they presented with
heart failure symptoms and had an EF �50% while being hospital-
ized for heart failure. All patients suffered from symptoms of
dyspnea, paroxysmal nocturnal dyspnea, and/or exercise intolerance,
and they had at least 2 episodes of heart failure–related hospitaliza-
tion in the past year. All eligible patients were carefully screened for
noncardiac causes of heart failure symptoms. In particular, lung
diseases such as chronic obstructive lung disease were ruled out by
chest radiography and lung function tests. Patients were tested for
atrial fibrillation, heart valve disease, hypertrophic cardiomyopathy,
and significant coronary artery disease by means of ECG, laboratory
values, angiography, and/or echocardiography, and they were ex-
cluded from the study if positively diagnosed for any of these
conditions. None of the patients had a history of acute coronary
syndrome or significant obstruction of any coronary vessel, and none
of them had had coronary stents implanted previously. Invasive
diagnostics were performed between January 2004 and May 2007.
Heart failure clinical status was quantified with the New York Heart
Association (NYHA) classification. Exercise tolerance was assessed
by a 6-minute walking distance test7 and by bicycle ergometry as
previously described.8 In addition, N-terminal pro-brain natriuretic
peptide (NT-proBNP) plasma levels were determined (Elecsys 2010,
Roche Diagnostics GmbH, Mannheim, Germany), and the glomer-
ular filtration rate was calculated with the Cockcroft-Gault formula.
A total of 70 patients met the inclusion criteria and were enrolled in
this study as the HFNEF group.

Control Group
Twenty patients who were referred for evaluation of repeated chest
discomfort but had no symptoms of heart failure were scheduled for
diagnostic coronary angiography to exclude coronary artery disease.
They underwent the same protocol, including a 6-minute walking
test, bicycle ergometry, lung function test, and chest x-ray.

Cardiac conditions were stable before catheterization in all pa-
tients, and all medication was withheld before invasive examination
for 24 hours. All participants provided informed written consent.
Data on the basal LV function in 28 patients have been reported
previously.9

Echocardiography
Doppler echocardiography was performed with a Vingmed System
Five operated at 2.5 to 3.5 MHz by experienced observers blinded to
all invasive hemodynamic data. Mitral flow was recorded in the
apical 4-chamber view, and the E/A ratio was determined.10 The data
were adjusted for age and heart rate.11 Chamber dimensions, includ-
ing LV end-diastolic diameter, septal and posterior wall thicknesses,
and left atrial size, were evaluated with standard procedures. LV
mass index was calculated according to Devereux’s formula divided
by body surface area.12 End-diastolic meridional wall stress was
calculated from hemodynamic parameters (LV end-diastolic pressure
[LVEDP]) and echocardiographic parameters (posterior wall thick-
ness and LV end-diastolic diameter) as described previously.13

PV Measurements
The conductance catheter provides continuous online measurements
of LV pressure and volume.14 A total LV volume signal is calculated
from a maximum of 7 segmental volume signals, representing
short-axis slices of the ventricle. The present study used 7F com-
bined pressure conductance catheters with 1-cm interelectrode spac-
ing (CD Leycom, Zoetermeer, the Netherlands) introduced retro-
gradely by standard methods into the LV via the aortic valve. The
catheter was connected to a Cardiac Function Laboratory (CD
Leycom) for acquisition (250-Hz sample frequency) of LV volume,
LV pressure, and ECG. The total LV volume was calibrated with
thermodilution and hypertonic saline dilution as previously de-
scribed and validated.14,15 A temporary pacemaker lead was intro-
duced into the right atrium. The systolic and diastolic LV function
was obtained at normal sinus rhythm and during atrial pacing at 120
bpm for at least 5 minutes each. Hemodynamic indexes were
obtained from steady-state PV loops. PV relationships were derived
from PV loops recorded during preload reduction by balloon
obstruction (NuMED, Hopkinton, NY) of the inferior vena cava for
several beats (Figure 1). Cardiac performance was assessed by heart
rate, stroke volume, end-diastolic volume, end-systolic volume, and
cardiac output. Systolic preload-dependent LV function was assessed
by EF, end-systolic pressure, and maximal rate of the LV pressure
change (dP/dtmax). The systolic preload-independent LV function
was assessed by the end-systolic PV relationship.16,17 The end-sys-
tolic PV relationship was characterized by its linear slope, by the

Figure 1. Representative PV loops during a preload reduction at
sinus rhythm to obtain the end-diastolic PV relationship for a
control subject and a patient with HFNEF. Red lines indicate the
resulting end-diastolic PV relationship.
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end-systolic elastance (EES),16 and the ratio of the afterload to the
EES.5 Diastolic load-dependent LV function was quantified by
LVEDP, isovolumetric relaxation (relaxation time constant, �), and
the minimal rate of LV pressure change (dP/dtmin). The end-dia-
stolic PV relationship (dP/dV) was calculated to determine LV
functional chamber stiffness (LV stiffness, b). Furthermore, the
load-independent diastolic function was derived from the end-dia-
stolic PV relationship with exponential fitting to obtain the chamber
stiffness constant (LV stiffness constant, �). Additionally, in a subset
of patients (12 control subjects, 25 HFNEF patients) handgrip
exercise was performed as a further study of LV function. To
increase volume load and afterload, patients were asked to perform
handgrip exercise with raised arms as long as possible, and PV data
were acquired as described above before patients discontinued
exercise.

Statistical Analysis
All continuous variables are reported as median values with the first
and third quartiles. Group comparisons of normally distributed
variables were tested by nonpaired t test (HFNEF group versus
control group) and paired t test (sinus versus pacing). The nonpara-
metric Mann–Whitney U test was used for comparisons of nonnor-
mally distributed variables for the HFNEF and control groups. Paired
comparisons of nonnormally distributed variables were analyzed by
the Wilcoxon signed-rank test. Fisher’s exact test was used to
analyze categorical variables. Values of P�0.05 were considered
statistically significant. The data were analyzed with SPSS version
12.0 (SPSS Inc, Chicago, Ill).

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

Results

Study Groups
Patient characteristics are presented in Table 1. There were no
significant differences between HFNEF patients and control
subjects with respect to age, gender, race, and body mass
index. All enrolled HFNEF patients had an NYHA class of II
or III, whereas control patients had no heart failure symp-
toms. Consistent with the NYHA classifications, NT-proBNP
was significantly increased in HFNEF patients compared
with control subjects, and HFNEF patients showed signifi-
cantly decreased exercise tolerance on both the 6-minute
walk test and the bicycle ergometry.

Echocardiography
The results for echocardiography are presented in Table 2. All
of the patients investigated showed cardiac dimensions within
normal limits. The LV mass index as a sign of concentric
hypertrophy was significantly higher in HFNEF patients.
Patients with HFNEF had increased atrial size, which has
been considered a predictor of cardiovascular mortality in
HFNEF.18 Mitral flow showed a significantly decreased E/A
ratio. No patient showed pseudonormal or restrictive filling
patterns. The end-diastolic wall stress was significantly in-
creased in the HFNEF group as a result of the increased
LVEDP yet unchanged LV chamber dimensions and in-
creased wall thickness.

Table 1. Patient Characteristics for the Control Group and HFNEF Group

Patient Characteristics Control (n�20) HFNEF (n�70) P

Age, y 55 (46 to 60) 58 (52 to 64) 0.21*

White, n (%) 20 (100) 70 (100) 1†

Female/male, n (%) 11 (55)/9 (45) 40 (57.1)/30 (42.9) 1†

Body mass index, kg/m2 25.5 (22.6 to 28.1) 27.8 (22.8 to 32.1) 0.193‡

Glomerular filtration rate, mL/min 87 (78 to 89) 83 (69 to 92) 0.165‡

NYHA class II to III, n (%) 0 (0)/0 (0) 43 (61.4)/27 (38.6) �0.001‡

NT-proBNP, pg/mL 38 (22 to 46) 204 (113 to 374) �0.001‡

Medications, n (%)

�-Blocker 3 (15) 34 (48.6) 0.0092†

ACE inhibitors/ARBs 3 (15) 37 (52.9) 0.0042†

Ca2� channel blocker 0 (0) 13 (18.6) 0.0644†

Diuretics 0 (0) 19 (27.1) 0.0054†

Concomitant diseases, n (%)

Arterial hypertension

Grade 1/2 4 (20)/0 (0) 11 (15.7)/15 (21.4) 0.053†

Diabetes mellitus 2 (10) 12 (17.1) 0.72†

Hyperlipoproteinemia 5 (25) 23 (32.8) 0.59†

Smoker 6 (30) 11 (15.7) 0.19†

Exercise testing

6-min walking distance, m 514 (459 to 589) 286 (201 to 365) �0.001‡

Bicycle ergometry, W 185 (170 to 200) 128 (102 to 140) �0.001‡

ACE indicates angiotensin-converting enzyme; ARBs, angiotensin receptor blockers.
*Unpaired t test.
†Fisher’s exact test.
‡Mann–Whitney U test.
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