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Introduction
Left ventricular (LV) stiffness is deϐined by the relationship 

between pressure and volume [1]. Increased LV stiffness is 
found in ventricular hypertrophy, ischemic heart disease, 
end-stage LV dysfunction and senescent heart leading to 
heart failure and preserved ejection fraction. Stiff heart 
puts the patient at increased risk for pulmonary capillary 
hypertension, impairs exercise capacity and plays a role to 
the transition from compensated to decompensated heart 
failure [2-4]. Changing the ventricular PV relationship by 
therapy could be an exciting prospect if the question to detect 
non-invasively increased LV stiffness and to link stiff heart to 
prognosis is solved. 

Non-invasive direct measurement of LV stiffness is in the 
process of validation. A dedicated new ultrasound platform is 
today capable to create a myocardial shear wave in the low 

kHz frequency and to image it at an ultrahigh frame rate of 
12 000 images/s using a single probe [5]. Left ventricular 
stiffness is automatically calculated from the Young’s modulus, 
also known as the tensile modulus or elastic modulus. After 
validation, this tool may replace the invasive and expansive 
conductance catheter and supplant the use of complex 
algorithm utilized as surrogate of left ventricular diastolic 
function assessment [3,6]. Prognostic value of diastolic wall 
strain in patients with chronic heart failure has to be validated 
and clearly linked to LV stiffness hence prognosis [7-9]. 
Diastolic wall strain is apparently correlated to myocardial 
shear wave elastography [10]. Further, drugs management 
of increased LV stiffness could be relevant if the link between 
PV relationship and cardiovascular endpoint is explored 
[11]. Therefore, the purpose of our study was to examine 
the prognostic signiϐicance of left ventricular stiffness as a 
potential new marker of cardiovascular event and a possible 
target to drugs.

Abstract 

Background: The prognostic signifi cance of impaired left ventricular (LV) relaxation and 
increased LV stiffness as precursor of heart failure with preserved ejection fraction and death is 
still largely unknown in apparently healthy subjects. 

Methods: We constituted a cohort of 353 patients with normal ejection fraction (>45%) and no 
signifi cant heart disease, based on a total of 3,575 consecutive left-sided heart catheterizations 
performed. We measured peak negative fi rst derivative of LV pressure (-dP/dt) and operating 
chamber stiffness (Κ) using a validated equation. Patients were categorized as having: 1) 
normal diastolic function, 2) isolated relaxation abnormalities (-dP/dt > 1860mm Hg/sec and K 
<0.025mm Hg/ml), or 3) predominant stiff heart (K ≥0.025mm Hg/ml). 

Results: During a follow-up of at least 5 years, the incidence of the primary composite 
endpoint (death, major arterial event, heart failure, and arrhythmia) was 23.2% (82 patients). 
Compared to isolated relaxation abnormalities, predominant stiff heart showed stronger 
prognostic signifi cance for all events (p=0.002), namely heart failure (HR, 2.9; p=0.0499), cardiac 
death (HR, 5.8; p=0.03), and heart failure and cardiac death combined (HR, 3.7; p=0.003).

Conclusion: In this apparently healthy population referred to our center for cardiac 
catheterization, the prevalence of diastolic dysfunction was very high. Moreover, predominant stiff 
heart was a better predictor of cardiovascular outcomes than isolated relaxation abnormalities.
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Methods
Population: From January 1, 2001 to December 31, 2003, a 

total of 3,575 consecutive patients were referred to our center 
for coronary angiography due to suspected coronary artery 
disease based on symptoms, positive stress test, or incidental 
ECG abnormalities (bundle branch block or repolarization 
abnormality), or for preoperative assessment in high-risk 
patients. No patient had heart failure (HF) at the entry of the 
study.

Upon completion of the coronary angiography, we selected 
patients if they met the following inclusion criteria: no prior 
history of heart disease, no signiϐicant valvular heart disease, 
EF>45%, no pericardial disease, no signiϐicant coronary 
artery disease (stenosis<50%), and no signiϐicant dyspnea 
associated with HF (Framingham’s criteria). Therefore, we 
constituted a cohort of 353 patients considered to be free 
of established heart disease in spite of being exposed to 
traditional risk factors.

This cohort was prospectively followed up at our institution 
for cardiac events and death. Information on post diagnostic 
events was obtained for all patients except 2 loss of follow-up 
until March 2009 and conϐirmed by requesting a short medical 
report from the patients’ physicians and reviewing hospital 
medical reports. All patients gave their informed consent to 
participate in the study. 

Left-sided heart catheterization

Cardiac catheterization was performed in a conventional 
manner. In short, a dedicated catheter was inserted from the 
right or left femoral artery under local anesthesia, advanced 
through the aorta into the left ventricle (LV) where pressures 
were measured. To calculate LV volumes, contrast medium 
was injected into the cavity at constant output from the 
right oblique anterior incidence after calibrating the image. 
Thereafter, dedicated catheters were placed at the origin of 
the coronary arteries, with a radiopaque contrast medium 
being selectively injected to rule out stenosis.

Invasive measurements

LV silhouettes at end-diastole and end-systole were 
manually traced onto a digital screen, with volumes calculated 
using the area-length method. EF was determined using 
the following formula: (end-diastolic volume, end-systolic 
volume)/end-diastolic volume. With the use of ϐluid ϐilled 
catheter, computer-assisted analysis provided (Philips, Inc.) 
peak positive and negative ϐirst derivative of LV pressure (+dP/
dt and -dP/dt, respectively) for LV contraction and relaxation. 
LV peak systolic pressure and end-diastolic pressure were 
measured, with LV stiffness being calculated from a simpliϐied 
validated equation [12]. The diastolic pressure–volume 
relation can be described by an exponential equation, P=AeβV, 
where P is the left ventricular diastolic pressure, V is the left 

ventricular diastolic volume, and A and β are curve-ϐitting 
constants used to quantify passive stiffness. To model this 
exponential equation, we chose 2 and ideally 3 pressure-
volume (PV) points: end-diastolic pressure and volume, pre-A 
diastolic pressure and volume, and early pressure and volume 
at the time of minimal diastolic pressure. We did not correct 
for the effects of incomplete LV relaxation as it was previously 
suggested [12]. 

Subjects were classiϐied into three groups based on the 
values published for normal or abnormal diastolic parameters 
[13]: normal diastolic function was deϐined as -dP/dt<-1860 
mmHg/s and LV stiffness <0.025mm Hg/ml, and isolated 
relaxation abnormality as -dP/dt≥-1860mm Hg/s and LV 
stiffness as <0.025mm Hg/ml. As both parameters overlap, 
the third group was designated as predominant stiff heart 
characterized by LV stiffness ≥0.025mm Hg/ml. No patients 
had isolated stiff heart. These 2 cut-off values were veriϐied 
and validated posteriorly with the use of receiver-operator 
characteristic curve analysis performed from our data. A 
≥0.023 mm Hg/ml stiffness and a >-1700 mm Hg/s dP/dt were 
selected by receiver-operator characteristic curve analysis as 
the best cut-off value for distinguishing the patient’s issue, 
considered close to published data.

Statistical analysis

Continuous variables were expressed as mean±SD and 
nominal ones as number and percentage. Patient groups were 
compared at baseline using the Kruskal-Wallis or Fisher’s 
exact test, wherever appropriate. The purpose of our study 
was to gain insight into the probability of cardiovascular 
(CV) morbidity and mortality, i.e., death or the occurrence 
of selected non-fatal events following heart catheterization. 
Therefore, the combined primary endpoint included the 
following events: coronary syndrome, congestive HF, 
arrhythmia, vascular peripheral event, stroke, cardiac death, 
and non-cardiac death [14]. 

Given the small number of subjects in the normal group, 
our aim was to compare the probability of CV morbidity and 
mortality in subjects with a predominantly stiff heart versus 
that of those with an isolated relaxation abnormality using the 
Kaplan-Meier method. Differences between both groups were 
assessed using the log-rank test, which was also separately 
used for each patient group to identify predictors of CV 
morbimortality among baseline patient characteristics. For this 
purpose, values close to the observed ϐirst and second tertiles 
were chosen to categorize each baseline characteristic that was 
not already dichotomized. As our approach was exploratory, 
baseline characteristics were considered potential predictors 
when the log-rank test’s p-value was <0.05. As the occurrence 
of each event may result from different processes, a second aim 
of our study was to compare both patient groups in order to 
identify the different processes at work. Since the occurrence 
of a ϐirst non-fatal event implied especially survival up to this 
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point, analyses were carried out using methods for competing 
risks. Hence, process-speciϐic ϐigures show the cumulated 
probability of a speciϐic event occurring given the presence of 
other events. Given the assumption of independent process-
speciϐic hazards, differences between patient groups were 
assessed using Cox’s proportional hazard model. Due to the 
exploratory nature of the study, no corrections for multiple 
testing were carried out, and a p-value <0.05 was considered 
to be statistically signiϐicant.

Results
Baseline characteristics and hemodynamics

Indications for left-sided heart catheterization were posi-
tive stress test for chest pain (88.4%), preoperative assess-
ment for non-cardiovascular surgery and ECG abnormality 
(11.2%). Among the 353 subjects with satisfactory hemody-
namic assessment at 60±11 years of age, 337 (95%) exhib-
ited diastolic dysfunction, classiϐied into isolated relaxation 
abnormality (56%) and predominant stiff heart (39%). Five 
percent of patients had no diastolic dysfunction. When exam-
ining patient characteristics at baseline, subjects with diastol-
ic dysfunction presented similar risk factors, age, gender, and 
EF compared to those with normal function (Table 1). How-
ever, patients with predominant stiff heart were more likely 
to have higher LV end-diastolic pressure as well as smaller LV 
end-diastolic volume and stroke volume. In addition, subjects 
with stiff hearts were more likely to have deteriorated LV re-
laxation compared to normal subjects. 

Outcomes in the population

Patients were followed up at least 5 years. During this 
period, 15 were hospitalized for congestive HF, 6 had strokes, 

11 suffered from acute coronary syndrome, 15 developed 
arrhythmias (atrial ϐibrillation or ϐlutter), and 5 underwent 
vascular surgery. Furthermore, among the 353 patients, 30 
died during the follow-up period, the cause of death being 
cardiac (sudden death) in 10 patients and non-cardiac in 20. 
Outcomes at the end of the follow-up period in relation to 
the presence or absence of diastolic dysfunction are shown 
in table 2. During follow-up, patients with predominant stiff 
heart were more likely to experience adverse outcomes, 
including HF and death, compared to those with isolated 
relaxation abnormality or to normal patients. 

Predictors of CV morbimortality were body mass (p=0.02) 
and EF (p=0.01) for patients with isolated relaxation 
abnormality, and age (p=0.04) and LV early diastolic pressure 
(p=0.05) for those with predominant stiff heart. 

The risk of all-cause mortality and non-fatal events was 
signiϐicantly higher in patients with predominant stiff heart 
compared to those with impaired relaxation (p=0.002, Figure 
1) and normal diastolic function. The difference between both 
patient groups with respect to CV morbidity and mortality 
only became noteworthy after a period of more than 2 years 
following catheterization (Figure 1). 

An exploratory sub-analysis of the different event-speciϐic 
processes revealed that patients with predominant stiff heart 
exhibited a signiϐicantly higher risk of all-cause mortality (HR, 
2.9; 95% CI, 1.3-6.2; p=0.006), HF (HR, 2.9; 95% CI; 1.0-8.6; 
p=0.0499), cardiac death (HR, 5.8; 95% CI, 1.2-27.3; p=0.03), 
and the combination of cardiac death and HF (HR, 3.7; 95% 
CI, 1.6-9.0; p=0.003; Figure 2) as compared with the others. 
However, patients with predominant stiff heart did not have a 
signiϐicantly higher risk for all non-fatal events (HR, 1.6; 95% 
CI, 0.9-2.8; p=0.10), other non-fatal events excepting HF (HR, 
1.3; 95% CI, 0.6-2.4; p=0.51) and non-cardiac death (HR, 2.2; 
95% CI, 0.9-5.3; p=0.09). 

Follow-up of patients with HF 

Of the 15 patients developing HF at follow-up, LVEF 
was available in 11 patients shortly after the episode of 
decompensation. Figure 3 illustrates the serial evaluation of 

Table 1: Clinical and hemodynamic characteristics. 

Characteristics Normal
N=16 (5%)

Isolated relaxation 
abnormality
N=198 (56%)

Predominant 
stiff heart

N=139 (39%) 
P

Categorical variables
Male sex 9 (56%) 126 (64%) 84 (60%) 0.72

Hypertension 13 (81%) 116 (59%) 75 (54%) 0.11
Diabetes 4 (25%) 43 (22%) 32 (23%) 0.88

Hypercholesterolemia 7 (44%) 99 (50%) 63 (45%) 0.66
Obesity 6 (38%) 57 (29%) 34 (24%) 0.44

Smoking 5 (31%) 82 (41%) 54 (39%) 0.72
Continuous variables

Age (y) 63±11 59±11 60±11 0.56
Heart rate (bpm) 68±15 66±13 70±15 0.09

Mean BP (mm Hg) 105±13 99±15 98±14 0.12
LVED pressure (mm Hg) 13±6 14±6 15±5 0.03

+ dP/dt (mm Hg/s) 1858±354 1474±280 1603±332 <0.001
- dP/dt (mm Hg/s) 2015±153 1408±296 1591±304 <0.001
LVED volume (ml) 75±19 75±22 58±14 <0.001
LVES volume (ml) 22±12 23±10 19±8 <0.001

Stroke volume (ml) 53±11 52±16 39±10 <0.001
Ejection fraction (%) 73±11 70±9 68±10 0.08

K (mm Hg/ml) 0.016±0.006 0.016±0.006 0.036±0.012 <0.001
BP: Blood pressure; dP/dt: First derivative of pressure; ED: End-diastole; ES: End-
systole; K: passive stiffness; LV: Left ventricle.

 Table 2: Outcomes.

Outcomes Normal
n=16 (5%)

Isolated relaxation 
abnormality n=198 (56%)

Predominant stiff 
heart n=139 (39%)

No events 14 (88%) 164 (83%) 93 (67%)
Arterial outcomes 1 (6%) 10 (5%) 11 (8%)
Peripheral artery 

disease 1 2 2

Coronary artery 
disease 0 6 5

Stroke 0 2 4
Arrhythmia 1 (6%) 9 (4%) 5 (4%)

Heart failure 0 (0%) 5 (3%) 10 (7%)
Death 0 (0%) 10 (5%) 20 (14%) 

CV death 0 2 8
Non-cardiac death 0 8 12

CV: cardiovascular
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EF at baseline and after incident HF in both groups. Overall, 
mean EF was 61±12% after HF versus 66±11% at baseline, 
indicating an episode of heart failure and preserved ejection 
fraction (HFpEF). Only one patient from the isolated relaxation 
abnormality group had EF <45%. Four patients had no post-
éjection fraction assessment. 

Discussion
In this cohort, the prevalence of diastolic dysfunction was 

common, unpredictable, and not necessarily correlated with 
age, gender, or other risk factors. Among the two markers of 
diastolic function, LV stiffness ≥0.025mm Hg/ml was associ-
ated with a higher risk of progression to CV events, including 
cardiac death and HF. Our ϐindings may have implications on 
the evaluation of screening strategies and consequently, the 
management of unselected patients with isolated diastolic 
dysfunction, particularly those suffering from stiff heart. 

Isolated diastolic dysfunction in the community

Isolated diastolic dysfunction is suspected on the basis of 
echocardiography ϐindings, revealing a typical inversion of 
the transmitral ϐlow velocity (E/A ratio) in healthy subjects 
aged 60 years and older [15,16]. This value is considered 
to be normal, with the phenomenon known as the aging 
heart. The prevalence and phenotype of isolated diastolic 
dysfunction is non-invasively reported but with a gross 
assessment by echocardiography [17-20]. Our cohort of 353 
consecutive subjects who were invasively explored showed 
a high prevalence (95%) of isolated diastolic dysfunction. 
Extrapolating our results, it would appear that the magnitude 
of isolated diastolic dysfunction would be presumably similar 
in the wider community, although our population was notably 
selected with a certain degree of structural disorders. In 
addition, exposure to comparable risk factors needs to be 
recognized. Our study demonstrated that in patients aged 60 
years, cardiac catheterization provided different data about 
the diastolic phenotype compared to echocardiography. The 
traditional inverted E/A ratio found using echocardiography 
is widely known as impaired relaxation [15,21]. In fact, at a 
mechanistic level, isolated abnormal relaxation was only 
found in 56% of patients, while 39% exhibited predominant 
stiff heart a structural and functional deterioration not easily 
detected by echocardiography in patients of this age group. In 
186 (53%) patients, LV end-diastolic pressure was <15mm Hg, 
meaning the LV operated at a normal ϐilling pressure despite 
abnormal diastolic function. Given the prognostic signiϐicance 
of stiff heart as demonstrated in our paper, the weakness of 
the Doppler modality to characterize diastolic dysfunction is 
only reinforced [22,23]. Some studies have emphasized the 
need to reappraise certain basic measurements, such as left 
atrial area and LV volumes, as both of these could prove more 
revealing than any other complex parameters or equations 
found in the literature. It should be noted that in our study, 
LV volumes were smaller in subjects with predominant stiff 
heart. Epidemiologically, the proportion of individuals aged 
over 60 years in developed countries is approximately 20%. 
Considering the prevalence of isolated diastolic dysfunction in 
this age range, subjects with stiff heart should be methodically 
evaluated and followed up given their risk for CV events. 

The cardiovascular continuum in patients with diastolic 
dysfunction

Figure 1: Kaplan-Meier curves for event-free survival. Isolated relaxation abnormal-
ity indicates mild asymptomatic left ventricular diastolic ≥-1860mm Hg/s and K 
<0.025mm Hg/ml); predominant stiff heart indicates moderate-to-severe asymp-
tomatic left ventricular diastolic dysfunction (K ≥0.025mm Hg/ml).

Figure 2: Patient’s probability of cumulated dysfunction (-dP/dt Heart failure and 
cardiac death before any other event.

Figure 3: Plot of ejection fraction course before and after an episode of HF in both 
groups. 4 patients had no post-ejection fraction assessment.
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The CV disease continuum refers to the chain of events that 
may help us to understand, prevent, and treat heart diseases. 
While elaborated for coronary artery disease and HF with 
systolic dysfunction, the CV continuum still has many missing 
links in relation to diastolic dysfunction and HFpEF, which 
explains the current lack of validated treatments.

In short, the CV continuum may be divided into three 
fundamental steps: related and unrelated risk factors, early or 
preclinical tissue remodeling or dysfunction, and target-organ 
damage (stage B from the ACC/AHA guidelines) [24]. Each of 
these steps is correlated to outcome, such as end-organ failure 
or cardiac death (stage C from the ACC/AHA guidelines). In our 
study, we did not explore all three stages, but rather focused 
on the preclinical scenario, i.e. isolated diastolic dysfunction 
or stage B. Our ϐindings revealed that predominant stiff heart 
rather than abnormal relaxation was correlated to outcome, 
including cardiac death and HFpEF. At an experimental level, 
Masuyama et al. demonstrated that LV relaxation abnormality 
was an early sign of isolated diastolic dysfunction, while 
LV stiffening played a crucial role in the transition from 
asymptomatic diastolic dysfunction to HFpEF [4]. Our study is 
the ϐirst to conϐirm these ϐindings in humans. LV ϐibrosis and 
cardiomyocyte rigidity impose a viscoelastic burden, which 
compromises the diastole, thus affecting the rate of relaxation, 
diastolic suction, passive stiffness, and elevated end-diastolic 
pressure, ultimately leading to HF symptoms [3,25,26]. The 
link between stiff heart and cardiac death is less obvious, 
although it may be due to collagen accumulation in the 
myocardium, which acts as a trigger for fatal arrhythmia with 
sudden death the most common in the continuum of HFpEF 
[27,28]. The lack of statistical signiϐicance between traditional 
risk factors and predominant stiff heart is surprising given 
that this continuum is well documented in animals as well 
as in humans [3,12]. Considering our results, this lack of 
signiϐicance may be explained by several factors, which 
include the underpower of the study, adequate management 
of traditional or non-traditional risk factors as well as the 
lack of information on the duration of risk factor exposure. 
In addition, the role of certain pathways, especially cardiac 
senescence, oxidative stress, and endothelial dysfunction, still 
needs to be clariϐied [29]. 

Despite these differing results, we strongly support the 
theory that at a mechanistic level, there is a chain of events 
starting with various CV risk factors that lead to increased LV 
stiffness and then progress to established heart disease and 
poor outcomes.

Challenges to improve prognosis of diastolic dysfunction 
and heart failure with preserved EF

Approximately 15 to 20% of the world’s population is 
aged over 65 years. The annual rate of incident heart failure 
events approaches 10‰ for those aged 65 to 74 years, 25% 
for 75 to 84 years, and 50% for those aged 85 years and older 

[30]. Half of these subjects will develop HFpEF [31], which 
is a syndrome involving HF criteria, normal ejection fraction 
(EF) >45-50%, and echocardiographic or invasive evidence of 
diastolic dysfunction [32]. While outcome of patients with HF 
and reduced EF has dramatically improved over the last two 
decades, the prognosis of patients with HFpEF, particularly 
linked to mortality [33], has not been affected by the use of 
-blockers, angiotensin-converting enzyme inhibitors, or 
angiotensin II receptor antagonists. 

Established HF with preserved ejection has a poor prog-
nosis given the current lack of treatment certainly because of 
irreversible organ damage in these patients belonging to stage 
C. A growing body of evidence has shown that elevated LV 
stiffness is one of the major determinants of established HF-
pEF [3]. Hence, the key to prevention and treatment of the dis-
ease is to focus on its early stage B when structural and func-
tional disorders are potentially reversible. To our knowledge, 
we reported for the ϐirst time on the role of LV stiffness at the 
preclinical stage. Our ϐindings indicated that predominant stiff 
heart with LV stiffness ≥ 0.025mm Hg/ml was prognostically 
important, with death and HF hazard being 3.7 times higher 
compared to individuals with isolated abnormal relaxation. 

In order to improve the prognosis of patients with stiffness 
≥ 0.025mm Hg/ml, developing the means to diagnose and 
treat this particular phenotype is a priority. Diagnosis may 
involve cardiac elastometry using echocardiography speckle 
tracking, delayed-enhancement magnetic resonance imaging 
(MRI), or T1-weighted MRI, unless another method becomes 
available [25,34]. Management of stiff heart remains complex. 
LV stiffness results from cell deregulation as well as the 
production and degradation of extracellular matrix. The 
presence of cardiac ϐibrosis is an important determinant of 
abnormal LV stiffness that contributes to diastolic dysfunction 
[26,35,36]. recently introduced the concept of cardiomyocyte 
resting tension, which also elevates stiffness, particularly in 
cases of HFpEF [35]. Future treatments should focus on the 
extracellular matrix, cardiomyocyte compliance regulation, 
as well as their original triggers. Several studies have 
looked at arterial stiffness and have shown that treatment 
with Angiotensin-convertin-enzyme inhibitor and thiazide 
diuretics can improve it. However, to our knowledge, no 
molecule has shown how to combat ventricular stiffness.

Limitations
We acknowledge that methods to characterize diastolic 

function are questionable. Micro manometer catheters 
with adequate frequency response are preferable to ϐluid-
ϐilled catheter predisposed to ringing and catheter whip 
artifacts. For economic reasons, it is impossible to conduct an 
epidemiology, cohort-based invasive cardiac catheterization 
study with micro manometer catheters. 

Deriving the diastolic pressure-volume relation from 3 
coordinates is a gross oversimpliϐication of true LV stiffness 
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normally calculated from multiple successive points obtained 
after an inferior vena cava or aortic occlusion. This maneuver 
is almost impossible in human. Furthermore, LV volumes 
were measured by monoplane LV angiography that requires 
multiple assumptions. Again, conductance catheter or 3D 
echocardiography are preferable but we were consistent to 
the methodology used by Zile et coll [12]. Peak -dP/dt is not 
the optimal method to assess LV relaxation as it is quite load-
sensitive. The generally accepted gold-standard is the time 
constant of iso-volumic pressure decay (τ), which could not 
be calculated in our work from a ϐluid-ϐilled catheter.

Conclusion
Our study identiϐied a preclinical phenotype of CV disease 

linked to prognosis. Our results suggest that in apparently 
healthy subjects, predominant stiff heart rather than isolated 
relaxation abnormality should be the new target for preventing 
CV outcomes characterized by HFpEF and cardiac death.
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