
From the Division of

C.R., V.C., A.S., C.M

Universitaires St.

Cardiovasculaire (C.B

Universit�e Catholique

This work was funded

tifique of the Belgian

Beauloye was suppor

tion Nationale de la

SPD 10844948). Dr. L
Right Ventricular Global Longitudinal Strain
and Outcomes in Heart Failure with

Preserved Ejection Fraction
Sibille Lejeune, MD, Clotilde Roy, MD, Victor Ciocea, MD, Alisson Slimani, MD,
Christophe de Meester, PhD, Mihaela Amzulescu, MD, PhD, Agnes Pasquet, MD, PhD,

David Vancraeynest, MD, PhD, Christophe Beauloye, MD, PhD, Jean-Louis Vanoverschelde, MD, PhD,
Bernhard L. Gerber, MD, PhD, and Anne-Catherine Pouleur, MD, PhD, Brussels, Belgium

Background:Right ventricular (RV) strain has emerged as an accurate tool for RV function assessment and is a
powerful predictor of survival in patients with heart failure with reduced ejection fraction. However, its prog-
nostic impact in patients with heart failure with preserved ejection fraction (HFpEF) remains unclear. The
aim of this study was to compare the prognostic value of RV global longitudinal strain (RVGLS) by two-
dimensional speckle-tracking echocardiographic (STE) imaging in patients with HFpEF against conventional
RV function parameters.
Methods:Patients with HFpEFwere prospectively recruited, and 149 of 183 (81%)with analyzable STERVGLS
images constituted the final study population (mean age, 786 9 years; 61% women), compared with 28 con-
trol subjects of similar age and sex. All control subjects and 120 patients also underwent cardiac magnetic
resonance imaging. Patients were followed up for a primary end point of all-cause mortality and first heart fail-
ure hospitalization, and Cox regression analysis was performed.
Results: Mean STE RVGLS was significantly altered in patients with HFpEF compared with control subjects
(�21.7 6 4.9% vs �25.9 6 4.2%, P < .001). STE RVGLS correlated well with RV ejection fraction by cardiac
magnetic resonance (r =�0.617, P < .001). Twenty-eight patients with HFpEF (19%) had impaired STE RVGLS
(>�17.5%). During a mean follow-up period of 306 9 months, 91 patients with HFpEF (62%) reached the pri-
mary end point. A baseline model was created using independent predictors of the primary end point: New
York Heart Association functional class III or IV, hemoglobin level, estimated glomerular filtration rate, and
the presence of moderate or severe tricuspid regurgitation. Impaired STE RVGLS provided significant addi-
tional prognostic value over this model (c2 to enter = 7.85, P = .005). Impaired tricuspid annular plane systolic
excursion and fractional area change, however, did not.
Conclusions: In patients with HFpEF, impaired RVGLS has strong prognostic value. STE RVGLS should be
considered for systematic evaluation of RV function to identify patients at high risk for adverse events. (J
Am Soc Echocardiogr 2020;-:---.)
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Prognosis
The role of the right ventricle in the pathophysiology of cardiac
diseases has been underestimated for many years and has only
recently emerged as an independent predictor of morbidity and
mortality in patients with heart failure (HF).1-3 Few studies have
evaluated the prognostic impact of right ventricular dysfunction
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(RVD) specifically in HF with preserved ejection fraction
(HFpEF).4-8 Although different parameters were used to measure
right ventricular (RV) function, those studies all found that
patients with RVD had a worse prognosis, and it now seems
clear that RVD is associated with the progression of HFpEF
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Abbreviations

2D = Two-dimensional

AF = Atrial fibrillation

CMR = Cardiac magnetic

resonance

eGFR = Estimated glomerular

filtration rate

eSPAP = Estimated systolic

pulmonary artery pressure

FAC = Fractional area change

HF = Heart failure

HFpEF = Heart failure with

preserved ejection fraction

ICC = Intraclass correlation

coefficient

LV = Left ventricular

NT-proBNP = N-terminal

pro–brain natriuretic peptide

NYHA = New York Heart

Association

RV = Right ventricular

RVD = Right ventricular

dysfunction

RVEF = Right ventricular

ejection fraction

RVFWLS = Right ventricular
free wall longitudinal strain

RVGLS = Right ventricular
global longitudinal strain

STE = Speckle-tracking

echocardiographic

TAPSE = Tricuspid annular

plane systolic excursion
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through multiple mechanisms
not yet completely
understood. Despite growing
interest in RV function, its
evaluation remains challenging.
The right ventricle has a
unique crescent shape, which
adds complexity to the
quantification of its function.
Therefore, the current
recommendations for cardiac
chamber quantification of
the American Society of
Echocardiography and the
European Association of
Cardiovascular Imaging favor a
multiparametric approach,
including fractional area
change (FAC), Doppler tissue
imaging–derived tricuspid
lateral annular systolic velocity
wave (S0) and tricuspid annular
plane systolic excursion
(TAPSE), while cardiac mag-
netic resonance (CMR)–
derived RV ejection fraction
(RVEF) remains the gold stan-
dard for RV evaluation.9 Yet
echocardiography is more
readily available in daily prac-
tice, and new techniques are
currently being developed us-
ing myocardial deformation im-
aging to guide diagnosis.10 RV
global longitudinal strain
(RVGLS) by two-dimensional
(2D) speckle-tracking echocar-
diographic (STE) imaging is
emerging as a new reliable
tool for the assessment of RV
mechanical changes with
acceptable variability and less
angle dependency than other
parameters.11-14 Additional prognostic value of RV strain for the
prediction of survival in patients with HF with reduced ejection
fraction15,16 and in those with pulmonary hypertension17 has
recently been highlighted, but data for HFpEF remain scarce.
Accordingly, we aimed to evaluate the prognostic significance of
different parameters of RVD in HFpEF, with data from both echo-
cardiography and CMR.
METHODS

Study Population

Between December 2015 and June 2017, patients diagnosed with
HFpEF were prospectively evaluated for inclusion in the study until
obtaining a sample size calculated to achieve 80% power with
a = 0.05. The diagnosis of HFpEF was made according to the latest
European Society of Cardiology guidelines18: presence of symptoms
and/or signs of HF, preserved left ventricular (LV) ejection fraction
(>50%), elevated levels of N-terminal pro–brain natriuretic peptide
(NT-proBNP; >125 pg/mL), and echocardiographic evidence of car-
diac functional and structural alterations (LV hypertrophy, left atrial
enlargement, and/or diastolic dysfunction). The exclusion criteria
were severe valvular disease (except secondary tricuspid regurgita-
tion), infiltrative or hypertrophic cardiomyopathy, acute coronary
syndrome in the previous 30 days, chronic obstructive pulmonary dis-
ease with a Global Initiative for Chronic Obstructive Lung Disease
stage 3 or 4, congenital heart disease, pericardial disease, and atrial
fibrillation (AF) with a ventricular response >140 beats/min. A total
of 183 patients satisfied the inclusion criteria, but STE RVGLS analysis
was feasible in 149 patients, which constituted the final study popu-
lation (Figure 1). The main characteristics of the 34 excluded patients
did not differ from those of our final study population. Continuous
H2FPEF score (heavy, hypertensive, AF, pulmonary hypertension,
elder, and filling pressure)19 was retrospectively calculated to confirm
the high probability of HFpEF in the population.
To constitute a control group of similar age and sex, asymptomatic

volunteers aged 60 to 90 years were screened by advertisement in the
local community. They all underwent a full clinical examination, elec-
trocardiography, echocardiography, and exercise stress testing.
Exclusion criteria were (1) any evidence of heart disease as indicated
by clinical history, physical examination, presence of abnormal find-
ings on rest or stress electrocardiogram, or presence of abnormal car-
diac function or valve disease on echocardiography; (2)
contraindications to CMR; and (3) diabetes. Twenty-eight subjects
satisfied the inclusion criteria.
Control subjects and patients underwent blood sampling, complete

transthoracic echocardiography, and CMR (in the absence of
following contraindications: pacemaker, claustrophobia, and esti-
mated glomerular filtration rate (eGFR) < 30 mL/min/1.73 m2).
The local ethics committee approved the study, and all patients
gave written informed consent before study enrollment
(ClinicalTrials.gov identifier NCT03197350). The investigation con-
formed to the principles outlined in the Declaration of Helsinki.
Clinical Data

Patients’ medical histories and treatments were prospectively re-
corded. Other information was retrieved from medical files and
from review of hospital records. All subjects underwent a full clinical
examination.
Transthoracic Echocardiography

Standardized complete transthoracic echocardiographic examina-
tions were performed according to established guidelines20 using
iE33 ultrasound systems (Philips Medical Systems, Andover, MA)
equipped with a 3.5/1.75-MHz phased-array transducer and stored
on an Xcelera 2.1 picture archiving and communication system server
(Philips Medical Systems). TAPSE, FAC, and S0 velocity were
measured according to established guidelines in four-chamber views
oriented to the right ventricle. Estimated systolic pulmonary artery
pressure (eSPAP) was calculated on the basis of the Bernoulli simpli-
fied equation on continuous-wave Doppler imaging of tricuspid
regurgitation maximum jet velocity, added to estimated right atrial
pressure on the basis of inferior vena cava diameter and collapsibility.
Global LV and RV strains were computed using 2D STE software

(TomTec Imaging Systems, Unterschleissheim, Germany). At an
end-systolic frame, a region of interest was traced on the endocardial

http://ClinicalTrials.gov
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cavity interface by using a point-and-click approach. The region of in-
terest was automatically selected to approximate themyocardium be-
tween the endocardium and epicardium. The region of interest was
adjusted further to ensure that all myocardial regions were included.
Then the software captured the myocardium, automatically tracking
its motion and thickening on the subsequent frames. For the assess-
ment of RV strain, we evaluated the peak global strain of the whole
myocardium, including the septum (RVGLS), and of the free wall
(RV free wall longitudinal strain [RVFWLS]) in the apical four-
chamber view focused on the right ventricle. LV global longitudinal
strain was computed by averaging four-, three-, and two-chamber
views. Images with poor-quality tracking were excluded. RVGLS
and LV global longitudinal strain are negative values, where a lower
(more negative) value indicates better function. For patients in AF
at the time of the echocardiography, all measurements were
computed by averaging measures over three beats.
CARDIAC MAGNETIC RESONANCE

CMR was performed using a 3-T system (Ingenia; Philips Medical
Systems, Best, the Netherlands). The different sequences have been
previously described.21 Briefly, 10 to 12 consecutive short-axis images
covering the entire left ventricle and one-, two-, three-, and four-
chamber long-axis cine steady-state free precession images were ac-
quired for assessment of myocardial function. Ten to 15 min after
the injection of 0.2 mmol/kg gadolinium-based contrast, identical
prescriptions of short- and long-axis slices were acquired using a 2D
or three-dimensional inversion recovery sequence allowing the
assessment of myocardial viability. CMR studies were analyzed using
the freely available software Segment version 2.2 (Medviso, Lund,
Sweden). RV and LV volumes and ejection fractions were computed
from the short-axis cine images by semiautomatically tracing the
endo- and epicardial contours in the end-diastolic and end-systolic
phases. Values were indexed to body surface area. To minimize the
effect of AF on CMR measurements, sequences with arrhythmia
rejection were used, tolerating 20% variation of R-R interval.
Follow-Up

Patients were prospectively followed by ambulatory visits and phone
calls at 6-month intervals for$1 year. Clinical and survival status was
obtained by follow-up visits and by phone contact with the patients,
their relatives, or their physicians if necessary. The primary end point
was a composite of all-cause mortality or hospitalization for HF,
whichever came first. Vital status was ascertained by medical record
review. First HF hospitalization was defined as patients requiring intra-
venous diuretics, either treated in the emergency department or
admitted to the hospital. Patients had at least one symptom and
two signs of HF (peripheral edema, pulmonary crackles, high NT-
proBNP level, radiologic signs of pulmonary congestion, or hemody-
namic evidence). The secondary end point was overall mortality.
Statistical Analysis

Statistical analyses were performed using SPSS version 25 (SPSS,
Somers, NY). All tests were two sided, and P values < .05were consid-
ered to indicate statistical significance. Continuous variables are ex-
pressed as mean 6 SD and categorical variables as counts and
proportions. For FAC, TAPSE, S0, and CMR-derived RVEF, RVD
was determined according to cutoff described in the literature.9 For
RV strain measurements, cutoffs were defined as the means of the
control population plus 2 SDs (�17.5% for RVGLS and �18.1%
for RVFWLS). Patients with and those without RVD according to
STE RVGLS were compared. Comparison between groups was per-
formed using c2 tests or unpaired t tests as appropriate. Bonferroni
correction for multiple-variable testing was applied, and significant
P values after correction aremarkedwith asterisks. The correlation be-
tween CMR-derived RVEF versus echocardiographic measures of RV
function was examined using the Pearson correlation coefficient.
Interobserver and intraobserver reproducibility of measurement of
RV function were evaluated in 30 randomly selected subjects in sinus
rhythm and 20 subjects in AF, using intraclass correlation coefficient
(ICCs). ICC estimates were based on a single-rating, absolute-agree-
ment, two-way mixed-effects model.

To determine independent predictors of the primary and second-
ary end points, uni- and multivariate Cox proportional-hazards
models were used. Hazard ratios are expressed as mean and 95%
CI. All clinical and echocardiographic parameters were proposed
for inclusion in the univariate model. Then a stepwise forward model
including significant (P < .05) clinical and echocardiographic univari-
ate correlates of survival was used to construct a baseline model pre-
dicting either the primary end point (a composite of hospitalization
for HF and overall survival) or the secondary end point (overall sur-
vival). When two significant covariates were correlated (Pearson
r > 0.6), only the variable with the strongest impact (lowest P value)
was included in the model. To assess the additive prognostic value of
RV function measurements, the ability of each RV parameter to
improve the prediction of the primary and secondary end points
from the baseline model was tested using likelihood-ratio tests (c2

to enter). When the c2 to enter was significant, the interest of adding
a parameter to the model was confirmed using the Bayesian informa-
tion criterion. In addition, bootstrapping was used to test the model
stability. Ninety-five percent CIs associated with the hazard ratios in
the models presented were all obtained after bootstrapping.

Unadjusted and adjusted Kaplan-Meier curves were used to illus-
trate the difference in prognosis (overall survival and event-free sur-
vival) between patients with and those without RVD, according to
RV myocardial deformation (STE RVGLS).
RESULTS

Baseline Characteristics

Demographic, clinical, and imaging characteristics of the 149 patients
are summarized in Table 1. Median H2FPEF score19 was 95.8 (inter-
quartile range: 86.5–98.1). The characteristics of the control group
can be found in Supplemental Table 1. Patients with HFpEF were



HFpEF patients 

N=183

Final study population with

STE - RVGLS

N=149 

- 20 poor image quality

- 5 bad tracking

- 9 AF and no 3 beats

Patients with CMR

N=120 

- 11 pacemakers 

- 11 CKD grade III - IV 

- 7 claustrophobic

Figure 1 Flowchart of the study population. CKD, Chronic kid-
ney disease.
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78 6 9 years old, and 61% were women. They had a high incidence
of cardiovascular risk factors and comorbidities. History of AF was
particularly prevalent among patients (58%). Fifteen patients (10%)
had low-stage chronic obstructive pulmonary disease and 16 (11%)
had obstructive sleep apnea treated with continuous positive airway
pressure. Thirteen patients (9%) had undergone previous valve sur-
gery (11 aortic bioprostheses, one transcatheter aortic valve replace-
ment, and one Starr mitral valve), all with normal morphology and
function at the time of inclusion. Patients with HFpEF also had low
hemoglobin, low eGFR, and high NT-proBNP.

As expected, patients with HFpEF had echocardiographic signs of
LV diastolic dysfunction (higher left atrial volume, higher E-wave ve-
locity, higher E/e0 ratio), higher LV mass, and higher pulmonary pres-
sures. Interestingly, RV systolic function was depressed in patients
with HFpEF: FAC and TAPSE, as well as RVGLS and RVFWLS,
were all significantly altered (Figure 2). Among 86 patients with his-
tories of AF, 58 (39% of all patients) were in AF at time of echocar-
diography. Notably, those patients also had altered RV function
compared with those in sinus rhythm (FAC 38 6 9% vs 44 6 8%,
TAPSE 16 6 5 vs 21 6 5 mm, RVGLS �20 6 4% vs �23 6 5,
and RVFWLS �22 6 5% vs �26 6 7%, P < .001 for all).

Table 1 shows the characteristics of the study population according
to the presence of RVD defined by STE RVGLS less negative than
�17.5%, corresponding to the mean RVGLS of the control subjects
plus 2 SDs. There was no significant difference in age or sex between
the two groups or in severity of symptoms. Patients with RVD more
often had sleep apneas. Other comorbidities and cardiovascular risk
factors, however, were equally prevalent in both groups. As expected,
other indicators of RVD (FAC, TAPSE, S0, RVFWLS, and CMR-
derived RVEF) were significantly lower in patients with the most
depressed RVGLS.
RV Function Parameters: Correlations with CMR-Derived
RVEF and Reproducibility

Among the study population, 120 of 149 patients (81%) and all control
subjects underwent CMR. The correlations of RV functional parameters
versus CMR-derived RVEF are shown in Figure 3. All RV echocardio-
graphic parameters correlated significantly with CMR-derived RVEF,
with P < .001 for Pearson linear correlation. Among all parameters,
STE RVGLS had the best correlation with CMR-derived RVEF
(r = �0.617) while RVFWLS showed a moderate correlation
(r = �0.509). Inter- and intraobserver reproducibility was satisfactory
for all parameters. STE RVGLS was more reproducible than FAC but
slightly less than TAPSE and showed similar variability to CMR-
derived RVEF (Table 2). STE RVFWLS had higher variability than
RVGLS. Of note, AF did not alter inter- and intraobserver reproduc-
ibility of RVGLS (ICCs calculated among 20 randomly selected patients
in AF at time of the echography were 0.82 and 0.96, respectively).
Predictors of Hospitalization and Survival

Two patients were lost to follow-up (1.3%). Over a mean follow-up
period of 30 6 9 months, 40 patients (27%) died and 74 patients
(50%) were hospitalized for HF. A total of 91 patients (62%) reached
the primary end point of all-cause mortality and/or first HF hospital-
ization, whichever came first.

In univariate Cox regression analysis, low hemoglobin, low eGFR,
high E/e0 ratio, high eSPAP, and the presence of moderate to severe
tricuspid insufficiency were predictors of both the primary and sec-
ondary end points (Table 3).

New York Heart Association (NYHA) functional classes III and IV,
diabetes, loop diuretic medications, high NT-proBNP, and high E
wave velocity were the only predictors of the primary composite
end point, while lower body mass index was associated with the sec-
ondary end point of overall mortality (Table 3).

With regard to RVDparameters, only STE RVGLS>�17.5%was a
predictor of both the composite end point and overall mortality.
CMR-derived RVEF < 45% and FAC < 35% were predictors of the
composite end point, whereas TAPSE < 17 mm and
RVFWLS > �18.1% were predictors of overall mortality.

In multivariate Cox regression analysis, NYHA functional classes III
and IV, low eGFR, low hemoglobin, and moderate to severe tricuspid
insufficiency were independent predictors of the primary end point.
These parameters were used to construct a baseline model predicting
the composite end point of death or HF hospitalization. NT-proBNP
level was not included in the model, as it did not contribute signifi-
cantly. Figure 4 shows the additional prognostic value of different
RV function parameters over the baseline model for prediction of
the primary end point. STE RVGLS was the only parameter found
to have a significant additional value.

The baseline model for prediction of the secondary end point was
based on independent clinical and echocardiographic predictors of
overall mortality, which were low body mass index, low hemoglobin,
and high eSPAP. STE RVGLS>�17.5% and STE RVFWLS>�18.1%
were found to provide significant additional value for prediction of
overall mortality (Figure 5).

Unadjusted and adjusted Kaplan-Meier event-free survival and
overall survival curves stratified by STE RVGLS are shown in
Figures 6 and 7. They clearly demonstrate that both event-free
and overall survival significantly declined with worsening RV
function.
DISCUSSION

This study demonstrates the prognostic significance of RVD in pa-
tients with HFpEF and, most important, shows that STE RVGLS



Table 1 Baseline characteristics and imaging parameters of patients with HFpEF with or without RVD according to STE RVGLS

Total population

(N = 149)

STE RVGLS < �17.5%

(n = 121)

STE RVGLS > �17.5%

(n = 28) P

Baseline characteristics

Age, y 78 6 9 78 6 9 77 6 8 .56

Female 91 (61) 75 (62) 16 (57) .64

Body mass inde, kg/m2 28.5 6 6.2 28.3 6 6.2 29.5 6 6.3 .35

Systolic blood pressure, mm Hg 138 6 22 138 6 23 135 6 16 .39

Diastolic blood pressure, mm Hg 73 6 13 74 6 13 73 6 12 .73

NYHA functional class III or IV 70 (47) 58 (48) 12 (43) .63

Medical history

AF 86 (58) 69 (57) 17 (61) .72

Ischemic cardiomyopathy 51 (34) 13 (11) 3 (11) .99

Previous HF episode 100 (67) 79 (65) 21 (75) .32

Previous valvular surgery 13 (9) 11 (9) 2 (7) .74

Chronic obstructive pulmonary disease 15 (10) 13 (11) 2 (7) .57

Sleep apnea 16 (11) 11 (9) 6 (23) .045

Cardiovascular risk factors

Smoking 65 (44) 53 (44) 12 (43) .90

Hypertension 138 (93) 112 (93) 26 (93) .92

Diabetes 61 (41) 47 (39) 14 (50) .28

Family history of CV disease 26 (17) 22 (18) 4 (14) .61

Hypercholesterolemia 96 (64) 78 (65) 18 (64) .94

Medication

Loop diuretic 99 (66) 79 (66) 20 (71) .57

Biology

Hemoglobin, g/dL 11.8 6 2.0 11.7 6 2 12.2 6 2 .20

Total cholesterol, mg/dL 158 6 47 158 6 46 157 6 34 .92

GFR, mL/min/1.73 m2 by CK-EPI 57 6 24 58 6 24 51 6 21 .22

NT-proBNP, pg/mL 1,747 (923–3,521) 1,645 (852–3,256) 2,148 (1,058–7,410) .06

Echocardiography

LA volume index, mL/m2 45 6 19 45 6 19 47 6 17 .63

LV EDV index, mL/m2 67 6 18 66 6 18 70 6 16 .32

LVEF, % 63 6 7 63 6 7 59 6 7 .01

STE LVGLS, % �16.7 6 3.1 �17.1 6 3 �14.9 6 3 .001*

E-wave velocity, m/sec 92 6 30 93 6 30 90 6 30 .71

Septal e0, m/sec 5.2 6 1.3 5.2 6 1.3 5.1 6 1.0 .66

E/e0 septal ratio 18.7 6 7.8 18.8 6 8.0 18.5 6 7.3 .85

RV FAC, % 42 6 9 44 6 8 33 6 7 <.001*

TAPSE, mm 19 6 5 20 6 5 15 6 4 <.001*

S0 velocity, m/sec 11.2 6 2.9 11.7 6 2.8 9.4 6 2.7 <.001*

Moderate to severe TR 14 (9) 9 (7) 5 (18) .092

SPAP, mm Hg 43 6 13 42 6 12 48 6 16 .069

STE RVGLS, % �21.7 6 4.9 �23.5 6 3.6 �14.4 6 2.2 <.001* by design

STE RVFWLS, % �24.2 6 6.3 �26.0 6 5.4 �16.4 6 2.8 <.001*

CMR study (n = 120) (n = 102) (n = 18)

LVEF, % 63 6 8 63 6 8 62 6 10 .64

LV mass index, g/m2 67 6 14 66 6 15 73 6 12 .047

RV EDV index, mL/m2 80 6 25 79 6 25 84 6 23 .39

RVEF, % 56 6 7 58 6 7 48 6 5 <.001*

Data are expressed as mean 6 SD, number (percentage), or median (interquartile range). Across-group P value is for the difference between pa-

tients with HFpEF with and those without RVD, evaluated using c2 tests or unpaired t tests as appropriate.
CK-EPI, Chronic Kidney Disease Epidemiology Collaboration; CV, cardiovascular; EDV, end-diastolic volume; GFR, glomerular filtration rate;

LVEF, LV ejection fraction; LVGLS, LV global longitudinal strain; LA, left atrial;SPAP, systolic pulmonary artery pressure; TR, tricuspid regurgitation.

*P value was still significant after Bonferroni correction for multivariate testing.
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P < .001 P = .004

P < .001 P = .002

Figure 2 Boxplot of parameters of RV function in patients with HFpEF and in control subjects.
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was superior to commonly used RV function parameters such as FAC,
TAPSE, and S0 for predicting both the combined outcome and overall
mortality.
Assessment of RV Function by Echocardiography

Although its prognostic significance has recently been highlighted, ac-
curate assessment of RV function in daily practice remains chal-
lenging. Indeed, the complex shape of the right ventricle and its
localization behind the sternum makes echocardiographic evaluation
arduous, and no optimal parameter for RV functional measurements
has been identified. Hence, CMR-derived RVEF remains the gold
standard, while echocardiography is more readily available andwould
be better suited for risk stratification of patients with HFpEF.
Currently, a multiparametric approach is recommended for the eval-
uation of RV function by echocardiography,9 including FAC and
TAPSE. TAPSE has the important advantage of being easily measur-
able evenwhen image quality is poor but reflects only the longitudinal
function of the RV free wall and is angle dependent. RV FAC, on the
other hand, may better reflect RV global function but was found to
have high interobserver and intraobserver variability.9,22

More recently, 2D STE RVGLS has been proposed for echocardio-
graphic evaluation of RV function and has been validated in an animal
studywith sonomicrometry23 and in human studieswithCMR.12,24-26
In previous work, STE RVGLSwas found to be significantly correlated
with CMR-derived RVEF (Pearson correlation coefficient = �0.50 to
�0.80), TAPSE (r = �0.547 to �0.83), and RV FAC (r = �0.213 to
�0.73).27 Because it is a global parameter of RV systolic function, it
correlates betterwithCMRRVEF than other conventional parameters
and has more prognostic power.

However, an important limitation to using STE RVGLS in clinical
practice is the intervendor variability in terms of strain value estimates
and the lackof standardizednormal values. Furthermore, several studies
showed sex and age differences in strain.28,29 To overcome these limi-
tations,wedefinedRVDwith a cutoff derived fromacontrol population
of similar age and sex, using the same software for all analysis. In this con-
trol population, the mean RVGLS was�25.96 4.2%, which is consis-
tent with data published in the literature.27,30,31
Prevalence of RVD in Patients with HFpEF

In recent years, few studies have examined the right ventricle in
HFpEF. A recent meta-analysis found large variability in the preva-
lence of RVD.30 The prevalence of TAPSE < 16 mm ranged from
26% to 49% and the prevalence of FAC < 35% from 4% to 33%.
The majority of studies were performed before the publication of
the new recommendations, and consequently they used the previous
recommended cutoff of <16mm for TAPSE. In a magnetic resonance



R = 0.556

P < .001

R = 0.472

P < .001

R = -0.617

P < .001

controls HFpEF patients 

R = -0.509

P < .001

Figure 3 Correlation of RV function parameters with CMR-derived RVEF.

Table 2 RV function parameters: Pearson linear correlations
with CMR-derived RVEF and evaluation of reproducibility by
ICC

Variables

Pearson

correlation (r) P

Intraobserver

ICC

Interobserver

ICC

RV FAC 0.556 <.001 0.682 0.506

TAPSE 0.472 <.001 0.957 0.858

S0 velocity 0.349 <.001 0.908 0.838

STE RVGLS �0.617 <.001 0.856 0.766

STE RVFWLS �0.509 <.001 0.809 0.635

CMR-derived RVEF — — 0.946 0.773

ICC, Intraclass correlation coefficient.
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study, Aschauer et al7 assessed RV function in 171 patients with
HFpEF and found a prevalence of RVD (RVEF < 45%) of 19%.
Thus despite variable reports, methods, and criteria, the best available
current data indicate that RVD is present in at least 20% and poten-
tially up to 30% to 50% of patients with HFpEF.32

In our study, the prevalence of RVD in patients with HFpEF varied
on the basis of its definition, with 37% having TAPSE < 17 mm, 26%
having FAC < 35%, 25% having RVFWLS > �18.1%, and 19% hav-
ing impaired RVGLS > �17.5%. Only 10% of patients had CMR-
derived RVEFs < 45%. This discrepancy was also observed in other
studies using multiple parameters for the evaluation of RV func-
tion.6,30,33 TAPSE is limited to longitudinal function, using only
tricuspid annular excursion, and will be the first to be altered.
Preliminary evidence suggests that at the first stage of RVD, there
may be a change in the contraction pattern of the right ventricle,
with reduced longitudinal shortening but enhanced transverse
contraction.34 This pattern would be more suited for increased after-
load to preserve global systolic function. Consequently, TAPSE may
be reduced while FAC is enhanced. RVGLS is also mainly a reflection
of longitudinal function, but unlike TAPSE, it is not limited to analysis
of the RV free wall but also includes the septum, which contributes to
RV systolic function through biventricular interactions.
Physiopathology of RVD in Patients with HFpEF

Several mechanisms have been associated with the development of
RVD in patients with HFpEF, essentially the increase of pulmonary
pressures, subtle LV dysfunction, and AF.4 Passive backward transmis-
sion of LV filling pressures induces an increase in venous pulmonary
pressures and hence in RV afterload. A precapillary component has



Table 3 Univariate predictors of the primary end point (composite of all-cause mortality and first HF hospitalization) and
secondary end point (overall mortality)

Variables

Primary end point (composite) Secondary end point (mortality)

HR 95% CI P HR 95% CI P

Age 1.007 0.982–1.033 .57 1.017 0.979–1.057 .38

Female sex 1.314 0.852–2.026 .22 0.976 0.518–1.840 .94

BMI 0.973 0.939–1.009 .14 0.900 0.847–0.956 .001

NYHA functional

class III or IV

1.524 1.008–2.305 .046 0.863 0.458–1.628 .65

Loop diuretic

medication

1.777 1.099–2.872 .019 1.813 0.833–3.945 .13

Diabetes 1.615 1.068–2.443 .023 1.593 0.854–2.973 .14

COPD 1.788 0.969–3.299 .063 0.804 0.247–2.618 .72

Sleep apnea 0.562 0.266–1.189 .13 0.146 0.020–1.076 .059

AF 1.144 0.751–1.742 .53 0.723 0.388–1.347 .31

NT-proBNP 1.226 1.008–1.490 .041 1.265 0.946–1.691 .11

GFR 0.978 0.967–0.990 <.001 0.982 0.966–0.998 .032

Hemoglobin 0.831 0.741–0.932 .002 0.755 0.635–0.897 .001

STE LVGLS 1.019 0.951–1.093 .59 1.066 0.964–1.178 .22

E-wave velocity 1.010 1.004–1.016 .002 1.006 0.996–1.016 .22

E/e0 ratio 1.032 1.009–1.054 .005 1.030 0.995–1.066 .089

Moderate to severe TI 2.254 1.191–4.267 .013 2.550 1.121–5.800 .026

SPAP 1.017 1.002–1.033 .030 1.027 1.005–1.050 .018

RV FAC < 35% 1.603 1.034–2.487 .035 1.384 0.714–2.684 .34

S0 velocity < 9.5 cm/sec 1.280 0.814–2.013 .28 1.675 0.868–3.232 .12

TAPSE < 17 mm 1.364 0.896–2.078 .15 2.133 1.136–4.005 .018

STE RVGLS > �17.5% 1.664 1.020–2.713 .041 2.338 1.202–4.550 .012

STE RVFWLS > �18.1% 1.310 0.762–2.254 .34 2.476 1.231–4.979 .011

BMI, Body mass index; COPD, chronic obstructive pulmonary disease; GFR, glomerular filtration rate; HR, hazard ratio; LVGLS, LV global longi-

tudinal strain; SPAP, systolic pulmonary artery pressure; TI, tricuspid insufficiency.
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also been incriminated, with local modification of the pulmonary
vasculature secondary to the systemic proinflammatory state associ-
ated with HFpEF35 or to concomitant comorbidities (i.e., chronic
obstructive pulmonary disease and sleep apneas).36

However, RV function is not only altered through the elevation of
pulmonary pressures. Indeed, RVD and pulmonary hypertension are
not well correlated and do not always coexist, especially in patients
with HFpEF.6,37 It is well established that the left ventricle actively
contributes to RV systolic performance through the shared ventricular
septum.38,39 Although global LVejection fraction is by definition pre-
served in HFpEF, there is evidence of subtle LV contractile dysfunc-
tion,40 reducing the direct contribution of LV contraction to RV
function.4,7 This explains why RVGLS might be a better reflection
of RV function and have a stronger prognostic value than RVFWLS
or TAPSE. However, the prognostic impact of RVD seems indepen-
dent of LV function, as studies have found that in patients with
HFpEF, LV function was not significantly associated with outcome,
while RV function was.4,5,7

Several studies have also indicated a link between AF, highly prev-
alent among patients with HFpEF, and the presence of RVD.4,41 Both
may relate to worsening HFpEF, in which increased LV filling pres-
sures leads to left atrial stretch and remodeling and to increased pul-
monary pressures. AF might also directly impair RV function via
altered longitudinal performance. Indeed, it was demonstrated that
cardioversion from AF to sinus rhythm was associated with enhanced
RV longitudinal contraction,42 and RV shortening is worse in patients
with HFpEF with AF for any given pulmonary artery pressure load.4

Our study corroborates these findings, as patients in sinus rhythm
had better RVGLS and RVFWLS than those in AF at the time of
the echocardiography.
Prognosis

Data on the prognostic value of RVD in patients with HFpEF are con-
flicting. Melenovsky et al4 demonstrated that RVD by transthoracic
echocardiography (defined as FAC < 35%) was the strongest predic-
tor of death in an overweight population with advanced HF (96 pa-
tients with HFpEF, mean body mass index 34 kg/m2, and 71% in
NYHA functional class III or IV). This was not the case in a less
advanced HF population (i.e., in clinical trials such as PARAGON,
with 28% of patients in NYHA class III or IV and only 9% of patients
with FAC < 35%).33 In a study investigating a community-based
HFpEF cohort, RVD defined by semiquantitative assessment was
associated with poorer outcomes even after adjustment for comor-
bidities.5 However, those studies included only clinical characteristics
in their multivariate analyses. They did not account for echocardio-
graphic parameters of diastolic dysfunction or for the presence of
tricuspid regurgitation, although the impact of tricuspid regurgitation



Baseline model Partial HR (95 %CI) P value

NYHA functional class III – IV 1.515 (1.000 – 2.295) .05

Glomerular filtration rate 0.983 (0.972 – 0.994) .004

Hemoglobin 0.842 (0.747 – 0.948) .004

Moderate – severe TR 2.108 (1.090 – 4.077) .013

+ TAPSE < 17 mm 1.464 ( 0.947 – 2.263) .08

+ FAC < 35 % 1.373 (0.867 – 2.174) .22

+ STE-RVGLS > -17.5 % 2.103 (1.237 – 3.573) .005*

+ STE-RVFWLS > -18.1% 1.410 (0.813 – 2.447) .27

X²  to enter = 2.98; P = .08

BM + RV parameters Partial HR (95 %CI) P value

X²  to enter = 1.84; P = .18

X²  to enter = 7.85; P = .005 

X²  to enter = 1.51; P = .22  

X² = 32.43

Figure 4 Multivariate Cox regression, model for prediction of the primary end point (composite of HF hospitalization and all-cause
mortality). HR, Hazard ratio. *P value was still significant after Bonferroni correction for multivariate testing.

Baseline model Partial HR (95 %CI) P value

Body mass index 0.902 (0.847 – 0.961) .002

Hemoglobin 0.824 (0.693 – 0.979) .017

Pulmonary pressures (eSPAP) 1.024 (1.001 – 1.047) .014

+ TAPSE < 17 mm 1.866 (0.959 – 3.632) .09

+ FAC < 35 % 1.356 (0.661 – 2.782) .47

+ STE-RVGLS > -17.5 % 3.658 (1.751 – 7.642) .001*

+ STE-RVFWLS > -18.1% 2.661 (1.208 – 5.862) .015

X²  to enter = 3.46; P = .06

BM + RV parameters Partial HR (95 %CI) P value

X²  to enter = 0.69; P = .41

X²  to enter = 13.00; P < .001 

X²  to enter = 5.22; P = .022  

X² = 25.37

Figure 5 Multivariate Cox regression, model for prediction of the secondary end point (all-cause mortality). *P value was still signif-
icant after Bonferroni correction for multivariate testing.

Journal of the American Society of Echocardiography
Volume - Number -

Lejeune et al 9
on survival has been demonstrated in HF with reduced ejection frac-
tion.43 In other studies, FAC and TAPSE were associated with prog-
nosis in univariate analysis but were not independent predictors of
outcome.4,6,44 Burke et al45 found that lower LV compliance and
increased RV remodeling were both independently associated with
the composite outcome of cardiovascular hospitalization or death.
CMR studies also produced conflicting results regarding the predic-
tive value of CMR-derived RVEF.7,8 Overall, results from different
studies vary depending on the selected population and the parame-
ters studied but all agree that RVD has an important prognostic value
in patients with HFpEF.

The predictive value of RV deformation imaging in patients
with HFpEF has been assessed in only one study, conducted by
Bosch et al6 in 219 patients. RVGLS was found to predict the
combined outcome of all-cause mortality and first HF hospitaliza-
tion, even after multivariable adjustment. Our study confirms
these data and further emphasizes the additional value of
RVGLS over conventional echocardiographic parameters. Indeed,
we showed that when we accounted for indirect signs of RVD
assessed in daily practice, such as the presence of moderate to se-
vere tricuspid regurgitation or elevated eSPAP, STE RVGLS was
the only RV function parameter with additional prognostic signif-
icance over clinical characteristics.
Clinical Implications and Perspective

Only a few studies have evaluated prognostic markers in patients with
HFpEF.8,45,46 Our study underlines the importance of considering



119 95 82 63 45 29

28 16 13 10 7 5

B. Adjusted Kaplan Meier curves of event free survival.

Adjustments were made for NYHA functional class, renal function,

hemoglobin levels and tricuspid regurgitation ≥ 2

119 95 82 63 45 29

28 16 13 10 7 5

P = .037

A. Non adjusted Kaplan Meier curves of event free 

survival.

STE-RVGLS < -17.5%

STE-RVGLS > -17.5%

P = .037

Figure 6 Kaplan-Meier curves for the primary end point of event-free survival in patients with HFpEF, according to RV function by STE
RVGLS.

119 113 108 96 79 49

28 23 21 15 13 12

P = .010

119 113 108 96 79 49

28 23 21 15 13 12

B. Adjusted Kaplan Meier curves of survival.

Adjustments were made for body mass index, hemoglobin levels and

estimated pulmonary pressures.

A. Non adjusted Kaplan Meier curves of survival.

STE-RVGLS < -17.5%

STE-RVGLS > -17.5%

P = .010

Figure 7 Kaplan-Meier curves for the secondary end point of overall survival in patients with HFpEF, according to RV function by STE
RVGLS.
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RVD as a risk marker of poor prognosis and suggests that RV function
assessment should be part of the comprehensive evaluation of pa-
tients with HFpEF. Even though there are currently no treatments
improving prognosis in patients with HFpEF, those at high risk for
events should benefit from closer monitoring and intensive treatment
of comorbidities and congestion. The best parameter to evaluate RVD
is yet to be defined, but our study suggests that STE RVGLS could be
of interest. Indeed, it is well correlated to CMR-derived RVEF; it is
reproducible and has prognostic significance over clinical and echo-
cardiographic parameters. However, extra effort should be put into
the standardization of software to implement strain analysis in clinical
practice.

Better discrimination of patients at high risk for events could also be
valuable in the setting of clinical trials. The mixed results of the
PARAGON trial47 highlight the importance of good phenotyping of
patients with HFpEF to match the therapeutic mechanism of an agent
with the patient subgroup most likely to benefit. Exclusion criteria im-
plemented in clinical trials led to underrepresentation of patients at
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high risk (the prevalence of RVD is generally lower than in
community-based studies), who would perhaps benefit more from
new treatments.
Study Limitations

The present data were collected at a single center. Patients did not un-
dergo invasive measurement of filling pressures; hence the contribu-
tion of HFpEF to the elevation of pulmonary pressure could not be
assessed with precision. Also, echocardiographic measurements
were averaged over only three beats in patients in AF at the time of
echocardiography. The impact of AF on the quality of the measure-
ments is difficult to assess, but in our rate-controlled patients (mean
heart rate, 75 6 13 beats/min), a three-beat average seems accept-
able, as the beat-to-beat variability of RVGLS measurements was
equivalent to intraobserver variability (ICCs of 0.862 and 0.856,
respectively). Excluding patients in AF would introduce an important
bias given the high prevalence of AF among patients with HFpEF.
Strain analysis was performed using TomTec software, and specific
cutoff values reported in this study may not apply to other software
or other populations. We excluded 18.5% of patients because of
poor image quality precluding STE imaging. Indeed, a significant lim-
itation of STE strain remains the need for high-quality images and
frame rate dependency.
CONCLUSION

Our study demonstrates that in patients with HFpEF, RVD assessed
by STE RVGLS is a strong independent predictor of overall mortality
and HF hospitalization, providing additional prognostic value over
clinical parameters. Importantly, STE RVGLS was found to have
higher predictive value than FAC and TAPSE. Hence, effort should
be put into the standardization of myocardial deformation software
to implement STE RVGLS in daily practice. Systematic evaluation
of RV function by STE RVGLS could help identify patients with
HFpEF at high risk for adverse events, who should benefit from closer
monitoring and intensive treatment of comorbidities and congestion.
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APPENDIX
Supplemental Table 1 Baseline characteristics and imaging parameters of patients with HFpEF compared with control subjects
of similar age and sex

Control subjects

(n = 28)

Patients with HFpEF

(n = 149) P value

Baseline characteristics

Age, y 76 6 5 78 6 9 .115

Female 19 (68) 91 (61) .497

Body mass index, kg/m2 25.4 6 3.7 28.5 6 6.2 .001*

Systolic blood pressure, mm Hg 144 6 22 138 6 22 .154

Diastolic blood pressure, mm Hg 82 6 12 73 6 13 .003

NYHA functional class III or IV 0 70 (47) <.001*

Medical history

AF 1 (4) 86 (58) <.001*

Ischemic cardiomyopathy 0 (0) 51 (34) <.001*

Previous HF episode 0 (0) 100 (67) <.001*

Previous valvular surgery 0 (0) 13 (9) .104

Chronic obstructive pulmonary

disease

0 (0) 15 (10) .079

Sleep apnea 0 (0) 16 (11) .064

Cardiovascular risk factors

Smoking 6 (21) 65 (44) .026

Hypertension 18 (64) 138 (93) <.001*

Diabetes 3 (11) 61 (41) .002

Family history of CV disease 4 (14) 26 (17) .672

Hypercholesterolemia 25 (89) 96 (64) .011

Medication

Loop diuretic 0 (0) 99 (66) <.001*

Thiazide 2 (7) 31 (21) .084

Mineralocorticoid receptor antagonist 0 (0) 22 (15) .030

b-blocker 3 (11) 94 (63) <.001*

ACE inhibitor or ARB 11 (39) 98 (66) .008

Antiaggregant 6 (21) 63 (42) .038

Oral anticoagulant 1 (4) 81 (54) <.001*

Statin 7 (25) 61 (41) .09

Biology

Hemoglobin, g/dL 13.8 6 1.4 11.8 6 2.0 <.001*

Total cholesterol, mg/dL 210 6 41 158 6 47 <.001*

GFR, mL/min/1.73 m2 by CK-EPI 69 6 18 57 6 24 .003

NT-proBNP, pg/mL 111 (57–156) 1,747 (923–3,521) <.001*

Echocardiographic study

LA volume index, mL/m2 19 6 6 45 6 19 <.001*

LV EDV index, mL/m2 60 6 10 67 6 18 .003

LVEF, % 65 6 5 63 6 7 .047

STE LVGLS, % �21.0 6 2.5 �16.7 6 3.1 <.001*

E-wave velocity, m/sec 55 6 10 92 6 30 <.001*

Septal e0, m/sec 5.8 6 0.92 5.2 6 1.3 .015

E/e0 septal ratio 9.6 6 1.7 18.7 6 7.8 <.001*

RV FAC, % 47 6 7 42 6 9 .004

TAPSE, mm 24 6 4 19 6 5 <.001*

(Continued )



Supplemental Table 1 (Continued )

Control subjects

(n = 28)

Patients with HFpEF

(n = 149) P value

S0 velocity, m/sec 11.6 6 2.5 11.2 6 2.9 .566

Moderate to severe TR 0 (0) 14 (9) .09

eSPAP, mm Hg 24 6 6 43 6 13 <.001*

STE RVGLS, % �25.9 6 4.2 �21.7 6 4.9 <.001*

STE RVFWLS, % �28.2 6 5.2 �24.2 6 6.3 .002

CMR study (n = 28) (n = 120)

LVEF, % 66 6 6 63 6 8 .025

LV mass index, g/m2 58 6 12 67 6 14 .004

RV EDV index, ml/m2 68 6 11 80 6 25 <.001*

RVEF, % 60 6 5 56 6 7 <.001*

Data are expressed as mean 6 SD, number (percentage), or median (interquartile range). Across-group P value is for the difference between pa-

tients with HFpEF and age- and sex-matched control subjects evaluated using c2 tests or unpaired t tests as appropriate.

ACE, Angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CK-EPI, Chronic Kidney Disease Epidemiology Collaboration; CV, car-

diovascular; EDV, end-diastolic volume; GFR, glomerular filtration rate; LA, left atrial; LVEF, LV ejection fraction; TR, tricuspid regurgitation.
*P value was still significant after Bonferroni correction for multivariate testing.
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