
 

 

 University of Groningen

Novel insights into heart failure with preserved ejection fraction
Lam, Carolyn Su Ping

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Lam, C. S. P. (2016). Novel insights into heart failure with preserved ejection fraction. [Thesis fully internal
(DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/4fe3c4d2-b6a5-4e9b-aadb-a8d4494eed4b


64

Chapter 3

Pathophysiology of heart failure with 
preserved ejection fraction

3.1. Cardiac structure and ventricular-
vascular function in persons with heart 
failure and preserved ejection fraction 
from Olmsted County, Minnesota.

Lam CS, Roger VL, Rodeheffer RJ, Bursi F, Borlaug 
BA, Ommen SR, Kass DA, Redfield MM. Circulation. 
2007;115:1982-90

Carolyn S. P. Lam, MBBS, MRCP1,2
Véronique L. Roger, MD, MPH1
Richard J. Rodeheffer, MD1
Francesca Bursi, MD, MSc3
Barry A. Borlaug, MD1
Steve R. Ommen, MD1
David A. Kass, MD4
Margaret M. Redfield, MD1

1Division of Cardiovascular Diseases, Mayo Clinic and 
Foundation, Rochester, MN, United States, 55905; 2Yong 
Loo Lin School of Medicine, National University of Singapore, 
Singapore; 3Department of Cardiology, University Policlinico 
Hospital of Modena, Italy; 4Division of Cardiology, Department 
of Medicine, Johns Hopkins Medical Institutions, Baltimore, 
MD



66

Chapter 3.1

ABSTRACT

Background: Mechanisms purported to contribute to the 
pathophysiology of heart failure (HF) with normal ejection fraction 
(HFnlEF) include diastolic dysfunction, vascular and ventricular (LV) 
systolic stiffening, and volume expansion. We characterized LV volume, 
effective arterial (Ea), LV end-systolic (Ees) and LV diastolic elastance 
and relaxation non-invasively in consecutive HFnlEF patients and 
appropriate controls in the community.  

Methods and Results: Olmsted County, Minnesota residents without 
CV disease (CON; n=617); with hypertension but no HF (HTN; n=719); 
or with HFnlEF (n=244) were prospectively enrolled . End-diastolic 
volume index (EDVI) was determined by echo-Doppler. Ees was 
determined using blood pressure, stroke volume, EF, timing intervals 
and estimated normalized ventricular elastance at end-diastole. Tissue 
Doppler e’ velocity was used to estimate the time constant of relaxation 
(τ). EDV and Doppler-derived end diastolic pressure (EDP) were used 
to derive the diastolic curve fitting (α) and stiffness (β) constants (EDP 
= αEDVβ). Comparisons were adjusted for age, sex and body size. 
HFnlEF patients had more severe renal dysfunction, yet smaller EDVI 
and cardiac output and increased EDP compared to both HTN and CON. 
Ea and Ees were similarly increased in HTN and HFnlEF compared to 
CON. In contrast, HFnlEF patients had more impaired relaxation and 
increased diastolic stiffness compared with either control group. 

Conclusions: Based on these cross-sectional observations, we 
speculate that progression of diastolic dysfunction plays a key role in 
the development of HF symptoms in persons with hypertensive heart 
disease
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INTRODUCTION
Heart failure (HF) with normal ejection fraction (EF; HFnlEF) is a major 
public health problem of increasing prevalence.1 In contrast to the 
improvements in survival observed in patients with HF and reduced EF, 
mortality for patients with HFnlEF has remained stable, emphasizing the 
lack of proven therapies.1 An important barrier to advances in therapy 
is relative uncertainty regarding the fundamental pathophysiologic 
mechanisms. Left ventricular (LV) diastolic dysfunction (impaired 
relaxation and increased passive diastolic stiffness), increased systolic 
ventricular-vascular stiffening, and cardiac volume overload have been 
implicated in previous seminal studies.2-9 While well designed, these 
important studies were small, with both control and HFnlEF cohorts 
subject to potential limitations in regards to selection and referral bias, 
and in some instances, with populations pre-selected for features of 
cardiac remodeling or dysfunction. The relative incidence of each 
putative mechanism remains to be defined in a large, prospectively 
enrolled, control and heart failure populations recruited from the same 
community and studied in a comprehensive and uniform manner. 
 In this study of Olmsted County, Minnesota, residents, we 
employed previously validated non-invasive methods to assess 
LV volume,10 end-systolic LV11 and effective arterial stiffness 
(elastance),12 LV relaxation13,14 and diastolic elastance15 in order 
to compare cardiac structure and ventricular-vascular function in 
consecutive patients with HFnlEF to those observed in randomly 
selected persons without cardiovascular disease, or with hypertension, 
but no HF. We hypothesized that more advanced diastolic dysfunction 
and systolic ventricular-vascular stiffening distinguish HFnlEF from 
disease-free and hypertensive controls without HF in this community.

METHODS
Study setting
The unique aspects of Olmsted County, Minnesota, favoring population-
based research have been previously described.16 The study was 
approved by the Mayo Institutional Review Board. 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.
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Identification of patients and study procedures
Subject groups were: 1. Non-obese controls without cardiovascular 
disease (CON); 2. Subjects with hypertension but without HF (HTN); 
and 3. Patients with HFnlEF. To recruit the first two groups, a random 
sample of the population ≥ 45 years old was prospectively identified 
and evaluated as previously described.16 Data from this study has 
previously been published, but these subsets and many of the indices 
presented here have not. Medical records were reviewed by trained 
nurse abstractors using established criteria for hypertension and HF. 
Clinical diagnoses of coronary artery disease, diabetes mellitus, valvular 
heart disease, cardiomyopathy, atrial fibrillation and transient ischemic 
attack or stroke were recorded. Each participant had measurement 
of cuff blood pressure, height and weight, with calculation of body 
mass index (BMI) and body surface area (BSA). Echocardiographic 
assessment of EF was performed by M-mode, quantitative and 
semiquantitative two-dimensional (2D) methods. Subjects with EF 
<50% were excluded. Of 2042 participants, 617 had none of the above 
validated or suspected cardiovascular diagnoses, a systolic pressure 
<140 mmHg at the time of echocardiography and a BMI <30 kg/m2, 
thus constituting the CON group. Subjects with hypertension but 
no HF (n=719) constituted the HTN group. The HFnlEF group was 
prospectively identified in an Olmsted County HF surveillance study 
by real-time interrogation of electronic medical records using natural 
language processing techniques.17 Briefly, all in- and out-patient 
electronic notes were searched (most within 24 hours of presentation) 
using a wide range of terms indicative of HF, enabling rapid identification 
of all potential cases of HF with a diagnostic sensitivity of 100%.17 
The final diagnosis of HF was validated by trained nurse abstractors 
using the Framingham criteria. Of 811 HF patients identified between 
9/10/2003 and 8/24/2005, 570 (70%) consented for participation and 
516 (91%) underwent echocardiography within a median (25th, 75th 
percentile) of one (1,5) day of diagnosis. Of these, 276 patients had 
EF ≥50%. Hemodynamically significant valve disease was detected on 
Doppler echocardiography in 32 (11.6%) patients who were excluded. 
The remaining 244 patients made up the HFnlEF group. Reflecting the 
ethnic composition of the community, subjects were almost exclusively 
Caucasian. 
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Plasma brain natriuretic peptide (BNP) was determined by 
immunoradiometric assay (nonextracted) using antibody to human BNP 
(Shionogi Co. Ltd., Tokyo, Japan). Glomerular filtration rate (GFR) was 
estimated using the simplified Modification of Diet in Renal Disease 
Study equation. All echocardiograms were performed by registered 
diagnostic cardiac sonographers using standardized instruments and 
techniques16 and were reviewed by a cardiologist (CSL, MMR).

Assessment of cardiac volume
LV volume was determined in each subject by three methods. The 
Teichholz method18 used short-axis LV dimension measured from 
2D or M-mode images. This was available in 532 (86%) CON, 551 
(77%) HTN and 222 (91%) HFnlEF subjects. In 73 subjects, LV short-
axis dimension was measured from both 2D and M-mode images 
and correlated well (r=0.73, p<0.001) with no systematic error (using 
Bland-Altman analysis, mean difference ± SD = 0.79 ± 4.2 mm) and 
no relationship between mean difference and the average of the two 
methods (r=0.02, p=0.85). LV volume calculated by the area-length 
formula10 used both long- and short-axis LV dimensions. This was 
available in 496 (80%) CON, 492 (68%) HTN and 188 (77%) HFnlEF 
subjects. LV volume was also calculated independent of geometric 
assumptions by dividing stroke volume (SV; using left ventricular 
outflow tract dimension and pulsed wave Doppler velocity profile) by EF. 
This was available in 611 (99%) CON, 697 (97%) HTN and 223 (91%) 
HFnlEF subjects. Left atrial volume (LAV) was calculated by the ellipse 
formula.19 LV mass and relative wall thickness (RWT) were calculated 
by standard methods.10 Measurements were indexed (I) to BSA where 
appropriate. LV hypertrophy (LVH) was defined as LV mass index >95 
g/m2 (females) or >115 g/m2 (males) and LV geometry classified as 
normal, concentric remodeling, concentric LVH or eccentric LVH.10 

Determination of vascular function
Effective arterial elastance (Ea) was estimated as end-systolic 
pressure (ESP)/ SV.12 ESP was estimated as systolic pressure*0.9, as 
previously validated.11,12 Total arterial compliance (Ca) was estimated 
by SV/pulse pressure ratio20 and systemic vascular resistance index 
(SVRI) by [(mean arterial pressure/cardiac index)*80].
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Determination of LV end-systolic elastance
The modified single-beat method was used to estimate end-systolic 
elastance (Ees) from arm-cuff pressures, SV, pre-ejection and total 
systolic periods determined on continuous wave Doppler of aortic 
flow, EF, and an estimated normalized ventricular elastance at arterial 
end-diastole, as previously validated11,21 and employed in recent 
studies.4,22,23 

Determination of early LV relaxation velocity and filling pressures
The medial mitral annular early diastolic velocity (e’) was determined 
by spectral tissue Doppler imaging using standard methods.  The e’ 
velocity is relatively preload-independent and inversely related to the 
time constant of isovolumic relaxation τ, which was derived by the 
formula [τ = (14.70 – 100e’) / 0.15].13,14 Early transmitral flow velocity 
(E) was measured by pulse wave Doppler. End-diastolic pressure 
(EDP) was estimated as: [EDP = 11.96 + 0.596*E/e’] as previously 
determined from Doppler and invasive EDP measurements at our 
institution.13 

Determination of LV diastolic stiffness
The recently developed and validated single-beat approach proposed 
by Klotz et al was used to characterize the end-diastolic pressure-
volume relationship (EDPVR, where EDP = αEDVß; α = curve fitting 
constant and ß = diastolic stiffness constant).15 Based on the premise 
that volume-normalized EDPVRs share a common shape, this method 
allows the estimation of α and ß, and hence the entire EDPVR, from a 
single pressure-volume point. Measured EDP and EDV were used to 
derive α and ß in each subject. A modified method was used when EDP 
>28 mmHg to address the recognized mathematical limitations of the 
original equations (see Appendix). In order to account for covariance 
in α and ß,24 both of which are indicative of the shape and position of 
the EDPVR, derived α and ß in each subject were used to predict the 
EDV at a common EDP of 20 mmHg (EDV20). Comparison of EDV20 
indexed to BSA (EDVI20) was then used as a comparison of overall 
diastolic stiffness between groups.
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Statistical methods
Categorical variables were compared using the Pearson Chi-square 
test. Continuous variables were log transformed as necessary and 
compared between groups using one-way ANOVA with Bonferroni 
correction for multiple unadjusted comparisons. Regression analysis 
was used to adjust for age and sex and BSA or the presence of other 
diseases in group comparisons, where the dependent variable was 
the normally distributed continuous (linear least-squares regression) 
or categorical (logistic regression) outcome variable of interest, and 
factors entered into the model were age, sex, BSA, and group (dummy 
variable). Any interaction between these variables was also evaluated 
and accounted for as appropriate. All analyses were two-sided and 
significance was judged at p<0.05.

RESULTS
Subject characteristics
HFnlEF patients were older, more obese, had higher prevalence of 
coronary artery disease and diabetes and had lower GFR than HTN or 
CON (Table 1). 

Table 1: Subject characteristics 
 CON

(n=617)
HTN

(n=719)
HFnlEF
(n=244)

Age (range), years 57 (45-96) 66 (46-91)* 76 (22-99) *†

Males, % 45 44 45
Height, cm 169±10 167±10* 165±13*
Weight, kg 73±13 84±19* 86±25*
Body surface area, m2 1.85±0.21 1.96±0.26* 1.97±0.31*
Body mass index, kg/m2 25.4±2.7 29.8±5.9* 32.2±20.7*†

Hypertension, % 0 100* 96*
Coronary artery disease, % 0 16* 53*†

Diabetes mellitus, % 0 11* 37*†

Glomerular filtration rate, ml/
min/1.73m2 74.4±14.1 74.7±37.0 64.3±28.1*†

BNP (Shionogi), pg/ml 20.0±40.3 30.5±45.2* 260.7±330.2*†

Log BNP (Shionogi, pg/ml) 1.06±0.41 1.23±0.46* 2.15±0.55*†

Ejection fraction, % 63±5 65±6 62±6*†

Heart rate, bpm 65±10 67±12 71±15*†

Systolic blood pressure, mmHg 118±12 143±21* 132±23*†

Diastolic blood pressure, mmHg 70±8 76±11* 67±14†

Pulse pressure, mmHg 48±11 67±18* 65±20*
Data are mean SD unless otherwise stated. Unadjusted analysis. * p<0.05 vs CON; 
† p<0.05 vs HTN
BSA, body surface area; BNP, B-type natriuretic peptide
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LV structure 
Adjusting for age and sex, EDVI in HFnlEF was similar (Area-length) 
or smaller (Teichholz and Doppler) compared to CON, and smaller (by 
all 3 methods) compared to HTN (Table 2). Adjusting for age and sex, 
SVI in HFnlEF was smaller compared to CON or HTN, while cardiac 
index in HFnlEF was similar to that in CON but reduced compared to 
HTN. Adjusting for age and sex, LV mass index, RWT and LV mass to 
volume ratio were increased in HFnlEF and HTN compared to CON, 
but these parameters were similar in HFnlEF and HTN. The %LVH 
was greater in HTN and HFnlEF than in CON but similar in HFnlEF 
and HTN. LV geometry patterns varied considerably in both control 
populations and in HFnlEF. While HFnlEF patients had more concentric 
LVH and less normal geometry compared to CON, these patterns were 
not significantly different compared to HTN after adjusting for age.

Vascular function
Adjusting for age, sex and BSA where appropriate, Ea, SVRI and pulse 
pressure were increased while Ca was decreased in HFnlEF and HTN 
compared to CON, but all these parameters were similar in HFnlEF 
and HTN (Table 2). Unadjusted comparisons gave similar results.

Figure 1: Schematic of group-averaged end-systolic pressure-volume 
relationship (ESPVR), where ESP = Ees(ESV-V0) (Ees = end-systolic elastance; V0 = volume intercept). Solid lines represent the mean ESPVR and dotted lines the 95% 
confidence intervals for each group. For comparison of Ees (slope) between groups, 
*p<0.05 vs CON.
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LV Systolic stiffness
Adjusting for age, sex and BSA, Ees was increased in HFnlEF and 
HTN compared to CON but was similar in HFnlEF and HTN (Table 
2). Similar results were observed in unadjusted comparisons and after 
normalizing Ees for LV mass (Ees*LV mass) and EDV (Ees*EDV) 
(and adjusting for age and sex), suggesting that the differences in Ees 
could not be solely attributed to differences in chamber size. Systolic 
vascular-ventricular coupling ratio (Ea/Ees) was preserved across 
groups. Predicted ESPVR equations derived from group-averaged 
data are given in Figure 1. 

Estimated LV filling pressures 
EDP was higher in HFnlEF compared to both CON and HTN (Figure 
2), with corroborating evidence of elevated filling pressures provided 
by plasma BNP and LAVI measurements. 

Figure 2: Bar graphs of indexed end-diastolic volume (EDVI), indexed left atrial 
volume (LAVI), end-diastolic pressure (EDP), plasma brain natriuretic peptide (BNP) 
and derived tau by subject group. Data are mean ± SD; *p<0.05 vs CON; † p<0.05 vs 
HTN.
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LV diastolic function
In both unadjusted and adjusted (adjusting for age, sex and BSA) 
comparisons, HFnlEF patients had more impaired relaxation (lower e’, 
longer τ) and higher β compared to CON and HTN (Table 2). Adjusting 
for age and sex and controlling for covariance in α and β, overall 
diastolic LV stiffness was higher (lower EDVI20) in HFnlEF than in 
CON or HTN (Table 2). Predicted EDPVR curves derived from group-
averaged data are illustrated in Figure 3. 

Further analyses 
In view of the large age range of subjects (Table 1) and recognizing that 
unaccounted confounders may be present at the extremes of ages, a 
sub-analysis of subjects aged 60-95 years was performed and gave 
similar results (Table 3). Further recognizing potential confounding 
effects of diabetes and renal function, we adjusted for these in addition 
to adjusting for age, sex and body size (Table 4). Overall results were 
similar.

Figure 3: Schematic of group-averaged end-diastolic pressure-volume 
relationship (EDPVR), where EDP = αEDVß (α = curve fitting constant; ß = diastolic 
stiffness constant). Solid lines represent the mean EDPVR and dotted lines the 95% 
confidence intervals for each group. For comparison of indexed EDV at a common 
EDP of 20 mmHg (EDVI20) between groups, *p<0.05 vs CON; † p<0.05 vs HTN.
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DISCUSSION
This is the largest population-based study to date comparing vascular 
and ventricular structure and function in a HFnlEF cohort to that 
observed in healthy and hypertensive control populations without HF. 
The current study serves to confirm, clarify and extend smaller, seminal 
studies describing a variety of structural and functional perturbations in 

Table 2: Measures of cardiovascular structure and function  
 CON

(n=617)
HTN

(n=719)
HFnlEF
(n=244)

LV structure 

EDV, ml
 Teichholz 110.6±23.6 113.3±26.1 110.2±32.6
 Area-length 123.2±30.3 125.9±32.9 119.4±39.3†

 Doppler 134.4±31.4 141.1±35.5 132.8±37.7†

EDVI, ml/m2
 Teichholz 60.6±10.9 59.7±12.2 56.4±14.4*†

 Area-length 66.6±12.3 64.9±13.9 60.9±16.1†

 Doppler 72.5±12.9 72.2±15.5 68.1±16.6*†

Stroke volume index, ml/m2 45.8±7.5 46.3±9.5 42.3±10.0*†

Cardiac index, l/min/m2 2.94±0.57 3.04±0.70 2.95±0.79†

LV mass, g 164.2±38.8 195.0±53.2* 200.4±67.1*
LV mass index, g/ m2 88.8±16.3 100.2±22.7* 102.1±29.0*
LV mass/EDV, mg/ml 1.50±0.28 1.75±0.39* 1.85±0.47*
Relative wall thickness 0.38±0.06 0.42±0.07* 0.45±0.10*
% LV hypertrophy 18% 40%* 42%*
% Normal geometry 66 39* 31*
% Concentric remodeling 16 21 27
% Concentric hypertrophy 5 21* 26*
% Eccentric hypertrophy 13 19 16
Vascular function
Effective arterial elastance (Ea), mmHg/ml 1.30±0.30 1.50±0.41* 1.53±0.43*
Systemic vascular resistance index, dyne.s.cm-5.m2 2424±521 2703±657* 2588±873*
Arterial compliance, ml/mmHg 1.86±0.58 1.45±0.55* 1.41±0.93*
LV systolic function
End-systolic elastance (Ees), mmHg/ml 1.99±0.59 2.30±0.80* 2.39±0.87*
Ees*LV mass 319.7±96.4 439.6±163.7* 461.8±209.7*
Ees*EDV 215.5±60.7 256.3±86.3* 254.0±105.3*
Ea/Ees 0.68±0.13 0.68±0.17 0.69±0.22
LV diastolic function
E, m/s 0.660±0.131 0.671±0.169* 0.979±0.347*†

A, m/s 0.561±0.161 0.722±0.203* 0.848±0.267*†

E/A ratio 1.25±0.38 0.99±0.37* 1.21±0.69*†

Deceleration time, ms 222±33 239±43 208±54*†

e , m/s 0.094±0.035 0.077±0.039* 0.060±0.021*†

τ, ms 35.2±23.4 46.8±26.0* 58.1±14.3*†

E/e’ ratio 7.55±2.29 9.43±3.32* 18.43±9.65*†

LV end-diastolic pressure (EDP), mmHg 16.5±1.4 17.6±2.0* 22.9±5.7*†

Diastolic stiffness constant (ß) 5.96±0.06 6.05±0.41* 7.09±3.55*†

EDVI20, ml/m2 61.7±11.4 59.7±11.9* 55.7±14.5*†

EDP/EDV, mmHg/ml 0.16±0.04 0.16±0.05 0.23±0.11*†

Data are mean SD; Comparisons adjusted for age and sex, as well as body surface 
area (BSA) where appropriate; *p<0.05 vs CON; p<0.05 vs HTN; LV, left ventricular; 
EDV, end-diastolic volume; I, indexed to BSA
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more select cohorts with HFnlEF. Several findings are noteworthy. The 
HFnlEF cohort had worse renal function, yet smaller LV volume and 
cardiac output as compared to hypertensive controls. While LV mass 
was, on average, increased in HFnlEF as compared to healthy controls, 
HFnlEF patients did not have more severe LVH than hypertensive 
controls. Compared to healthy controls, the HFnlEF cohort had 
increases in both the resistive and pulsatile components of vascular 
load with proportional increases in LV systolic stiffness. However, 
these abnormalities were similar to those observed in hypertensive 
controls without HF. In contrast, diastolic dysfunction (both impairment 
in relaxation and increases in diastolic stiffness) was more severe in 
HFnlEF patients as compared to healthy or hypertensive controls.  
 The current findings are consistent with previous studies which 

Table 3: Subgroup analysis in subjects aged 60 to 95 years
 CON

(n=211)
HTN

(n=519)
HFnlEF
(n=214)

EDVI, ml/m2

 Teichholz 59.4±12.1 60.0±12.7 56.7±14.2* †

 Area-length 63.7±12.8 64.7±14.0 60.8±15.6†

 Doppler 72.0±13.4 73.4±16.0 68.1±16.6* †

Effective arterial elastance, mmHg/ml 1.35±0.32 1.53±0.43* 1.54±0.43*

End-systolic elastance, mmHg/ml 2.12±0.64 2.37±0.83* 2.42±0.88
EDVI20, ml/m2 60.5±12.8 60.0±12.3 55.7±14.3*†

τ, ms 41.3±27.7 49.1±28.0 59.5±13.1* †

Data are mean SD; Comparisons adjusted for age, sex and body surface area (BSA) 
where appropriate; *p<0.05 vs CON; p<0.05 vs HTN; EDVI, end-diastolic volume 
indexed to BSA

Table 4: Analysis adjusting for renal function, diabetes, age, sex 
and body size
 CON

(n=617)
HTN

(n=719)
HFnlEF
(n=244)

Effective arterial elastance, mmHg/ml 1.30±0.30 1.50±0.41* 1.53±0.43*

End-systolic elastance, mmHg/ml 1.99±0.59 2.30±0.80* 2.39±0.87*
EDVI20, ml/m2 61.7±11.4 59.7±11.9 55.7±14.5*†

τ, ms 35.2±23.4 46.8±26.0* 58.1±14.3*†

Data are mean SD; Comparisons adjusted for glomerular filtration rate, diabetes, 
age, sex and body surface area (BSA); *p<0.05 vs CON; p<0.05 vs HTN; EDVI, 
end-diastolic volume indexed to BSA
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utilized invasive assessment of LV function in HFnlEF. Liu et al. used 
conductance catheters with preload reduction (multiple-beat method) 
in 10 patients with LVH and normal EF (7 with HFnlEF) and found 
impaired relaxation with increased diastolic stiffness in this group 
compared to 8 younger, healthy controls.25 All subjects were referred 
for cardiac catheterization at a tertiary center.25  In a landmark invasive 
study using a single-beat method, Zile et al. also found more impaired 
relaxation and higher diastolic stiffness in HFnlEF (n=47). These 
HFnlEF patients were predominantly male with echocardiographic 
evidence of LVH recruited at a Veterans Administration Hospital as 
part of a clinical trial and were compared to 10 healthy age-matched 
controls.2  In both these studies, the control group had no cardiovascular 
disease, raising concern as to whether the observed differences were 
specifically attributable to HFnlEF, or to hypertensive heart disease. 
Borbely et al. measured chamber and myocyte stiffness in 12 HFnlEF 
patients and 8 controls, and found increased estimated LV diastolic 
stiffness in HFnlEF by invasive measurements.26 However, nearly 
half the HFnlEF and 75% of control patients had previously undergone 
cardiac transplantation, thus confounding effects of occult rejection or 
immunosuppression may have influenced the findings. 
 Other studies employed non-invasive methods to characterize 
diastolic function.27 Ahmed et al identified 26 patients with LVH and 
HFnlEF undergoing echocardiography at their tertiary center and 
showed that these patients had more severe diastolic dysfunction than 
39 non-hypertensive controls, 14 hypertensive controls and 23 controls 
with LVH but no HF.6 The inclusion of hypertensive controls was a 
strength of this study which focused on HFnlEF patients with LVH. 
 In the current study, consecutive cases of HFnlEF identified 
in both the inpatient and outpatient settings, and not pre-selected for 
any geometric characteristics, were compared to large, randomly-
selected and prospectively enrolled control populations from the same 
community, with all subjects studied in a similar manner and using 
analyses adjusted for potential effects of age, sex and body size. The 
current results are consistent with the afore-mentioned studies in that 
relaxation and passive diastolic stiffness were impaired in HFnlEF 
compared to disease-free controls. Further, the current data confirm 
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that compared to hypertensive controls, HFnlEF patients have more 
severe diastolic dysfunction. While the predominant cardiovascular 
abnormalities and contributing comorbidities in HFnlEF patients may 
vary according to a number of demographic parameters, it is noteworthy 
that the presence of diastolic dysfunction is a consistent finding in 
HFnlEF patients identified in this community and in the diverse settings 
included in previous studies.2,5-9,25,26  
 In contrast, Kawaguchi et al., using either invasive (conductance 
catheters and multiple-beat model) or non-invasive (single-beat model) 
measurements, found that relaxation was not significantly different in 
HFnlEF (n=10) compared to young controls (n=9) and age- and blood 
pressure-matched controls (n=25), except during stress (isometric 
handgrip).4 Additionally, although higher EDPs were observed in 
HFnlEF, this was due to a parallel upward shift of the diastolic pressure-
volume curve, rather than to a steeper curve (i.e. β stiffness coefficients 
were similar), suggesting that exaggerated external forces, rather than 
increased passive diastolic stiffness was present in HFnlEF. However, 
the large variability in β observed in the HFnlEF group (range ≈ 0.01 
to 0.05 mmHg/ml) may have prevented demonstration of differences 
in β in the small numbers of subjects enrolled. Importantly, this study 
showed that HFnlEF patients had increased Ea and Ees, suggesting 
that vascular and LV systolic stiffening may contribute to the 
pathophysiology of HFnlEF by exaggerating systolic load and diastolic 
dysfunction during exercise. These patients were studied over a 14-year 
period at a referral center, and while predominantly female, the mean 
age was lower than that observed in most population-based studies. 
Although we also found that Ea and Ees were increased in HFnlEF 
compared to healthy controls, these indices were not further increased 
in HFnlEF compared to hypertensive controls in the current study as 
well as others.5,6,9 Nonetheless, these data do not exclude a role for 
increased vascular and LV systolic stiffening in the pathophysiology 
of HFnlEF, particularly during exercise or other stressors where such 
changes exaggerate hypertensive responses and induce further, load 
dependent diastolic dysfunction. 
 The potential for a subgroup of HFnlEF patients to have LV 
dilatation and a “high output” form of HF has been reported.3 Maurer et 
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al. used 3-dimensional and Doppler echocardiography to characterize 
LV volumes and pressures non-invasively at a tertiary referral center in 
the New York metropolitan area. Among 35 patients with hypertension 
and HFnlEF, a subgroup (n=29) of younger, more obese subjects had 
increased LV volumes associated with increased EDP but no change in 
Ees or Ea compared to healthy controls. These investigators concluded 
that many (most in their series) HFnlEF patients may have volume 
overload, without intrinsic diastolic dysfunction as a mechanism for 
increased filling pressures. In contrast, our data show that on average, 
compared to healthy or hypertensive controls, HFnlEF patients have 
normal or decreased LV volumes respectively. Since ventricular 
volumes vary with body size, sex and possibly age in persons without 
cardiovascular disease, we were careful to adjust for these parameters 
in all volume comparisons. We accounted not only for the short-axis 
but also for the long-axis LV dimension when calculating volumes. 
A further Doppler-based method was used to estimate volumes 
independent of geometric assumptions. All 3 methods gave the 
consistent picture that ventricular enlargement was not present in the 
majority of HFnlEF patients despite more impaired renal function in 
these patients. In fact, stroke volume and cardiac index were lower 
in HFnlEF than in hypertensive controls. As emphasized previously, 
however, the current analysis is restricted to group comparisons; as LV 
volume is a continuous variable with a fairly normal distribution in the 
HFnlEF population, some patients with HFnlEF will have increased LV 
volume even though the distribution curve as a whole was not shifted 
towards larger volumes. Indeed, our findings underscore the variable 
LV geometric patterns present in HFnlEF.
 More recently, Melenovsky et al.9 used non-invasive methods 
to study 37 HFnlEF patients, 40 hypertensive and 56 non-hypertensive 
age-, gender- and race-matched controls recruited from an urban setting 
in Baltimore, Maryland. This population was largely African American, 
and HFnlEF patients were younger (by a decade) than observed 
here, more obese, and more predominately female. As in our study, 
LV volume did not vary significantly among groups, estimated filling 
pressures were highest in HFnlEF, and both Ees and Ea were similarly 
increased in hypertensive controls and HFnlEF compared to disease-
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free controls. However, both the HFnlEF and hypertensive groups had 
much more dramatic LVH than we observed, and while estimated LV 
diastolic pressures were higher in HFnlEF, many parameters displayed 
substantial overlap, with little disparity between these two groups. 
Although LV diastolic stiffness was not estimated, the prior study found 
left atrial enlargement and impaired atrial function in HFnlEF, leading 
the authors to speculate that impaired atrial function may also play a 
key role in the transition to HFnlEF among patients with cardiovascular 
disease. This hypothesis is consistent with clinical studies documenting 
that new onset atrial fibrillation is a common precipitant of episodes 
of acutely decompensated HF, regardless of EF.28,29 We too found 
increased left atrial volume in HFnlEF compared to either control group. 
Melenovsky et al. further found that total epicardial cardiac volume was 
highest in HFnlEF patients and speculated that external forces may 
contribute to elevation of filling pressures.
The variable LV geometry patterns observed in HFnlEF patients in 
our study is noteworthy and consistent with several2,4,28,30 prior 
studies, underscoring that despite traditional teaching, concentric LVH 
or concentric remodeling is not invariably present in HFnlEF. Indeed, 
there may be important geographic and race-specific differences, with 
marked concentric LVH being more common in some populations, 
such as African Americans, as seen in studies where these groups are 
more prominently represented.9 Finally, the similar RWT and LV mass 
to volume ratio observed in HTN and HFnlEF suggest that factors 
other than chamber geometry additionally mediate increased diastolic 
stiffness in HFnlEF. Changes in the cardiomyocytes themselves26 
and/or the extracellular matrix31,32 may mediate diastolic stiffening 
and represent potential therapeutic targets in the treatment and/or 
prevention of HFnlEF.

Limitations
Our data are purely observational and cannot prove causality. The 
more impaired diastolic dysfunction in HFnlEF could be a marker 
for, rather than a mediator of, progression to HF. Although invasive 
measurements were not performed, each of the methods employed 
to characterize pressure-volume relationships was validated against 
gold-standard invasive techniques. 
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Future directions
While total vascular load and indirect measures of vascular stiffness 
were obtained here, further study is needed to evaluate more 
direct and perhaps regional measures of vascular stiffening, and 
other assessments of arterial impedance and its impact such as 
characteristic impedance, wave reflections, and pulse wave velocity. 
Hemodynamic data obtained during exercise and other stresses may 
be key in differentiating HFnlEF from hypertensive controls. The study 
population was mainly white and potential differences in other racial 
groups should be examined. Finally, the functional significance of 
different geometric patterns in HFnlEF deserves further study.

Conclusion
In this large, population-based study, HFnlEF patients had reduced LV 
volumes and cardiac output compared to hypertensive controls despite 
more renal impairment. While HFnlEF patients displayed vascular 
and LV systolic stiffening as compared to normal controls, HFnlEF 
was distinguished from hypertensive heart disease by the presence 
of more severe diastolic dysfunction, and increased left atrial size. 
Thus, these data support efforts to ameliorate diastolic dysfunction in 
order to prevent or treat HFnlEF. While we speculate that progression 
of diastolic dysfunction plays a key role in the development of HF 
symptoms in persons with hypertensive heart disease and a normal 
EF, further studies characterizing potential differential responses to 
exercise and other stressors may reveal additional pathophysiological 
mechanisms and therapeutic targets.  
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Appendix

A recognized limitation of the original predictions used in the single-beat 
EDPVR method15 was the break down of the equations as measured 
EDP approached 30mmHg. This limitation was due to the arbitrary 
choice of V30 (estimated EDV at 30mmHg) as a starting point in the 
original derivation equations for α and ß, which therefore became 
unstable as measured EDP approached 30mmHg (>28mmHg). This 
mathematical instability was overcome by simply using an estimate 
of EDV at a pressure of 15mmHg (V15) instead of V30 for cases where 
measured EDP >28mmHg. V15 was derived from the EDV normalized 
curve in the same fashion as V30

15(Burkoff D, MD, PhD, electronic 
personal communication, 2006). Similar to the original derivations, α 
and ß were then calculated by solving the simultaneous equations:
Pm = α Vm ß [Equation 1]
15 = α V15 ß [Equation 2]
Where Pm = measured pressure (measured EDP) and Vm = measured 
volume (measured EDV)
Dividing [1] by [2] and solving for ß:
ß = Log (Pm/15)/Log (Vm/V15)
Substituting into [1]:
α = Pm/Vm {Log (Pm/15)/Log (Vm/V15)}

EDPVR curves derived using V15 and V30 were well-correlated at 
multiple parts of the curves.
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ABSTRACT

Objectives: To define the prevalence, severity and significance of 
pulmonary hypertension (PH) in heart failure with preserved ejection 
fraction (HFpEF) in the general community.

Background: While HFpEF is known to cause PH, its development 
is highly variable. Population-based data are lacking, and the 
relative contribution of pulmonary venous versus pulmonary arterial 
hypertension to PH in HFpEF is unknown. We hypothesized that PH 
would be a marker of symptomatic pulmonary congestion, distinguishing 
HFpEF from preclinical hypertensive heart disease (HTN). 

Methods: Population-based study of 244 HFpEF patients (76±13y; 
45%male) followed from Doppler echocardiography over 3 years. 
Controls were 719 adults with HTN without HF (66±10y; 44%male). 
Pulmonary artery systolic pressure (PASP) was derived from the 
tricuspid regurgitation velocity and PH defined as PASP>35 mmHg. 
Pulmonary capillary wedge pressure (PCWP) was estimated from E/e’.

Results: In HFpEF, PH was present in 83% and median (25th, 75th 
percentile) PASP was 48 (37, 56) mmHg. PASP increased with PCWP 
(r=0.21; p<0.007). Adjusting for PCWP, PASP was higher in HFpEF 
than HTN (p<0.001). PASP distinguished HFpEF from HTN with an 
area under receiver-operating curve of 0.91 (p<0.001) and strongly 
predicted mortality in HFpEF (hazard ratio=1.3 per 10 mmHg; p<0.001).
 
Conclusions: PH is highly prevalent and often severe in HFpEF. While 
pulmonary venous hypertension contributes to PH, it does not fully 
account for the severity of PH in HFpEF, suggesting that a component 
of pulmonary arterial hypertension also contributes. The potent effect 
of PASP on mortality lends support for therapies aimed at pulmonary 
arterial hypertension in HFpEF.



88

Chapter 3.2

INTRODUCTION
Left-sided heart failure (HF) is known to cause pulmonary hypertension 
(PH)(1), but the development and severity of PH in HF is highly variable, 
and contributing factors are not fully understood. While initial studies 
focused on patients with reduced left ventricular ejection fraction (EF)
(2), early isolated case reports(3,4) and more recent case series(5-7) 
have demonstrated that PH can occur in HF with preserved EF 
(HFpEF). There is now growing appreciation that PH is common and 
may be severe in elderly patients with HFpEF(8). However, the true 
prevalence and severity of PH in HFpEF from the general community 
remain unknown. Previous studies were limited by selection bias, and 
population-based data have, to date, been lacking. 
 Common to left ventricular failure regardless of EF, increased 
left-sided filling pressure leads to pulmonary venous hypertension 
and post-capillary PH. In the presence of preserved systolic function, 
the development of pulmonary venous hypertension is associated 
with the severity of left ventricular diastolic dysfunction, as has been 
demonstrated in patients with aortic stenosis and normal EF(9). Beyond 
this post-capillary contribution to PH, a reactive increase in pulmonary 
arterial tone or intrinsic arterial remodeling can result in a superimposed 
pre-capillary component of pulmonary arterial hypertension. This has 
been shown to occur in patients with mitral stenosis(10) and HF with 
reduced EF(11). In HFpEF without valvular disease, however, the 
relative contributions of these pre- and post-capillary components to 
PH are unclear. A population-based approach to discerning the role of 
PH in HFpEF is to compare hypertensive patients with and without HF 
from the same community. Since hypertensive heart disease is the most 
common precursor to HFpEF and since elderly hypertensives without 
HF often display Doppler-echocardiographic features in common with 
HFpEF, comparisons between these groups of patients can provide 
insight into mechanisms mediating the progression from hypertensive 
heart disease to HFpEF and diagnostic features that distinguish 
preclinical hypertensive heart disease from overt HFpEF(12-14).
We hypothesized that both pulmonary venous hypertension related to 
diastolic dysfunction, as well as pulmonary arterial hypertension related 
to increased arterial tone or vascular remodeling, would contribute to 
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PH in HFpEF. Further, we hypothesized that PH would be related to the 
development and severity of clinically significant pulmonary congestion, 
thus distinguishing HFpEF from preclinical hypertensive heart disease 
without overt HF. Accordingly, the aims of this population-based study 
were to measure pulmonary artery systolic pressure (PASP), define 
the prevalence and severity of PH (PASP>35 mmHg), and assess the 
association between PASP and pulmonary venous hypertension in 
patients with a clinical diagnosis of HFpEF compared to hypertensive 
heart disease without HF from the same community. Finally, we sought 
to determine if PH was associated with mortality in HFpEF presenting 
in the community.

METHODS
This study was conducted in Olmsted County, MN, with the approval 
of the Mayo Foundation Institutional Review Board. All subjects 
provided written informed consent. While data from these patients 
have previously been published(14,15), many of the indexes proposed 
here have not.

Study design and subject groups
In this population-based observational study, subject groups included: 

Hypertensive control group (HTN)
A random sample (N=2042; studied between June 1997 and September 
2000) of the Olmsted County, MN population aged ≥45 years underwent 
medical review, echocardiography and spirometry. From this cohort, 
719 subjects with a history of hypertension but without HF (all EF≥50%) 
constituted the HTN group. 

HFpEF group
Consecutive HFpEF patients (N=244) were identified (between 
September 2003 and October 2005) in an Olmsted County, MN HF 
surveillance study as previously described(14). Both in- and out-
patients were identified by real-time interrogation of electronic medical 
records using natural language processing techniques. All patients 
underwent medical review and echocardiography. HF diagnosis 
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was validated using the Framingham criteria and EF≥50% without 
hemodynamically significant left-sided valve disease was confirmed by 
echocardiography. 

Doppler Echocardiography
All echocardiograms were performed by registered diagnostic cardiac 
sonographers using standardized instruments and protocols, and 
interpreted by a blinded echocardiologist (C.S.P.L, M.M.R.). All 
parameters were measured in triplicate and averaged. In addition 
to standard M-mode, 2-dimensional and color Doppler imaging, 
continuous-wave Doppler examination of tricuspid flow, pulsed-wave 
Doppler examination of mitral inflow and Doppler tissue imaging of the 
medial mitral annulus were performed in each subject as previously 
described(14,15). 

Determination of PH 
Since PASP is equal to right ventricular systolic pressure in the 
absence of pulmonary stenosis, PASP was estimated using Doppler 
echocardiography by calculating the right ventricular to right atrial 
pressure gradient during systole, approximated by the modified Bernoulli 
equation as 4v2, where v is the velocity of the tricuspid regurgitation 
jet in m/s. Right atrial pressure, estimated based on echocardiographic 
characteristics of the inferior vena cava and assigned a standardized 
value(16), was then added to the calculated gradient to give PASP. PH 
was defined as PASP > 35 mmHg(17). Echocardiographic estimates 
of PASP obtained in this fashion have been shown to correlate well 
with invasively measured values on right-heart catheterization with a 
sensitivity and specificity of 0.79 to 1, and 0.6 to 0.98, respectively for 
predicting PH(18).
 
Assessment of left ventricular diastolic function
The ratio of early transmitral flow velocity (E) to early mitral annular 
(medial) diastolic velocity (e’) was used to estimate pulmonary capillary 
wedge pressure (PCWP) [=11.96+0.596 • E/e’] based on prior Doppler 
and invasive measurements at our institution(19). This index has 
also been shown to reliably detect pulmonary venous hypertension 
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in patients with elevated echo-derived PASP undergoing right heart 
catheterization(20). Other parameters included left atrial volume 
as calculated by the ellipse formula, and left ventricular mass, both 
indexed to body surface area(21).

Spirometry
Spirometry was performed in accordance with recommended 
techniques(22) and measurements standardized as percentages of 
predicted normal values(23). Chronic obstructive lung disease (COPD) 
was defined as either a forced expiratory volume in 1 second (FEV1) 
to forced vital capacity (FVC) ratio of <70%(24) or the presence of a 
clinical diagnosis of COPD.

Follow up
HFpEF patients were followed from baseline echocardiography at 
enrollment to death (all-cause mortality) or last contact, at which time 
they were censored. Follow up was 100% complete with vital status 
(March 2008) determined from the Mayo Clinic registration database 
and the Rochester Epidemiology Project death database, where 
mortality data on Olmsted County residents are routinely collected by 
reviewing community medical records, death certificates, and obituary 
notices(15). 

Statistical methods
Groups were compared using Pearson’s chi-square test for categorical 
variables and t-test for normally distributed continuous variables. 
The association between PASP (log transformed to satisfy normality 
assumptions) and PCWP was investigated by calculating Pearson’s 
correlation coefficient. Regression analyses were used for adjusted 
comparisons, where the dependent variable was the normally 
distributed continuous (linear least-squares regression) or categorical 
(logistic regression) outcome variable of interest, while factors entered 
into the model included age, sex, PCWP, group (dummy variable) and 
appropriate interaction terms. Receiver operating curve analyses were 
used to determine the ability of echocardiographic parameters (PASP, 
E/e’, left atrial volume index, relative wall thickness, left ventricular 
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Table 1: Characteristics of subjects with measurable PASP
HTN HFpEF

PH 
absent

PH present PH 
absent

PH 
present

N (% group) 432 (92) 38 (8) 34 (17) 169 (83)
PASP, mmHg 28±4 40±5* 30±3 52±13*

Clinical characteristics
Age, y 67±10 72±9* 74±11 79±12*
Males, % 40 32 47 41
Height, m 1.66±0.10 1.62±0.08* 1.66±0.10 1.65±0.14
Weight, kg 79.6±16.9 75.3±14.5 84.8±17.9 81.6±23.0
BSA, m2 1.91±0.23 1.83±0.20 1.97±0.24 1.92±0.29
Body mass index, kg/m2 28.8±5.5 28.8±5.2 30.9±6.3 29.6±7.2
Systolic blood 
pressure, mmHg 141±21 153±27* 125±20 134±24*
Diastolic blood 
pressure, mmHg 75±11 75±11 69±13 67±14
Pulse pressure, mmHg 66±18 78±20* 56±18 67±20*
Heart rate, bpm 65±11 65±13 68±15 71±16
Hypertension, % 100 100 91 97
Atrial fibrillation, % 5 13* 22 31
Coronary artery 
disease, % 16 21 59 53
Diabetes mellitus, % 10 13 27 34
Chronic kidney 
diseasea, % 29 43 50 51
Chronic obstructive 
lung diseaseb, % 14 21 29 32

Echocardiographic characteristics
Ejection fraction, % 65±5 65±7 63±5 62±7
Stroke volume/BSA, ml/
m2 46.8±9.3 48.9±10.5 42.7±10.3 43.2±9.8
Cardiac index, l/min/m2 3.0±0.7 3.1±0.8 2.8±0.7 3.0±0.8
LV mass/BSA, g/m2 99.6±22.4 107.4±31.0 99.7±27.2 103.3±30.1
Relative wall thickness 0.42±0.07 0.42±0.08 0.46±0.11 0.45±0.09
LV end-diastolic 
volume/BSA, ml/m2 59.2±12.2 60.7±11.1 54.5±11.4 57.4±15.0
E/e’ ratio 9.3±3.3 12.8±4.7* 15.7±9.8 19.6±9.6*
PCWP, mmHg 18±2 20 ±3* 21±6 24±6*
Left atrial volume/BSA, 
ml/m2 26.2±7.8 32.7±8.5* 32.1±11.4 38.1±14.3*

Data are mean ±SD
aGlomerular filtration rate ≤60 ml/min/1.73m2 {K/DOQI clinical practice guidelines; 
National Kidney Foundation’s web site at www.kidney.org/professionals/kdoqi/
guidelines.cfm}
bFEV1/FVC <70%(24) or clinical diagnosis
*p<0.05 vs PH absent
PH, pulmonary hypertension; PASP, pulmonary artery systolic pressure; BSA, body 
surface area; LV, left ventricular; PCWP, pulmonary capillary wedge pressure

http://www.kidney.org/professionals/kdoqi/guidelines.cfm
http://www.kidney.org/professionals/kdoqi/guidelines.cfm
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mass index) to distinguish HFpEF from HTN. The optimal cutoff value 
for each parameter was defined as the value giving the largest area 
under curve (AUC) for the parameter. The derived mean±standard error 
AUC for each parameter was compared to that of PASP using t tests as 
well as paired analyses by the method of Delong (25), with Bonferroni 
correction to control for multiple comparisons. The effect of PH on 
survival was assessed by Kaplan-Meier analysis. The association of 
PASP with mortality was assessed by Cox regression analysis, before 
and after adjusting for age and other echocardiographic parameters. 
All analyses were two-sided, and significance was judged at p<0.05. 

RESULTS
TR jets were analyzable in 470 (65%) of HTN and 203 (83%) of HFpEF. 
Compared to patients in whom TR jets could not be analyzed, those with 
analyzable TR jets were older (64±10 vs 70±12 years; p<0.001), more 
often female (46 vs 60%; p<0.001), had smaller body size (2.08±0.28 
vs 1.91±0.25 m2, p<0.001), were more likely to have coronary artery 
disease (21 vs 28%; p=0.029) or chronic renal disease (glomerular 
filtration rate ≤60 ml/min/1.73m2 in 16 vs 36%; p<0.001), and similarly 
likely to have diabetes (20 vs 17%; p=0.36) or COPD (23 vs 20%; 
p=0.29). 

Figure 1: Cumulative frequency distribution of pulmonary artery systolic pressure 
and prevalence of pulmonary hypertension by subject group In patients with 
heart failure and preserved ejection fraction (HFpEF, in red), the cumulative frequency 
distribution of pulmonary artery systolic pressure (PASP) was shifted towards higher 
pressures (A), while the prevalence of pulmonary hypertension (PH) was markedly 
increased (B), compared to subjects with hypertension (HTN, in black) without heart 
failure in the community.
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Distribution of PASP and Prevalence of PH
Median (25th, 75th percentile) PASP was 28 (24, 32) mmHg in HTN 
and 48 (37, 56) mmHg in HFpEF (p<0.001; Figure 1A). PH was present 
in 8% (N=38) of HTN and 83% (N=169) of HFpEF (p<0.001; Figure 
1B). Clinical and echocardiographic characteristics of subjects with 
and without PH in each group are provided in Table 1. In both groups, 
patients with PH were older and had higher systolic blood pressure, wider 
pulse pressure, higher PCWP and larger left atria compared to those 
without PH. There was no difference in left ventricular systolic function 
(EF, stroke volume index, cardiac index) or structural characteristics 
(mass, relative wall thickness, volume) between those with and without 
PH in either group. Among HFpEF patients, the prevalences of atrial 
fibrillation, coronary artery disease, diabetes, chronic kidney disease 
and COPD were similarly high in those with and without PH.

Association of PASP with PCWP
PASP increased with PCWP in both HTN and HFpEF (r = 0.318 
and 0.209 respectively; both p<0.007) (Figure 2). After adjusting for 

Figure 2: Association of pulmonary artery systolic pressure with pulmonary 
venous hypertension Pulmonary artery systolic pressure (PASP) increased with 
pulmonary capillary wedge pressure (PCWP) in patients with heart failure and 
preserved ejection fraction (HFpEF), as well as in subjects with hypertension (HTN) 
without heart failure, but remained higher in HFpEF than HTN after adjusting for PCWP 
(p<0.001). Raw data points and linear regression line for the association are shown for 
HFpEF (in red) and HTN (in black).
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PCWP, PASP was still higher in HFpEF compared to HTN (p<0.001), 
suggesting that beyond the post-capillary contribution of pulmonary 
venous congestion, a pre-capillary component of pulmonary arterial 
hypertension contributed to greater PH in HFpEF.

Utility of PASP in Distinguishing HFpEF from HTN
PASP distinguished HFpEF from HTN with an AUC of 0.91 (p<0.001) 
and optimal cutoff of 35 mmHg, coinciding with the definition of PH(17).
The presence of PH (PASP > 35 mmHg) distinguished HFpEF from 
HTN with a sensitivity of 83% and specificity of 92%. In univariate 
analysis, other significant distinguishing markers included E/e’, left 
atrial size and relative wall thickness, while left ventricular mass was 
not (Table 2). The largest AUC was obtained with PASP (Bonferroni 
adjusted p<0.01 vs each of the other markers in pairwise comparisons; 
Figure 3). In multivariate analysis involving the 443 subjects in whom all 
parameters were measurable, only PASP and E/e’ remained significant 

Figure 3: Receiver operating curves of echocardiographic parameters for the 
diagnosis of heart failure with preserved ejection fraction. By receiver operating 
curve analysis, echocardiographic parameters that distinguished heart failure with 
preserved ejection fraction (HFpEF) from hypertensive (HTN) heart disease without 
heart failure included pulmonary artery systolic pressure (PASP), E/e’ ratio, left atrial 
volume index and relative wall thickness. The largest area under curve was obtained 
with PASP, with the optimal cutoff value of 35 mmHg.
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markers of HFpEF (odds of HFpEF vs HTN = 1.22 times higher per 1 
mmHg increase in PASP and 1.15 times higher per unit increase in E/e’ 
respectively; both p<0.001). Excluding patients with atrial fibrillation 
(N=26 in HTN; N=54 in HFpEF) from the analysis gave similar results 
(data not shown).

Effect of PH on Survival
In HFpEF, there were 84 deaths over a median follow up of 2.8 years 
(mean 2.4±1.2 years). By Kaplan-Meier analysis, mortality was higher 
in those with a PASP above the median value of 48 mmHg (Log rank 
p=0.002; Figure 4). The presence of PH as defined by PASP above 35 
mmHg was similarly strongly associated with mortality in HFpEF (Log 
rank p=0.003). Among echocardiographic parameters, only PASP was 
associated with mortality in HFpEF (unadjusted hazard ratio = 1.28 
per 10 mmHg; p<0.001, Table 3) and this association persisted after 
adjustment for age (age-adjusted hazard ratio = 1.22 per 10 mmHg; 
p=0.005).

Figure 4: Kaplan-Meier survival curves in HFpEF patients with pulmonary artery 
systolic pressure above and below the median HFpEF patients with pulmonary 
artery systolic pressure (PASP) above the median value of 48 mmHg (in red) had 
reduced survival compared to patients with PASP<48 mmHg (in black) over 3 years 
(Log rank p=0.002).
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Subanalysis Excluding Patients with COPD and Other Potential 
Causes of PH
 Among subjects with measurable PASP, COPD was present in 
15% (N=69) of HTN (13 with the clinical diagnosis of COPD, 67 with 
abnormal spirometry, 69 with either and 11 with both diagnostic criteria) 
and 32% (N=64) of HFpEF (46 with the clinical diagnosis of COPD, 34 
with abnormal spirometry, 64 with either and 16 with both diagnostic 
criteria). Restricting the analysis to patients without COPD (N= 401 in 
HTN; N=139 in HFpEF), the HFpEF group still had greater prevalence 
of PH (83 vs 8%; p<0.001) and higher PASP (48±14 vs 28±5 mmHg; 
p<0.001) compared to HTN, even after adjusting for age and PCWP 
(p<0.001). PH remained a significant predictor of mortality in HFpEF 
(p=0.018) independent of age (age-adjusted hazard ratio =1.27 per 10 
mmHg increase in PASP; p=0.014).
 A further 11 HFpEF patients had other potential causes of PH 
(5 with obstructive sleep apnea, 4 with history of pulmonary embolism, 
1 with scleroderma and 1 with liver disease). Excluding these subjects 
gave similar results, with greater prevalence of PH (82 vs 8%; p<0.001) 
and higher PASP (47±14 vs 28±5 mmHg; p<0.001) in HFpEF compared 
to HTN, even after adjusting for age and PCWP (p<0.001), as well as a 
negative impact of increasing PASP on survival in HFpEF, independent 
of age (age-adjusted hazard ratio =1.28 per 10 mmHg increase in 
PASP; p=0.019). 

Table 2: Receiver Operating Curve Characteristics of Echocardiographic 
Parameters Distinguishing HFpEF from HTN

Parameter Number 
Available

AUC 
(mean±SE)

P 
value

Optimal 
Cutoff Sensitivity Specificity

PASP, 
mmHg

673 0.91±0.02 <0.001 35 83 92

E/e  ratio 808 0.83±0.02 <0.001 12.5 70 85
Left atrial 
volume/ 
BSA, ml/m2

848
0.75±0.02 <0.001 29 66 74

Relative wall 
thickness

759 0.60±0.03 <0.001 0.39 80 36
LV mass 
index, g/m2

756 0.52±0.03 0.497 105 42 68

AUC, area under curve; PASP, pulmonary artery systolic pressure; BSA, body surface 
area;LV, left ventricular
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DISCUSSION
In these first population-based data regarding pulmonary pressures 
in HFpEF, PH was highly prevalent and often severe in HFpEF 
presenting in the general community. The development of PH was 
related to the extent of pulmonary venous hypertension as estimated 
by Doppler indices. However after accounting for this post-capillary 
component of PH, the severity of PH in HFpEF still exceeded that 
of hypertensive controls without HF from the same community, 
suggesting the contribution of a pre-capillary component of pulmonary 
arterial hypertension to PH in HFpEF. The severity of PH distinguished 
HFpEF from hypertensive controls with excellent diagnostic accuracy, 
superior to traditional indices of cardiac remodeling (left atrial volume, 
relative wall thickness, left ventricular mass) and of incremental value 
to Doppler indices of diastolic dysfunction (E/e’). Further, the presence 
of PH was a potent adverse prognostic factor in HFpEF, independent of 
age. The implications of these data for PH as a pathophysiologic factor 
and therapeutic target in HFpEF deserve further study.

Prevalence and Significance of PH in HFpEF
That severe PH could develop in HFpEF was described in early 
isolated case reports of elderly hypertensive patients with HFpEF(3,4). 
In a subsequent series of patients hospitalized in the New York 
metropolitan area for HFpEF, Klapholz et al(5) reported a mean PASP 
of 47±17 mmHg by echo in the 44% (272 of 619) of patients in whom 
measurements were available. More recently, Kjaergaard et al(7) 

Table 3: Predictors of Mortality in HFpEF
Variable

Univariate Analysis* Multivariate Analysis*
N Hazard Ratio P value N Hazard Ratio P 

value
PASP, mmHg 203 1.28 per 10 

mmHg <0.001 136 1.20 per 10 
mmHg 0.028

E/e  ratio
208 1.01 per unit 0.496 136 0.98 per unit 0.199

Left atrial volume/ 
body surface area, 
ml/m2

185 1.12 per 10 
ml/m2 0.140

136 1.12 per 10 
ml/m2 0.237

Relative wall 
thickness

211 1.18 per 0.1 
unit 0.108 136 1.26 per 0.1 

unit 0.121
LV mass index, g/m2 207 1.00 per 10 

g/m2 0.946 136 0.96 per 10 
g/m2 0.383

*Cox regression analysis, where multivariate model includes all five variables
PASP, pulmonary artery systolic pressure; LV, left ventricular
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obtained echo PASP measurements in 38% (388 of 1022) of Danish 
patients hospitalized for symptomatic HF, 25% (N=96) of whom had 
preserved EF, and found a median (25th, 75th percentile) PASP of 39 
(31, 50) mmHg. Of note, the latter study also identified elevated PASP 
as an independent predictor of mortality in HFpEF. While important, 
the generalizeability of these previous findings was limited by selection 
bias and the low proportions of patients in whom PASP estimates were 
available. Our current findings therefore serve to confirm and extend 
the prior studies by including all in- and out-patients with HFpEF 
presenting in the community, thus providing the first population-based 
estimates of the prevalence, severity and prognostic significance of PH 
in HFpEF to date. 

Mechanism of PH in HFpEF
The development of PH in HFpEF has largely focused on the role of left 
ventricular diastolic dysfunction and the passive effect of pulmonary 
venous hypertension. Aragam et al(9) showed that in patients with aortic 
stenosis, most of whom had normal EF, it was the severity of diastolic 
dysfunction, rather than the severity of aortic stenosis, that correlated 
better with the severity of PH. Kessler et al(3) attributed the reversible 
severe PH in an elderly hypertensive man to abnormal left ventricular 
filling that was treated with long-acting nifedipine. Kjaergaard et al(7) 
alluded to the contribution of diastolic dysfunction to PH by showing 
that HF patients (25% HFpEF) with restrictive filling had higher PASP 
compared to those with non-restrictive patterns. Finally Bouchard 
et al(26) showed a close correlation between PASP and PCWP by 
echo in 69 patients with normal systolic function (not all with HF) and 
concluded that PASP could be used as a surrogate of left ventricular 
filling pressure when pulmonary vascular resistance was assumed 
normal. Our data, while consistent with the prior, importantly highlight 
that the passive contribution of pulmonary venous hypertension may not 
by itself account for the increased PASP in HFpEF compared to elderly 
hypertensives without overt HF. Beyond this post-capillary component 
of PH, we postulate that the greater severity of PH in HFpEF may be 
due to an additional pre-capillary component of pulmonary arterial 
hypertension. In longstanding pulmonary congestion, pre-capillary PH 
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may be mediated by reactive increases in pulmonary arterial tone or 
development of a congestive arteriopathy characterized by pulmonary 
arteriolar remodeling, medial hyperplasia and intimal fibrosis, as shown 
to occur in patients with mitral stenosis(10) or systolic HF(11). The 
presence of PH may therefore carry important clinical implications for 
the diagnosis and treatment of the syndrome as elaborated on below.

Diagnostic Utility 
The difficulties and controversies surrounding the optimal diagnostic 
approach to HFpEF have been the subject of recent debate(27,28). 
In the most current consensus statement from the European Society 
of Cardiology(29), a variety of echocardiographic markers of diastolic 
dysfunction (chiefly the mitral E/e’ ratio) or cardiac remodeling (left atrial 
size, left ventricular mass) were proposed to aid in the diagnosis of 
HFpEF. However, the specificity of these markers has been questioned, 
since elderly hypertensive patients frequently display abnormal mitral 
Doppler profiles and cardiac remodeling in the absence of clinical 
HF(15). As shown in our study and others(26), PASP elevation was 
a good surrogate measure of clinically significant pulmonary venous 
hypertension in HFpEF. The present data further demonstrated the 
utility of PH in distinguishing HFpEF from HTN independent of E/e’, as 
well as its potent independent impact on survival, suggesting that PH 
may play a primary role in the pathophysiology of HFpEF. Importantly, 
these findings need to be prospectively validated in other populations, 
ideally using invasive gold-standard measurements.

Therapeutic Implications
The presence of a pre-capillary component in addition to post-
capillary PH in HFpEF raises the potential that besides therapies 
aimed at reducing pulmonary venous congestion, those aimed at 
pulmonary arterial hypertension may also have a role in the treatment 
of HFpEF. To date, there are no proven therapies in HFpEF. Treatment 
recommendations as outlined in HF guidelines are empiric and have not 
changed over time. Specific therapy aimed at PH in HFpEF is therefore 
an appealing consideration but has been tempered by concern that 
increases in right heart output with pulmonary vasodilators may result 
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in further increases in left atrial pressure in patients with left heart 
disease and HF(30). Indeed, the use of epoprostenol was associated 
with increased mortality in systolic HF (31), although the mechanism 
for increased mortality was unclear.  Similarly despite early data 
demonstrating the deleterious effect of endothelin and potential benefit 
of endothelin antagonism in HF, a trial of  the selective endothelin 
receptor A antagonist darusentan  in systolic HF failed to show clinical 
benefit (Anand I et al Lancet 2004;364:347). Yet there remains room for 
cautious optimism. Recent seminal trials employing phosphodiesterase 
5 inhibitors in systolic HF (32,33), have demonstrated beneficial effects, 
including improvement in exercise capacity and quality of life. In fact, 
evidence exists that phosphodiesterase 5 inhibition may not only improve 
pulmonary tone and right heart function but may also exert pleiotropic 
effects on LV structure(34), ventricular function(34,35) and peripheral 
vascular function(36). These data lend support for the ongoing trial 
of phosphodiesterase-5 inhibition in HFpEF (Phosphodiesterase-5 
Inhibition to Improve Clinical Status And Exercise Capacity in Diastolic 
Heart Failure or RELAX trial; http://clinicaltrials.gov).

Limitations
The feasibility of obtaining tricuspid regurgitation signals may potentially 
have led to overestimation of the prevalence of PH, but estimations 
of PASP were obtained in the majority of subjects including a larger 
proportion of participants than in previous studies. While known causes 
of PH were excluded by careful clinical review in the subanalyses, 
occult diagnoses may have been missed in some patients. Lack of 
invasive measurements of pulmonary artery characteristic impedance 
or pulmonary arteriolar resistance precluded assessment of pulmonary 
artery stiffening or pulmonary arteriolar tone. However this study could 
not have been performed using an invasive approach. The potential 
limited precision of echo-derived PASP is acknowledged (18). Similarly, 
while the E/e’ ratio provides an estimate of PCWP(19), it is not a perfect 
measure of PCWP. Further, resting measures of PCWP do not reflect 
activity related increases in PCWP which may contribute to reactive 
PH and congestive pulmonary arterial remodeling and weaken the 
correlation between resting PCWP and PASP.  Finally, the single time-
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point measurements in this study did not allow assessment for time-
dependence of PASP in Cox regression analysis and may have led to 
underestimation of the prognostic significance of PH. 

Conclusions
PH is common and can be severe in HFpEF presenting in the 
community. In addition to pulmonary venous hypertension from 
diastolic dysfunction, a component of pulmonary arterial hypertension 
may contribute to PH in HFpEF, distinguishing these patients from 
hypertensive controls without HF. The potent association between PH 
and mortality suggests that PH may contribute to the progression of 
HF in patients with HFpEF and thus PH may represent a therapeutic 
target in HFpEF.
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Pathophysiology of heart failure with 
preserved ejection fraction

3.3. Contractility and ventricular systolic 
stiffening in hypertensive heart disease 
insights into the pathogenesis of heart 
failure with preserved ejection fraction.
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ABSTRACT

Objectives: 1) Compare left ventricular (LV) systolic stiffness and 
contractility in normal subjects, hypertensives without heart failure, and 
patients with heart failure and preserved ejection fraction (HFpEF); and 
2) Determine whether LV systolic stiffness or myocardial contractility 
are associated with mortality in HFpEF.

Background: Arterial load is increased in hypertension and is 
matched by increased end-systolic LV stiffness (ventricular-arterial 
coupling). Increased end-systolic LV stiffness may be mediated by 
enhanced myocardial contractility or processes which increase passive 
myocardial stiffness. 

Methods: Healthy controls (n=617), hypertensives without HF (n=719) 
and patients with HFpEF (n=244, 96% hypertensive) underwent echo-
Doppler characterization of arterial (Ea) and LV end-systolic (Ees) 
stiffness (elastance), ventricular-arterial coupling (Ea/Ees ratio), 
chamber-level and myocardial contractility (stress-corrected midwall 
shortening).

Results: Ea and Ees were similarly elevated in hypertensives with 
or without HFpEF compared with controls, but ventricular-arterial 
coupling was similar across groups.  In hypertensives, elevated 
Ees was associated with enhanced chamber-level and myocardial 
contractility, while in HFpEF, chamber and myocardial contractility 
were depressed compared with both hypertensives and controls. 
Group differences persisted after adjusting for LV geometry. In HFpEF, 
impaired myocardial contractility (but not Ees) was associated with 
increased age-adjusted all-cause mortality.

Conclusions: While arterial load is elevated and matched by 
increased LV systolic stiffness in hypertension with or without HFpEF, 
the mechanisms of systolic LV stiffening differ substantially. These data 
suggest that myocardial contractility increases to match arterial load 
in asymptomatic hypertensive heart disease, but that progression to 
HFpEF may be mediated by processes which simultaneously impair 
myocardial contractility and increase passive myocardial stiffness.  
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INTRODUCTION
Half of patients with heart failure (HF) have a preserved ejection fraction 
(HFpEF)(1-4).  HFpEF predominantly afflicts elderly, hypertensive 
patients(1,3,4). Vascular stiffness increases with age, promoting 
systolic hypertension and increased effective arterial elastance (Ea)
(5,6). Left ventricular (LV) end-systolic stiffness (elastance, Ees) 
increases in tandem(5-7), such that the relationship between ventricular 
and arterial elastance (ventricular-arterial coupling) remains relatively 
constant(8-10). 
 End-systolic LV elastance is a measure of contractility, but 
it is also influenced by chamber geometry and passive myocardial 
stiffening(8,11). Ees is elevated in HFpEF(7,10), yet many(12-14), 
though not all(15) prior studies have reported that various systolic 
function indices are mildly depressed in HFpEF.  Indeed, it is well 
recognized that impairments in myocardial contractility may coexist 
with preserved EF in hypertensives with concentric remodeling(16-20).   
This remodeling phenomenon allows preservation of endocardial 
motion despite reduced shortening of individual myofibers, such that 
the EF remains normal(19,21).
 We sought to compare and contrast chamber and myocardial 
contractility, LV end-systolic stiffness and ventricular-arterial coupling 
in three groups of patients: 1) healthy controls without cardiovascular 
disease, 2) hypertensives without HF and 3) patients with HFpEF, 
using multiple load-independent measures of chamber and myocardial 
contractility.  All participants were drawn from a large scale, non-
selected, population-based sample.  To account for differences in 
ventricular geometry, contractile indices were contrasted between 
each pattern of chronic chamber remodeling. To determine the clinical 
significance of these findings, relationships between contractility or LV 
systolic stiffness and mortality were examined.

METHODS
Study Population and Setting
The unique aspects of the Rochester Epidemiology Project for 
population-based research have been described(2,3).  The study was 
approved by the Mayo Institutional Review Board.   
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A random sample (n=2042) of the Olmsted County, Minnesota 
population aged ≥45 years underwent echocardiography and record 
review. From this cohort, two control groups were identified(2,3,10): 
healthy, non-obese controls without cardiovascular disease or diabetes, 
and hypertensive controls without HF. From the same community, 
consecutive patients with HFpEF and no significant valvular disease 
were identified using the Framingham criteria(2,3).  Vital status through 
March 2008 was determined from the Mayo Clinic registration database 
and the Rochester Epidemiology Project death database(2,3). 
Mortality data was ascertained from medical records, death certificates 
for Olmsted County residents, obituaries and notices of death in 
the local newspapers. Data on all Minnesota deaths were obtained 
from the State of Minnesota annually.  Some clinical characteristics 
and ventricular function parameters from subjects in this study have 
previously been published(1-3,10), but most of the systolic indices and 
their associations with outcomes have not. 

Echocardiography
Comprehensive echocardiographic assessment was performed 
by registered diagnostic cardiac sonographers using standardized 
instruments and techniques, with studies interpreted in a blinded 
fashion(10). Ventricular dimensions, wall thickness, chamber volumes, 
and stroke volume were determined in triplicate from 2-dimensional, 
M-mode echocardiography, and Doppler spectra using standard 
methods(10). Sex-specific definitions for ventricular hypertrophy and 
geometry patterns based on LV mass index and relative wall thickness 
(normal, concentric remodeling, concentric hypertrophy, and eccentric 
hypertrophy) were used(10).  Left ventricular end-diastolic pressure 
was estimated from echo-Doppler and tissue-Doppler(10).   Brachial 
blood pressure (BP) was determined by sphygmomanometry.  End-
systolic pressure was determined from the product of 0.9*systolic 
BP(8).  Effective arterial elastance (Ea=end-systolic pressure/stroke 
volume) and circumferential end-systolic wall stress (cESS) were 
determined as measures of ventricular afterload(8,19).   



110

Chapter 3.3

Assessment of LV Systolic Chamber and Arterial Properties 
Endocardial fractional shortening (eFS) was determined from two-
dimensional systolic and diastolic dimensions.  LV end-systolic 
elastance (Ees) was determined by the single beat technique(22).   
Ventricular-arterial interaction was quantified by the coupling ratio 
(Ea/Ees). To account for both afterload and preload, two additional 
load-independent measures of  chamber contractility were examined: 
(1) wall-stress-corrected eFS (sc-eFS), determined by expressing 
observed eFS as a percentage of that predicted for any given wall 
stress, based upon the regression equation derived in the healthy 
controls(18); (2) preload recruitable stroke work (PRSW), determined 
using a validated single-beat technique(23). 

Assessment of Myocardial Contractility
Measures of chamber-level contractility do not necessarily reflect 
myocardial contractility(16-19,21), because motion at the endocardial 
surface is greater than predicted by sarcomere shortening alone, due 
the phenomenon of cross-fiber shortening.  Shortening of muscle fibers 
oriented in orthogonal directions at the inner and outer surfaces of the 
heart causes marked thickening in the radial axis(21).  This effect is 
enhanced in the setting of concentric remodeling, allowing individual 
reductions in myofiber contraction to achieve the same net displacement 
of endocardium, preserving endocardial-based parameters such as 
EF(16,18,19,21).  To assess myocardial contractility, circumferential 
midwall fractional shortening (mFS) was assessed using the two-
shell method of Shimizu(16-19).  To minimize afterload dependence, 
stress-corrected mFS (sc-mFS) was determined as a percentage of 
that predicted for any given wall stress using the regression equation 
derived from the healthy control population(18).  

Statistical methods
Categorical variables were compared by the Chi-square test, and 
continuous variables were compared using one-way ANOVA with 
Bonferroni correction. Regression analysis was used to adjust for age, 
sex, body size, chamber size and morphology, or the presence of other 
diseases, where the dependent variable was the normally distributed 
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continuous (linear least-squares regression) or categorical (logistic 
regression) outcome variable of interest. Any interaction between 
these variables was also evaluated and accounted for as appropriate.  
The Kaplan–Meier method tested for differences in survival between 
groups by the log-rank test. Cox proportional-hazards regression 
was used to adjust for confounding effects of age, body mass index, 
coronary disease, hypertension and diabetes mellitus on survival. 

RESULTS
Subject Characteristics
Of 2042 randomly selected community residents, 617 met the criteria 
for the healthy control group and 719 subjects met the criteria for the 
hypertension without HF group. A total of 244 patients constituted the 
HFpEF group. Nearly all HFpEF patients had a history of hypertension, 

Table 1: Subject characteristics 
Control
(n=617)

Hypertension
(n=719)

HFpEF
(n=244)

Demographics
Age 
(years) 57 (45-96) 66 (46-91)* 76 (22-99) *†

Female 
(%) 55 56 55
Body mass index 
(kg/m2) 25.4±2.7 29.8±5.9* 32.2±20.7*†

Hypertension 
(%) 0 100* 96*
Coronary artery disease 
(%) 0 16* 53*†

Diabetes mellitus 
(%) 0 11* 37*†

Estimated Glomerular Filtration 
Rate
(ml/min/1.73m2)

74.4±14.1 74.7±37.0 64.3±28.1*†

Chronic Beta-Blocker use
(%) 2 29* 74*†

Hemodynamics and LV 
Morphology
Systolic BP 
(mmHg) 118±12 143±21* 132±23*†

Diastolic BP 
(mmHg) 70±8 76±11* 67±14†

LV mass index 
(g/m2) 88.8±16.3 100.2±22.7* 102.1±29.0*
Relative wall thickness 0.38±0.06 0.42±0.07* 0.45±0.10*†
Percent with LV hypertrophy
(%) 18 40* 42*

* p<0.05 vs CON; † p<0.05 vs HTN
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and were older, more obese, and had higher prevalence of coronary 
artery disease and diabetes than hypertensives or controls (Table 1).  

Ventricular-Arterial Stiffness and Coupling
Hypertensives and HFpEF displayed increased afterload (Ea and 
cESS) compared to controls (Table 2).  While Ea was similarly 
increased in hypertensives and HFpEF, cESS was higher in HFpEF. 
As previously reported in this population(10), Ees was similarly 
increased in hypertensives and HFpEF compared with controls (Table 
2).  Overall, Ees was strongly correlated with Ea (Figure 1A), and both 
this relationship and the mean coupling ratios (Ea/Ees) were similar 
in all three groups (Table 2), indicating preserved ventricular-arterial 
coupling. 

Figure 1. VA coupling and contractility: [A] The relationship between Ees and Ea 
was similar among each group (dashed lines show 95% prediction bands). [B-D] Load-
independent chamber contractility (PRSW and sc-eFS) and myocardial contractility (sc-
mFS) were elevated in hypertensives without HF and decreased in HFpEF compared 
with hypertensives and controls.  Data are mean ± standard deviation.



112 113

Contractility and LV Stiffness in HFpEF

LV Chamber and Myocardial Systolic Properties 
As compared to controls, EF was similar but eFS and mFS were higher 
in the hypertensive group. In contrast, in HFpEF, EF, eFS and mFS were 
reduced as compared to hypertensives or controls (Table 2). Similarly, 
load-independent measures of chamber contractility (PRSW and sc-
eFS) were higher in hypertensives as compared to controls and lower 
in HFpEF compared with hypertensives or controls (Table 2, Figure 
1).  Adjusting for wall stress (cESS), mFS was higher in hypertensives 
compared to controls (Figure 2A) and lower in HFpEF compared to 
controls (Figure 2B) and hypertensives (Figure 2C).  HFpEF displayed 

Figure 2. Myocardial contractility: [A] The relationship between midwall myofiber 
shortening (mFS) and end-systolic wall stress (log cESS) showing mean regression 
(solid) line and 95% confidence limits (dotted) in controls (black) with data points 
and regression line for hypertensives (blue) shifted upward, indicating enhanced 
myocardial contractility in hypertension. [B-C] In HFpEF (red), the data points and 
regression line are shifted down as compared to both controls and hypertensives, 
indicating depressed contractility. [D] Cumulative distribution plot for sc-mFS show that 
compared to healthy controls (black), myocardial contractility is depressed in HFpEF 
(red) and enhanced in hypertensives without HF (blue). 
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lower sc-mFS than hypertensives or controls (Table 2, Figure 1), 
even after adjusting for age, gender, body size, renal function, beta-
blocker use, history of coronary disease and diabetes (p<0.0001). The 
cumulative distribution of sc-mFS was shifted rightward from controls 
in hypertension and leftward in HFpEF (Figure 2D), indicating that 
myocardial contractility was systematically enhanced in hypertensives 
and impaired in HFpEF. 

Relationships of Geometry to Contractility
As previously described in this cohort(3,10), relative wall thickness 
increased from controls to hypertension to HFpEF (Table 1). The 
prevalence of left ventricular hypertrophy was similarly increased 
in hypertensives and HFpEF.  The distribution of geometry among 
hypertensives and HFpEF patients was different from that of control 

Figure 3: Geometry and its effect on end-systolic elastance and contractility 
indices:  [A] The distributions of LV geometry differed among controls, hypertensives 
and HFpEF.  Even within the healthy control group, Ees varied according to geometry 
pattern [B], as did PRSW, sc-eFS and sc-mFS [C]. See text for discussion. Data are 
mean ± standard error.
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patients (Figure 3A), and tended to be different in HFpEF versus 
hypertensives (p=0.045). 
 In healthy controls, Ees (Figure 3 B) and most contractile indices 
(Figure 3 C) were systematically elevated or reduced as a function of 
chamber geometry alone.  To adjust for confounding effects of chamber 
remodeling between the groups, we compared Ees and each contractile 
index within each geometry pattern.  Figure 4 shows that, regardless of 
geometry, Ees was consistently elevated in hypertensives and HFpEF 
as compared to controls, while PRSW, sc-eFS and sc-mFS were each 
consistently higher in hypertensives as compared to controls and lower 
in HFpEF as compared to both hypertensives and controls.  

Figure 4: VA coupling and contractility according to group and geometry: [A] 
Ees was elevated in HFpEF (red) and hypertensives (blue) compared with controls 
(black) for each pattern of geometry. In contrast, PRSW [B], sc-eFS [C] and sc-mFS [D] 
were each consistently depressed in HFpEF and elevated in hypertensives compared 
with controls. CR, concentric remodeling; CH, concentric hypertrophy; EH, eccentric 
hypertrophy.  See text for discussion. Data are mean ± standard error.
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Myocardial Contractility and Outcomes
Median follow-up was 3.1 years (mean 3.1 ± 0.6 years) in the HFpEF 
group. Mortality at 3 years was 36.4% in HFpEF, 3.1% in hypertension, 
and 0.8% in controls. In the HFpEF group, survival decreased with 
greater impairment of myocardial contractility (Figure 5). After 
adjusting for age, sc-mFS below the median was associated with a 
33% increase in mortality (p =0.013).  Impaired sc-mFS remained a 
significant predictor of mortality after adjusting for age, body mass 
index, coronary disease, hypertension and diabetes mellitus (p=0.01).  
In contrast, EF, Ees, Ea, and geometry pattern were not associated 
with age-adjusted mortality (p>0.05). 

DISCUSSION 
This is the largest population-based study to date examining left 
ventricular systolic properties in HFpEF, exploring the mechanisms 

Table 2: Load, Contractility and Ventricular-Arterial Coupling
Control
(n=617)

Hypertension
(n=719)

HFpEF
(n=244)

LV Afterload
cESS 
(kdyne/cm2) 90.8±21 98.9±28.5* 105.5±35.4*†

Ea 
(mmHg/ml) 1.30±0.30 1.50±0.41* 1.53±0.43*
Ventricular arterial coupling
Ees 
(mmHg/ml)

1.99±0.59 2.30±0.80* 2.42±0.90*
Ea/Ees 0.68±0.13 0.68±0.17 0.69±0.22
Systolic Function
EF 
(%)

63±5 65±6 62±6*†

eFS 
(%)

39.7±5.1 41.3±5.7* 35.9±6.6*†
mFS 
(%)

20.9±2.5 21.5±2.7‡ 18.5±3.0*†
Load-Independent Measures Contractility
PRSW 
(g/cm2)

84.5±18.6 99.3±25.5* 78.7±31.1*†
sc-eFS
(% predicted)

100±8 108±11* 96±12*†

sc-mFS
(% predicted)

100±10 105±12* 91±13*†
 
*p<0.005 vs CON; †p<0.0001 vs HTN (unadjusted) 

cESS=circumferential end-systolic stress, Ea=effective arterial elastance, Ees=end-
systolic elastance, EF=ejection fraction, eFS=endocardial fractional shortening, 
mFS=midwall fractional shortening, PRSW=preload-recruitable stroke work, sc=stress-
corrected.
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underlying ventricular-arterial coupling in hypertensive heart disease 
according to the presence or absence of HFpEF. Among hypertensives, 
increases in end-systolic LV stiffness were associated with increased 
chamber and myocardial contractility. In contrast, similar increases in 
HFpEF patients were associated with impaired contractility, suggesting 
that elevated Ees may be related to passive myocardial stiffening to 
a greater extent in this group.  Disparities in contractile function were 
not due to differences in chamber geometry, and impaired myocardial 
contractility in HFpEF was associated with increased mortality.  We 
speculate that over time, patients with hypertensive heart disease who 
develop HFpEF acquire structural or functional perturbations which 
impair myocardial contractility, and that these perturbations contribute 
to the transition to and progression of overt HF, despite preserved EF.
 
Ventricular-Arterial coupling
The interaction of the heart with the arterial system (ventricular-arterial 
coupling) is a key determinant of cardiovascular performance(8,9). Ea 
is a lumped parameter reflecting total arterial afterload, incorporating 
mean and pulsatile components. Ees is determined invasively from the 
slope and intercept of the end-systolic pressure-volume relationship, 
but may also be measured noninvasively(22), allowing Ees to be 
determined in larger patient populations.  Ventricular-arterial coupling 
is expressed by the Ea/Ees ratio(8). 
 While EF is the most commonly utilized measure of systolic 
function in clinical practice, it is potently influenced by loading 
conditions and chamber remodeling(24,25). EF is more accurately 
conceptualized as a measure of ventricular-arterial coupling.  Under 
normal circumstances, the Ea/Ees ratio varies from 0.5-1.0, a range 
where cardiac work and efficiency are optimized(8,9).  While normal 
ventricular-arterial coupling ratios (and EF) were observed in each 
patient group, there were dramatic differences in the ways in which 
coupling was maintained—enhanced contractility in hypertensives 
without HF but impaired contractility in HFpEF.  
 It is well recognized that changes in contractile performance 
alter Ees(22,24) but Ees is also influenced by chamber geometry, and 
by factors which alter the passive stiffness of the myocardium(8,11). 
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With aging, increases in arterial stiffness are associated with tandem 
increases in both systolic and diastolic LV stiffness(5,6,8). Indeed, in this 
study population, we have previously reported that diastolic ventricular 
stiffness is elevated in both hypertensives and HFpEF compared with 
healthy controls, but is highest in HFpEF(10). Taken together with the 
current findings of impaired contractility despite elevated Ees in HFpEF, 
we speculate that the processes which contribute to diastolic stiffening 
in HFpEF influence systolic stiffness as well. 

Contractility and Coupling in HFpEF  
Seminal reports from the 1980’s and 90’s demonstrated that 
abnormal myocardial contractility may coexist with a normal EF, 
because concentric geometric chamber remodeling preserves the 
extent of endocardial motion relative to the diastolic cavity size(16-
19,21).  A number of studies have reported abnormalities in regional 
systolic function in HFpEF, particularly shortening in the longitudinal 
axis(12,26-29).  However, the significance of these findings has 
been questioned(30), because systolic velocities vary inversely 
with afterload(31), typically elevated in HFpEF patients(8,10), and 
because longitudinal shortening does not fully reflect chamber-level 
contractility(30).  Examining load-independent parameters of chamber 
and myocardial contractility in a large, population-based study, we 
show that patients with HFpEF indeed do display systolic dysfunction 
compared with both hypertensives without HF and healthy controls. 
 Two important but smaller-sized studies also found that 
roughly a third of HFpEF patients fell below the 95% prediction bands 
for the relationship between mFS and cESS observed in healthy 
controls(14,15). More importantly, over 90% of HFpEF patients fell 
below the mean regression line describing healthy controls.  This is 
consistent with the systematic shift in the distribution of myocardial 
contractility in HFpEF observed in the current study. However, prior 
studies did not compare HFpEF with hypertensive controls, HFpEF 
subjects were highly selected, there were no adjustments for differences 
in LV geometry, and the impact of impaired myocardial contractility on 
survival was not examined. 
 Ees increases with decreasing LV size, yet even after adjusting 
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for differences in geometry, Ees remained significantly elevated in 
HFpEF, while each additional load-independent index of chamber-
level and myocardial contractility was impaired.  This “disconnect” 
between Ees and other measures of contractility has been observed in 
animal models of pressure overload HF, where increased Ees coexists 
with impaired chamber, myocardial and myocyte contractility, fibrosis, 
diastolic dysfunction and impaired beta adrenergic signaling(32).  
The association of resting contractile dysfunction with increased 
mortality in HFpEF, viewed in light of these animal studies and recent 
studies demonstrating abnormal contractile reserve with stress in 
HFpEF(33-35) indicates that impaired contractility, however mild at 
rest, may not simply be an innocuous bystander in HFpEF, but rather 
may reflect processes which mediate progression to overt HF. 
Contractility and Coupling in Hypertension without HF
 Hypertension is a dominant risk factor for HFpEF(1,4), and 
many of the cardiovascular features in HFpEF are also seen in 
asymptomatic hypertensives(13,33).  As such, comparisons between 
these two groups provide valuable mechanistic insight into what 
specifically distinguishes the HFpEF phenotype.  While elevated Ees 
in HFpEF coexisted with impaired contractility, elevated Ees was 
associated with enhanced contractility in hypertensives. Earlier studies 
have reported reduced myocardial contractility in hypertension, and 
that the presence of impaired myocardial contractility is associated 
with higher rates of cardiovascular events(36).  However, the patient 
groups populating these earlier referral-based studies were often 
pre-selected for the presence of hypertrophy, and had more extreme 
levels of concentric remodeling(13,16,18,19).  We also found that sc-
mFS was categorically impaired in the presence of concentric relative 
to normal geometry—regardless of patient group (Figures 3 and 4). 
However, within each geometry pattern, contractility was consistently 
enhanced in hypertensives without HF. The hypertensive patients in the 
current study were younger than HFpEF, and it may be that most of the 
hypertensive controls in this population-based study were at an “earlier” 
stage of disease, where enhanced contractility may be observed as has 
been reported in human (37,38) and animal studies(39).  Alternatively, 
hypertensives in this more contemporary, population-based study may 
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have been more optimally treated(40), since the extent of concentric 
remodeling was not as extreme as seen in earlier referral-based 
studies.  If hypertensive heart disease and HFpEF exist in a continuum 
as has been suggested(10), it may be that the processes leading to 
concomitant loss of contractile hyper-function and passive stiffening 
play a role in the transition from hypertension to clinically-evident 
HFpEF. Alternatively, the myocardial response to pressure overload 
may differ in patients predisposed to develop HFpEF. These concepts 
merit future investigation in longitudinal studies.

Study Limitations
The methods employed to assess systolic function are validated against 
gold standard techniques(10,22,23), but echo-Doppler data inherently 
have greater variability compared with invasive measurements.  
While sampling bias was minimal in this population-based study, our 
study cohort was almost exclusively white, and these results may 
not be applicable to other ethnic groups.  Cause of death data is not 
available from this population, and we are unable to determine how 
impaired contractility might be related to mode of death.  These data 
are observational in nature and therefore cannot prove causality or 
temporal progression.  

Conclusions 
While ejection fraction and ventricular-arterial coupling are similarly 
“normal” in hypertensives with or without HFpEF, the mechanisms 
whereby LV systolic elastance increases to match arterial load differs 
according to the presence of HF.  Patients with hypertension without HF 
display enhanced Ees and contractility, while Ees in HFpEF is elevated 
despite impaired contractility, at both the chamber and myocardial 
levels. These differences are independent of geometry, and myocardial 
contractile dysfunction is associated with increased mortality in HFpEF, 
emphasizing its clinical importance. Therapies targeting processes 
which mediate concomitant contractile dysfunction and passive 
stiffening may prove useful in the treatment of patients with HFpEF.
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Heart failure with preserved ejection fraction (HFPEF) is becoming the 
dominant form of heart failure in developed countries.(1) Yet, there 
remain fundamental gaps in our understanding of the pathophysiology 
of HFPEF(2) and we still do not have evidence-based therapies to 
reduce morbidity and mortality in HFPEF. 
 The study by Akiyama et al highlights a potential novel target 
in HFPEF. In this observational hospital-based study of 321 patients 
with HFPEF and 173 age-, sex- and comorbidity- matched controls, 
endothelial function was assessed using reactive hyperemia peripheral 
arterial tonometry. Endothelial dysfunction (defined by a reactive 
hyperemia index below the median value of 0.49) was independently 
associated with HFPEF, as were higher body mass index and 
lower glomerular filtration rate. In HFPEF, endothelial dysfunction 
predicted cardiovascular events over a mean follow-up of 20 months, 
independently of clinical (age, diabetes, hospitalization, NYHA status), 
echocardiographic (E/e’, EF) and neurohormonal (BNP) factors. Of 
note, the study population consisted of patients referred to two tertiary 
centers in Japan, was more predominantly male (50%), and had better 
outcomes than observed in Western cohorts.(1) Whether this was due 
to selection bias or true ethnic differences could not be ascertained. 
Nonetheless, the strong prognostic significance of endothelial 
dysfunction in HFPEF suggested that the association was not merely a 
passive observation, but that endothelial dysfunction may have actively 
contributed to the pathophysiology and progression of HFPEF. 

Endothelial dysfunction
 The endothelium plays an obligatory role in cardiovascular 
homeostasis by regulating cardiac function and vasomotor tone, 
adjusting vascular permeability, and preserving blood fluidity.(3) 
Endothelial dysfunction is clinically assessed as a deficient vasodilatory 
response to various stimuli, indicating impaired endothelium-mediated 
NO bioavailability. In the study by Akiyama et al, the stimulus used 
was the surge of blood flow following release of brachial artery cuff 
occlusion (endothelium-dependent flow mediated dilatation), and the 
hyperemic response was measured in the peripheral vasculature. 
This methodology is simple and non-invasive, offering the potential 
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for widespread clinical application, but provides only a narrow view 
of overall endothelial function. A comprehensive assessment of 
endothelial function requires consideration of the endothelium as 
an integrated system involving not only the peripheral vasculature 
of the systemic circulation, but also the central circulation, including 
the cardiac (myocardial capillary and endocardial) and pulmonary 
vascular endothelium (Figure 1A).(3) The findings of Akiyama et al 
may be viewed as a mere reflection of a more general dysfunction 
of the entire endothelial system in heart failure, for only if placed in 
such a broader context will these peripheral vascular measurements 
genuinely contribute to our insights into the pathophysiology of HFPEF.

Cardiovascular risk factors and endothelial dysfunction
When viewed as a single system integrated within other organ systems 
of the body, the endothelium forms the first point of contact between 
circulating blood-borne factors and adjacent organ tissues. In the 
presence of cardiovascular risk factors such as diabetes, dyslipidemia, 
and hypertension, redox imbalances induce oxidative stress that 
causes endothelial dysfunction,(4) even in the absence of end-
organ damage. Akiyama et al matched their patients and controls for 
diabetes and hypertension, but still found more endothelial dysfunction 
in patients with HFPEF who were notably more obese than controls. 
Obesity is associated with marked endothelial dysfunction which has 
recently been shown to be related to increased activity of the pro-
inflammatory cytokine TNF-α (promoting superoxide generation and 
reducing NO bioavailability in visceral adipose vasculature).(5) HFPEF 
is increasingly recognized as an inflammatory condition, mediated in 
large part by obesity.(6) The higher levels of high-sensitivity C-reactive 
protein in the HFPEF group of the study by Akiyama et al support this 
concept. 

Peripheral vascular endothelium
While there are ample experimental and clinical data showing that 
both peripheral and central endothelial dysfunction contribute to the 
pathogenesis of heart failure,(7) most of this evidence pertains to heart 
failure with reduced ejection fraction. In skeletal muscle, endothelial 
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dysfunction in both conductive and resistance vessels may explain 
exercise intolerance – the cardinal manifestation of heart failure 
irrespective of ejection fraction. In HFPEF, Borlaug et al(8) found a high 
prevalence of endothelial dysfunction and blunted exercised-induced 
augmentation in peripheral blood flow in association with reduced 
exercise capacity. Similarly, Akiyama et al observed poorer NYHA status 
in those with impaired endothelial function, underscoring the functional 
significance of endothelial dysfunction in HFPEF. Furthermore, 
endothelial dysfunction may impact the renal vasculature.(9) The extent 
to which renal vascular endothelial dysfunction contributed to the lower 
glomerular filtration rates in patients with HFPEF compared to matched 
controls in the study by Akiyama et al deserves further study.

Central cardiac endothelium
Beyond endothelial cells in various peripheral organs, endothelial cells 
in the heart warrant consideration for their role in HFPEF.(3) These 
include endothelial cells of the coronary vessels, but more importantly of 
the intramyocardial capillaries and endocardium where endothelial cells 
directly communicate with subjacent cardiomyocytes. The contribution 
of the cardiac endothelium, in conjunction with the pulmonary 
vascular endothelium (Figure 1A), is of critical importance since this 
represents the largest endothelial surface of the body, and serves 
as the greatest single source of endothelial mediators.(3) Indeed, in 
experimental post-infarction settings, both cardiac(10) and pulmonary 
vascular(11) endothelial dysfunction have been shown to contribute to 
the development of heart failure. In the setting of HFPEF however, data 
are scarcer. The key risk factors for HFPEF, namely hypertension and 
diabetes, are associated with evidence of endocardial and myocardial 
capillary endothelial abnormalities in experimental models,(12, 13) and 
these abnormalities may explain the impaired left ventricular relaxation 
in pressure-overload hypertrophy.(14) The coronary endothelium has 
been shown to modulate left ventricular diastolic function via paracrine 
effects in healthy humans and post-transplant patients.(15) More work 
is needed to better understand how cardiac endothelial dysfunction 
contributes to the pathophysiology of human HFPEF.
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Figure 1. The endothelial system in heart failure with preserved ejection fraction 
(HFPEF) The cardiovascular endothelial system integrates the peripheral vascular 
endothelium (VE) with the central cardiac endothelium (consisting of coronary VE, 
myocardial capillary endothelium and endocardial endothelium) and pulmonary 
VE. Modified from (3) [A] The endothelium is at the interface between circulating 
cardiovascular factors and underlying organ tissues. Oxidative stress causes 
endothelial activation, endothelial dysfunction and organ-level dysfunction which 
may be observed in patients with HFPEF (red italics). [B] The relative contribution 
of endothelial dysfunction to the pulmonary versus systemic circulations may differ. 
Considering hemodynamic factors of pressure (P), volume (V) and flow (F), the 
predominantly flow-endothelium dependent pulmonary circulation (blue) may be more 
susceptible to shear stress and endothelial dysfunction compared to the predominantly 
pressure-load dependent systemic circulation (red).

A

B
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Systemic versus pulmonary circulation
Combined ventricular and vascular stiffening, involving both the systemic 
and pulmonary circulations, is known to play a role in the pathophysiology 
of HFPEF.(16, 17) In the systemic circulation, endothelial dysfunction, 
detectable in healthy individuals with normal brachial blood pressure, is 
associated with increased central pulse pressure and systemic arterial 
stiffening,(18) This suggests that systemic endothelial dysfunction 
may be a primary phenomenon in the development of frank systemic 
hypertension and its pathophysiologic consequences of increased left 
ventricular wall stress, hypertrophy, diastolic dysfunction and HFPEF. 
In the pulmonary circulation, endothelial dysfunction has similarly been 
detected as an early event leading to the development of pulmonary 
hypertension in the setting of experimental heart failure.(11) The 
presence of pulmonary hypertension is an ominous development in 
the progression of HFPEF.(17) While endothelial dysfunction may be 
the common substrate underlying parallel changes in the systemic 
and pulmonary circulations, the relative contributions of endothelial 
dysfunction in the two circulations may differ: The pulmonary circulation, 
being primarily flow-driven in contrast to the pressure-driven systemic 
circulation, may be more susceptible to the influence of shear stress 
and endothelial dysfunction (Figure 1B). 

Conclusions
A significant pathophysiologic role of endothelial dysfunction in HFPEF, 
as supported by data from Akiyama et al, suggests that endothelial 
dysfunction may be a potential therapeutic target. Indeed, many of the 
actions of endothelium-derived NO are attributable to activation of the 
cGMP pathway -- a pathway targeted by compounds such as sildenafil 
and LCZ696 which are currently being tested in therapeutic trials in 
HFPEF. Results of these trials are eagerly anticipated and may shed 
more light on the importance of endothelial function in HFPEF.
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ABSTRACT

Background: Heart failure (HF) is a clinical syndrome characterized 
by signs and symptoms involving multiple organ systems. Longitudinal 
data demonstrating that asymptomatic cardiac dysfunction precedes 
overt HF are scarce, and the contribution of non-cardiac dysfunction 
to HF progression is unclear. We hypothesized that subclinical cardiac 
and non-cardiac organ dysfunction would accelerate the manifestation 
of HF.

Methods and Results: We studied 1038 participants of the Framingham 
Heart Study original cohort (mean age 76±5 years; 39% men) with 
routine assessment of left ventricular (LV) systolic and diastolic 
function. Major non-cardiac organ systems were assessed using serum 
creatinine (renal), serum albumin (hepatic), ratio of forced expiratory 
volume in 1 second (FEV1) to forced vital capacity (FVC) (pulmonary), 
hemoglobin concentration (hematologic/oxygen carrying capacity) and 
white blood cell count (systemic inflammation). On follow-up (mean 11 
years), there were 248 incident HF events (146 in women). Adjusting 
for established HF risk factors, antecedent LV systolic (hazards ratio 
2.33; 95%CI, 1.43–3.78) and diastolic (hazards ratio 1.32; 95%CI, 1.01-
1.71) dysfunction were associated with increased HF risk. Adjusting for 
cardiac dysfunction, higher serum creatinine, lower FEV1:FVC ratios 
and lower hemoglobin concentrations were associated with increased 
HF risk (all P<0.05); serum albumin and white blood cell count were 
not. Subclinical dysfunction in each non-cardiac organ system was 
associated with a 30% increased risk of HF (P=0.013).

Conclusions: Antecedent cardiac and non-cardiac organ dysfunction 
are associated with increased incidence of HF, supporting the notion 
that HF is a progressive syndrome and underscoring the importance of 
non-cardiac factors in its occurrence.
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INTRODUCTION
Heart failure (HF) is a clinical syndrome characterized by a constellation 
of signs and symptoms involving multiple organ systems such as the 
heart (classic ‘pump failure’), the lungs (dyspnea), the kidneys (salt and 
water retention) and the liver (congestion). Current HF guidelines1, 2 
emphasize the importance of asymptomatic cardiac dysfunction as 
a preceding stage in the progression to clinically overt HF. Cross-
sectional studies have demonstrated the presence of asymptomatic 
systolic or diastolic LV dysfunction in the community in individuals 
at risk of, but without HF,3 and an even higher prevalence of these 
abnormalities in patients with overt HF.4 However, to demonstrate a 
prospective association between these structural precursors and future 
HF, longitudinal studies are needed.
 Importantly, the current HF staging system1 does not 
specifically acknowledge the potential association of non-cardiac 
dysfunction with the occurrence of HF. Since the syndrome of HF 
involves multiple organ systems, even mild functional derangement of 
a non-cardiac organ system may accelerate the manifestation of overt 
HF, particularly when other organ systems are also involved. Indeed, 
emerging evidence suggests that subclinical renal impairment,5 
hypoalbuminemia,6, 7 decline in pulmonary function,8, 9 anemia10 
and systemic inflammation11 may all contribute to HF progression. 
Of note, the prevalence of non-cardiac co-morbidities is high among 
patients with overt HF, and these co-morbidities are major determinants 
of mortality after the onset of HF.12, 13 
 The relations of antecedent cardiac and non-cardiac dysfunction 
(i.e. present before onset of overt HF) to the incidence of HF have not 
been studied comprehensively in the community. In a previous report,14 
we described the prevalence and prognosis of asymptomatic LV systolic 
dysfunction in the community but that investigation did not examine 
the association of LV diastolic dysfunction or of non-cardiac major 
organ system dysfunction with the risk of HF. Accordingly, we aimed 
to prospectively determine the association of cardiac and non-cardiac 
dysfunction with the incidence of HF among older adults without HF in 
the community. To achieve this, we harnessed the unique availability 
of longitudinal data and routine surveillance in the Framingham Heart 
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Study. We hypothesized that subclinical dysfunction in both cardiac and 
non-cardiac organ systems would accelerate the manifestation of HF. 
Further recognizing potential mechanistic differences between HF with 
reduced ejection fraction (HFREF) versus HF with preserved ejection 
fraction (HFPEF), we also hypothesized that the types of antecedent 
subclinical organ system dysfunction may differ according to the type 
of incident HF (HFREF versus HFPEF). 

METHODS
Participants
The Framingham Heart Study is a longitudinal community-based 
cohort study that began in 1948.15 The original cohort has been under 
continuous surveillance and participants are examined at the Heart 
Study clinic approximately every 2 years. In the present investigation, 
we included participants attending the 20th biennial examination with 
routine assessment by Doppler echocardiography, but without prevalent 
HF (Supplementary Figure 1). Since our focus was on subclinical organ 
dysfunction, we excluded participants with overt organ dysfunction 
such as those with overt renal failure (defined as a serum creatinine>2 
mg/dL [176.8 μmol/l]; N=12). All participants provided written informed 
consent and the study protocol was approved by the Institutional 
Review Board of the Boston University Medical Center.

Definition of cardiac dysfunction
Established HF risk factors modeled as covariates included age, sex, 
body mass index, systolic blood pressure, hypertension treatment, 
cholesterol, diabetes mellitus, prior myocardial infarction, and 
valvular heart disease. LV systolic dysfunction was assessed by 
echocardiographic ejection fraction estimated visually.14 LV diastolic 
dysfunction was defined on the basis of LV filling pattern as any 
abnormal relaxation, pseudonormal filling or restrictive filling. Abnormal 
relaxation (mitral E/A<0.5, deceleration time>280 ms) or restrictive 
filling (mitral E/A>2.0, deceleration time<120 ms) was classified based 
on mitral inflow patterns.16 In the absence of tissue Doppler imaging, 
pseudonormal LV filling was distinguished from normal LV diastolic 
function by the presence of any of the following: left atrial size ≥ sex-
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specific 80th percentile, LV mass ≥ sex-specific 80th percentile, or any 
atrial fibrillation. These criteria closely parallel recommendations from 
the European Society of Cardiology (ESC) for the diagnosis of HFPEF,17 
and use the upper sex-specific quintiles of left atrial size and LV mass 
to characterize atrial enlargement and LV hypertrophy,18 respectively, 
in our elderly cohort. Both LV systolic and diastolic dysfunction were 
modeled as binary variables (presence versus absence).

Definition of non-cardiac major organ system dysfunction
We evaluated non-cardiac major organ systems that could accelerate 
the manifestations of HF (dyspnea, fluid retention/pedal edema, and 
exertional fatigue). Participants underwent routine spirometry and 
phlebotomy. Measurement variables used to define non-cardiac 

Figure 1. Association of measures of major non-cardiac organ system function 
with risk of incident heart failure Generalized additive models with penalized splines 
were used to assess the association of multivariable-adjusted hazards ratio for heart 
failure with (A) serum creatinine concentration, (B) ratio of forced expiratory volume in 
1 second to forced vital capacity (FEV1:FVC ratio) and (C) hemoglobin concentration. 
Lines indicate means (solid) and 95% confidence intervals (dotted). *Y-axes represent 
multivariable-adjusted Ln (hazards ratio). To obtain serum creatinine concentration in 
μmol/l, multiply values in mg/dl by 88.4.
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function included:5-7, 10, 11 
• Renal system: serum creatinine.
• Hepatic system: serum albumin concentration.
• Pulmonary system: ratio of forced expiratory volume in 1 second 

(FEV1) to forced vital capacity (FVC) expressed as % predicted 
for age and sex.

• Hematologic system/oxygen carrying capacity: hemoglobin 
concentration.

• Systemic inflammation: white blood cell count.

These non-cardiac function variables were modeled as both continuous 
and as binary variables (see below). The sample size for analyses of 
non-cardiac dysfunction variables was smaller (n=676) than the overall 
sample with available echocardiographic measures of LV systolic and 
diastolic function (n=1038; Supplementary Figure 1).

Outcome
Participants have been under ongoing, routine surveillance for incident 
HF since the baseline examination in 1987-1990. HF was defined as 
satisfying the previously published Framingham criteria19 (presence 
of 2 major, or of one major plus two minor criteria) and adjudicated 
by a panel of three experienced investigators. The ejection fraction 
closest to the date of the HF event was used to categorize HF into 
HFPEF (EF>45%) or HFREF (EF≤45%).20 Measurements of ejection 
fraction performed at HF onset, during HF hospitalization, or within 1 
year of HF onset in the absence of intervening myocardial infarction 
were eligible.20

Statistical analyses
We used Cox proportional hazards regression models to assess the 
relationship of cardiac and non-cardiac dysfunction variables to the 
incidence of HF after confirming that the assumption of proportionality 
of hazards was met.  Covariates eligible for the multivariable model 
included LV systolic and diastolic dysfunction, continuous measures 
of non-cardiac function (defined above), as well as established HF risk 
factors (defined above). 
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 For each non-cardiac function variable (including those found 
to be not significant), we initially examined generalized additive 
models with penalized splines to assess potential non-linearity of the 
association.21 None of the associations were found to be non-linear. 
Therefore, we proceeded to model linear associations in Cox models.  
In the absence of any non-linearity of the associations, we also used 
a priori cut-points based on the lower 25th or upper 75th percentile of 
each continuous variable in order to create binary variables defining 
organ “dysfunction” for incorporation into a risk score. The risk score 
for non-cardiac dysfunction was then calculated for each participant 
by allocating 1 point for each affected non-cardiac organ system that 
was significantly associated with the risk of HF. This scoring system 
approach assumes that the hazards posed by dysfunction in each of 
the non-cardiac systems are similar (weighted the same), and offers 
a simple, practical score that may be meaningfully applied in clinical 
settings. The association of the non-cardiac risk score with incident HF 
was then plotted using Kaplan-Meier curves, and assessed using Cox 
proportional hazards modeling adjusting for established HF risk factors 
(noted above) and cardiac dysfunction variables. 
 Finally, analyses were repeated separately for incident HFREF 
as the outcome (and censoring cases of HFPEF at the time of that 
event), or incident HFPEF as the outcome (and censoring cases of 
HFREF at the time of that event). Cox proportional hazards regression 
was used, in which variables entered into the model included LV systolic 
and diastolic dysfunction, measures of non-cardiac function, as well as 
established HF risk factors noted above. Valvular heart disease was 
excluded in the analysis for HFPEF consistent with current diagnostic 
criteria,17 and included as a covariate in the analysis for HFREF.
 All analyses were performed using SAS and a two-sided P 
value of <0.05 was used to indicate statistical significance. All authors 
had full access to the data and take responsibility for the integrity of the 
data.

RESULTS
Baseline characteristics
The study sample consisted of 1038 elderly participants (Table 1). More 
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than three-quarters of the sample was hypertensive and about half 
was on antihypertensive treatment. The prevalence of asymptomatic 
LV systolic and diastolic dysfunction were 5% and 36%, respectively, 
consistent with other community-based studies.3 The distributions of 
measures of non-cardiac function were within the ranges expected for 
elderly individuals in the general population.5

Cardiac dysfunction as a risk factor for incident HF
Over a mean follow-up of 11 years, there were 248 incident first HF 
events (146 in women; 119 HFREF, 101 HFPEF, EF was not available 
for 28 HF events). In multivariable models adjusting for established 

Table 1. Baseline characteristics
Characteristics
N 1038
Age, yrs 76±5
Men, no.,(%) 409 (39)
Cardiovascular risk factors
Body mass index, kg/m2 26.6±4.5
Systolic blood pressure, mmHg 147±22
Hypertension, no., (%) 799 (77)
Hypertension treatment, no., (%) 551 (53)
Total cholesterol:HDL ratio 4.85±1.65
Diabetes mellitus, no., (%) 104 (10)
Myocardial infarction, no, (%) 96 (9)
Valve disease, no., (%) 41 (4)
Cardiac function
LV systolic dysfunction, no., (%) 57 (5)
LV diastolic dysfunction,*no., (%) 372 (36)
Non-cardiac function
Serum creatinine , mg/dl 0.93±0.23
Serum albumin, g/dl 4.23±0.36
FEV1:FVC ratio, % predicted 96.9±10.9
Hemoglobin concentration, g/dl 14.0±1.5
White blood cell count, x109/l 6.8±2.3

Values are mean±SD unless otherwise stated. Serum creatinine concentration can 
be converted to μmol/l by multiplying the value in mg/dl by 88.4. HDL, high-density 
lipoprotein; LV, left ventricular; EF, ejection fraction; FEV1:FVC, ratio of forced expiratory 
volume in 1 second to forced vital capacity expressed as % predicted for age and sex 
* Diastolic dysfunction included any abnormal relaxation (mitral E/A<0.5, deceleration 
time>280 ms); pseudonormal LV filling (distinguished from normal LV diastolic function 
by the presence of any of the following: left atrial size ≥ sex-specific 80th percentile 
[4.8 cm in men, 4.4 cm in women], LV mass ≥ sex-specific 80th percentile [158.4 g/m2 
in men, 141.9 g/m2 in women], or any atrial fibrillation); or restrictive filling (mitral E/
A>2.0, deceleration time<120 ms).
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HF risk factors (age, sex, body mass index, systolic blood pressure, 
hypertension treatment, cholesterol, diabetes mellitus, prior myocardial 
infarction, and valvular heart disease), both LV systolic dysfunction and 
LV diastolic dysfunction were associated with increased risk of incident 
HF (Table 2).

Non-cardiac risk factors and major organ system dysfunction risk 
score for incident HF
Participants (n=676; mean age 75±5 years; 42% men) without missing 
non-cardiac risk factor variables had similar baseline characteristics 
(body mass index, systolic blood pressure, diabetes) compared to 
those with missing variables (all P>0.05). Adjusting for established HF 
risk factors and presence of cardiac systolic and diastolic dysfunction, 
higher serum creatinine, lower FEV1:FVC ratios and lower hemoglobin 
concentrations were associated with increased risk of new-onset 

Figure 2. Cumulative incidence of incident heart failure according to non-
cardiac major organ system dysfunction risk score The non-cardiac organ system 
dysfunction risk score awarded 1 point for the presence of each of the following (range 
0-3): serum creatinine >1.05 mg/dl (92.8 μmol/l), ratio of forced expiratory volume in 1 
second to forced expiratory volume <91% predicted, hemoglobin concentration <13 g/
dl. Increasing non-cardiac risk score at baseline was associated with increasing risk of 
incident heart failure (HF) in our community-based sample (log rank P value = 0.013).
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HF (Table 3). There was no association between serum albumin 
concentration (P=0.306) or white blood cell count (P=0.685) and 
incident HF. Individual Cox proportional hazards models with penalized 
splines for serum creatinine, FEV1:FVC ratio and hemoglobin did not 
reveal non-linearity for the association with HF risk (Figure 1). A risk 
score for non-cardiac dysfunction was calculated, therefore, using 
pre-determined cut-points (based on 25th or 75th percentiles of the 
variables in the sample, as defined above), and awarding 1 point for 
each affected organ system (range 0-3); regression coefficients for 
these variables were comparable in the multivariable models, further 
justifying their similar weighting in the score (Table 3). Of note, the 
cut-points used to define organ “dysfunction” were within the ranges 
frequently observed in ambulatory elderly individuals from the general 
population.5 Increasing non-cardiac risk score at baseline was 
positively associated with risk of HF (Figure 2). 
 In secondary analyses, results were similar when estimated 
glomerular filtration rate (eGFR by MDRD equation) was used instead 
of serum creatinine (hazards ratio for each 1SD decrease in eGFR was 

Table 2. Cardiac Dysfunction as a risk factor for incident heart failure
Characteristic Hazards ratio (95%CI) P value*

LV systolic dysfunction 2.33 (1.43–3.78) <0.001

LV diastolic dysfunction 1.32 (1.01-1.71) 0.039

LV, left ventricular
*Adjusted for age, sex, body mass index, systolic blood pressure, hypertension 
treatment, cholesterol, diabetes mellitus, prior myocardial infarction, and valvular heart 
disease in 1038 participants (248 HF events)

Table 3. Non-cardiac risk factors and risk score for incident heart failure
Characteristic

Hazards ratio 
(95% CI)*

P 
value*

Cut-off 
percentile

Cut-off 
value

Points 
awarded

Serum 
creatinine 1.21 (1.01–1.45) 0.036 >75th percentile

> 1.05 mg/
dl (>92.8 
μmol/l)

1

FEV1:FVC 
ratio 1.21 (1.02–1.43) 0.029 <25th percentile < 91 % 

predicted 1

Hemoglobin 
concentration 1.24 (1.09–1.40) <0.001 <25th percentile < 13 g/dl 1

FEV1:FVC, ratio of forced expiratory volume in 1 second to forced vital capacity
*Hazards ratio are for 1SD increase in serum creatinine, 1SD decrease in FEC1:FVC 
ratio and 1 unit decrease in hemoglobin concentration, adjusting for age, sex, body 
mass index, systolic blood pressure, hypertension treatment, cholesterol, diabetes 
mellitus, prior myocardial infarction, valvular heart disease, and left ventricular systolic 
and diastolic function in 676 participants without any missing variables (170 HF events)
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1.24 (95% CI, 1.03-1.50; P=0.026) adjusting for established HF risk 
factors and presence of cardiac dysfunction). Other biomarkers of non-
cardiac dysfunction (blood urea nitrogen, total bilirubin, transaminases, 
hematocrit, C-reactive protein measured by traditional assays [high 
sensitivity assays unavailable], uric acid) were also tested for their 
associations with incident HF in secondary analyses, and results are 
shown in Supplementary Table 1. These secondary analyses supported 
the original selection of creatinine, albumin, FEV1:FVC ratio and 
hemoglobin as simple, convenient and widely available biomarkers to 
include in the final risk score. We also performed sensitivity analyses 
using difference percentile cutpoints to define the risk score (tertiles 
instead of quartiles) and found similar results (data not shown).

Multivariable risk factors for all incident HF, HFREF and HFPEF
In multivariable modeling for all incident HF, LV systolic dysfunction, 
LV diastolic dysfunction and the non-cardiac risk score were each 
associated with incident HF, adjusting for established HF risk factors 
(Table 4). There was no significant interaction between non-cardiac 

Table 4. Association of cardiac and non-cardiac dysfunction with 
incident heart failure

Characteristics Hazards ratio 
(95%CI)*

P value*

All incident HF
LV systolic dysfunction 1.97 (1.05–3.68) 0.034
LV diastolic dysfunction 1.40 (1.02-1.93) 0.039
Non-cardiac risk score† per 1 unit increase 1.30 (1.06-1.60) 0.013
Incident HFREF
LV systolic dysfunction 3.93 (1.86 – 8.30) <0.001
Serum creatinine per 1SD increase 1.32 (1.04 – 1.69) 0.025
Hemoglobin concentration per 1unit decrease 1.31 (1.10 – 1.55) 0.002
Incident HFPEF
LV diastolic dysfunction 1.88 (1.13 – 3.13) 0.016
FEV1:FVC ratio per 1SD decrease 1.38 (1.04 – 1.83) 0.024

HF, heart failure; LV, left ventricular; HFREF, heart failure with reduced ejection 
fraction; HFPEF, heart failure with preserved ejection fraction; FEV1:FVC, ratio of 
forced expiratory volume in 1 second to forced vital capacity
*Adjusted for age, sex, body mass index, systolic blood pressure, hypertension 
treatment, cholesterol, diabetes mellitus, prior myocardial infarction, and valvular heart 
disease (valvular heart disease excluded for HFPEF) in 676 participants without any 
missing variables (170 total HF events: 82 HFREF, 66 HFPEF, 22 EF unavailable).
†Components of the non-cardiac risk score are described and their individual hazards 
ratios are shown in Table 3.
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risk score and the presence of LV systolic or diastolic dysfunction 
(P=0.78 and 0.84 respectively). In multivariable modeling for HFREF 
and HFPEF separately, antecedent LV systolic dysfunction, greater 
serum creatinine and lower hemoglobin concentration were associated 
with incident HFREF; whereas antecedent LV diastolic dysfunction and 
lower FEV1:FVC ratio were associated with incident HFPEF, adjusting 
for established HF risk factors (Table 4). 
 In further analyses adjusting for smoking and excluding 
participants with overt pulmonary dysfunction (FEV1/FVC < 60%; 
N=3), hypoalbuminemia (albumin < 2.5 g/dL; N=0, no participant had 
hypoalbuminemia) or anemia (hemoglobin < 10.5g/dL; N=7), results 
were essentially unchanged (data not shown). Using an EF cutpoint 
of 50% (instead of 45%) to distinguish HFPEF from HFREF revealed 
similar results (Supplementary Table 2).

DISCUSSION
Principal findings
In our prospective study of a large, community-based sample, 
antecedent subclinical cardiac and non-cardiac major organ system 
dysfunction were associated with risk of future HF. The presence of 
asymptomatic LV systolic and diastolic dysfunction preceded and 
increased the risk of incident HF by more than two-fold and more than 
30%, respectively. These findings support the emphasis in current HF 
guidelines regarding the progressive nature of HF and importance of 
recognizing preceding asymptomatic cardiac dysfunction. Our data 
also extend the previous HF staging system by providing evidence for 
the association of non-cardiac dysfunction with progression to clinical 
HF. Adjusting for cardiac dysfunction, the presence of subclinical 
renal impairment, airflow limitation or anemia was each associated 
with 30% increased risk of incident HF. Finally, antecedent LV systolic 
dysfunction was associated with future HFREF, whereas antecedent 
LV diastolic dysfunction was associated with future HFPEF. Further, 
subclinical renal impairment and lower hemoglobin concentrations 
were associated with a higher incidence of HFREF, whereas baseline 
airflow obstruction was related positively to the risk of future HFPEF. The 
implications of these findings for the early identification of individuals at 
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risk of HF, and potential strategies to prevent progression to overt HF, 
deserve further study.

Left ventricular systolic and diastolic dysfunction and risk of HF
Previous cross-sectional studies have provided evidence for the 
existence of asymptomatic LV dysfunction in the general community 
(Stage B HF in the American College of Cardiology/ American Heart 
Association classification system),3, 22 as well as increased prevalence 
and severity of LV dysfunction in patients with clinical HF (Stage C HF).3, 
4 While these cross-sectional data supported the proposed stages of 
the HF, prior studies were limited by potential reverse causality, since 
assessment of LV function was performed at the same point in time as 
the diagnosis of clinical HF. Further, cross-sectional studies may be 
criticized for scientific circularity of reasoning in that the presence of LV 
systolic or diastolic dysfunction is used to make the diagnosis HFREF 
or HFPEF, respectively. Prospective data are needed to resolve these 
issues. In the Cardiovascular Health Study,23 LV systolic and diastolic 
dysfunction predicted incident HF over a mean follow-up of 5.2 years. 
However, the relations between the type of LV dysfunction (systolic 
versus diastolic) and the type of HF (HFREF versus HFPEF) were not 
assessed. More recently, researchers from the Mayo Clinic reported a 
2-year HF incidence rate of 1.9% in a selected sample of 82 patients with 
preclinical diastolic dysfunction.24 Patients with systolic dysfunction 
were not studied. Our current data are consistent with these prior data 
and extend previous knowledge by demonstrating that LV systolic 
dysfunction predicts future HFREF, whereas LV diastolic dysfunction 
portends HFPEF. The current data, therefore, help to fill the knowledge 
gap linking Stage B to Stage C in the American College of Cardiology/ 
American Heart Association classification scheme, whether referring to 
HFREF or HFPEF. 

Non-cardiac dysfunction and risk of HF
HF is a clinical syndrome characterized by a constellation of signs 
and symptoms involving multiple organ systems besides the heart. 
Thus, even mild functional derangement of a non-cardiac organ 
system, which in itself is not severe enough to produce symptoms, 
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may accelerate the manifestation of overt HF particularly when other 
organ systems are also involved. A decline in renal function affects 
sodium handling and fluid homeostasis, thus increasing the propensity 
to manifest fluid overload.5 Pulmonary function has a direct impact on 
the manifestation of dyspnea. Subclinical chronic pulmonary disease 
is characterized by low-grade inflammation and may contribute to 
progression of atherosclerosis and myocardial dysfunction,8 while 
even mild airflow obstruction is associated with abnormal LV diastolic 
filling.9 Anemia affects the oxygen-carrying capacity of the blood and is 
an adverse marker in overt HF.10 The availability of systematic, multi-
system measurements during routine surveillance in the Framingham 
Heart Study enabled comprehensive assessment of these varied non-
cardiac organ systems in relation to incident HF in the community. 
Our findings regarding the association with renal impairment are 
consistent with the Health ABC Heart Failure Model for incident HF in 
the elderly.25 In contrast, we did not find a significant association with 
hypoalbuminemia, and this may be due to differences in study samples 
(larger proportion of blacks and lower baseline serum albumin in the 
Health ABC Study). 
 In aggregate, these results suggest that the manifestation 
of clinically overt HF may be hastened by subclinical dysfunction 
in multiple organ systems. This is likely to particularly affect elderly 
individuals who have age-related decline in multi-organ function or 
multiple non-cardiac co-morbidities. Recognizing the contribution of 
non-cardiac dysfunction to HF progression may carry important clinical 
implications for preventing and managing heart failure. Further studies 
are warranted to validate these findings in other populations, evaluate 
for potential effect modification by covariates such as sex, and assess 
the potential impact of treatment of these risk factors on the risk of 
future HF. 

Association of non-cardiac dysfunction with HFREF versus 
HFPEF
The distinction between factors associated with incident HFREF versus 
HFPEF deserves comment. The association of renal dysfunction and 
anemia with the risk of HFREF are consistent with classic studies 



146 147

Cardiac & Non-Cardiac Precursors of Heart Failure

of the cardiorenal syndrome and the known prognostic impact of 
anemia in overt HFREF.10 Interestingly, the most prominent non-
cardiac predictor of incident HFPEF was airflow obstruction. This 
observation is supported by large epidemiologic studies showing a 
high prevalence of pulmonary disease in patients with HFPEF,26, 27 
the frequent co-existence of HF in patients with chronic obstructive 
lung disease,28 as well as a recent study in the Multi-Ethnic Study of 
Atherosclerosis (MESA) cohort demonstrating an association between 
airflow obstruction and abnormal LV filling.9 While this also raises the 
question of potential misdiagnosis of HFPEF, this is unlikely given the 
high specificity of the Framingham criteria for HF,29 the reliability of 
the diagnosis as demonstrated by consistent application of the same 
criteria over decades and stringent adjudication of endpoints in the 
Heart Study, and the lack of an alternative explanation for the clinical 
presentation (since the extent of pulmonary impairment was not 
severe enough to explain symptoms). Overall, the different predictors 
of HFREF versus HFPEF are consistent with prior epidemiologic,20 
pathophysiologic,30 molecular,31 and outcome32 data supporting 
the notion that HFREF and HFPEF may represent separate entities. 
These observations may guide future clinical trial design, particularly in 
HFPEF where trials have, so far, been disappointing.

Strengths and limitations
The strengths of our study include the large community-based 
sample, uniform measurements of function of multiple organ systems, 
and longitudinal follow-up with continuous surveillance for, and 
careful validation of, HF outcomes. Further, the use of purely clinical 
criteria for the diagnosis of HF19 independent of LVEF is particularly 
advantageous in this setting. Limitations include the lack of tissue 
Doppler characterization of diastolic dysfunction, and the inherent 
pitfalls in using echocardiographic indices of diastolic filling as indicators 
of diastolic dysfunction. Nonetheless, mitral Doppler indices are widely 
available; and our results are consistent with previous studies using 
more comprehensive assessment of diastolic dysfunction.3, 24 We 
acknowledge the observational nature of our study which precludes 
conclusions regarding causality, as well as the modest effect sizes 
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for non-cardiac organ system variables and potential for residual 
confounding or effect modification by other factors. We did not use time-
varying covariates, but speculate that organ dysfunction would worsen 
with aging in most individuals, leading to even stronger associations 
with incident HF. Our uniformly white sample limits the generalizability 
of our findings to other ethnicities, and independent validation in other 
cohorts is warranted.

Conclusions
Our prospective observations in a large, community-based sample 
demonstrate that antecedent subclinical cardiac and non-cardiac 
major organ system dysfunction are associated with increased risk of 
clinical HF. These findings contribute to the understanding of HF as a 
progressive disease syndrome, and underscore the potential importance 
of non-cardiac risk factors in predisposing to the manifestation of overt 
HF.
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