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ORIGINAL ARTICLE

Right Ventricular and Right Atrial Function Are 
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Ejection Fraction: A Comparison With Pulmonary 
Arterial Hypertension With Similar Pressure 
Overload
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Lilian J. Meijboom , MD, PhD; J. Tim Marcus , PhD; Anton Vonk Noordegraaf , MD, PhD; Marie José Goumans , PhD;  
Harm Jan Bogaard , MD, PhD; M. Louis Handoko , MD, PhD*; Frances S. de Man , PhD* 

BACKGROUND: Heart failure with preserved ejection fraction (HFpEF) is a prevalent disorder for which no effective 
treatment yet exists. Pulmonary hypertension (PH) and right atrial (RA) and ventricular (RV) dysfunction are frequently 
observed. The question remains whether the PH with the associated RV/RA dysfunction in HFpEF are markers of 
disease severity.

METHODS: To obtain insight in the relative importance of pressure-overload and left-to-right interaction, we compared RA and 
RV function in 3 groups: 1. HFpEF (n=13); 2. HFpEF-PH (n=33), and; 3. pulmonary arterial hypertension (PAH) matched to 
pulmonary artery pressures of HFpEF-PH (PH limited to mPAP ≥30 and ≤50 mmHg) (n=47). Patients underwent right heart 
catheterization and cardiac magnetic resonance imaging.

RESULTS: The right ventricle in HFpEF-PH was less dilated and hypertrophied than in PAH. In addition, RV ejection 
fraction was more preserved (HFpEF-PH: 52±11 versus PAH: 36±12%). RV filling patterns differed: vena cava 
backflow during RA contraction was observed in PAH only. In HFpEF-PH, RA pressure was elevated throughout the 
cardiac cycle (HFpEF-PH: 10 [8–14] versus PAH: 7 [5–10] mm Hg), while RA volume was smaller, reflecting excessive 
RA stiffness (HFpEF-PH: 0.14 [0.10–0.17] versus PAH: 0.08 [0.06–0.11] mm Hg/mL). RA stiffness was associated 
with an increased eccentricity index (HFpEF-PH: 1.3±0.2 versus PAH: 1.2±0.1) and interatrial pressure gradient (9 [5 
to 12] versus 2 [−2 to 5] mm Hg).

CONCLUSIONS: RV/RA function was less compromised in HFpEF-PH than in PAH, despite similar pressure-overload. Increased 
RA pressure and stiffness in HFpEF-PH were explained by left atrial/RA-interaction. Therefore, our results indicate that 
increased RA pressure is not a sign of overt RV failure but rather a reflection of HFpEF-severity.
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Heart failure with preserved ejection fraction (HFpEF) 
is a highly prevalent condition for which no treat-
ments yet exist.1 HFpEF is characterized by stiffening 

of the left ventricle, resulting in increased left-sided filling 
pressure. Passive backward transmission of left-sided 
filling pressure eventually results in increased pulmonary 
venous and arterial pressure.2 Pulmonary hypertension 
(PH) is therefore a well-known complication in patients 
with HFpEF.2–4 Interestingly, the pulmonary vascular 
remodeling in advanced HFpEF shows striking resem-
blance to pulmonary arterial hypertension (PAH).5

Recent studies demonstrated that right atrial (RA) 
and right ventricular (RV) dysfunction are prevalent in 
HFpEF-PH and are associated with poor outcomes.6–12 
Worsening PH and increased RV afterload induce RV 
hypertrophy, RV dysfunction, and increased RV filling 
pressures and subsequently increased RA afterload.13 
RA reservoir function is depressed compared with con-
trols, and RA pressure (RAP) is elevated in HFpEF-
PH.12,14 Based on these observations, it is speculated 
that patients with HFpEF may benefit from PAH-specific 
medication. These agents partially reverse pulmonary 
vascular remodeling and will thereby lower RV pressure 
overload and restore right heart function.13,15,16 However, 
the cause of right heart dysfunction in HFpEF-PH may 
also be related by left-to-right interaction. Both sides of 
the heart share the same pericardium, and as a result, 
changes on the left side will directly affect the right side 
of the heart and vice versa.

It remains an open question whether the PH with the 
associated RV/RA dysfunction in HFpEF are markers 
of disease severity. Until now, most studies have evalu-
ated RV and RA function relative to control subjects, 
making it difficult to interpret the pathophysiological rel-
evance of the observed differences in RA and RV func-
tion. Therefore, we combined sophisticated imaging and 
hemodynamic analyses of the right atrium and ventricle 
in patients with HFpEF-PH and PAH, that were matched 
on pulmonary artery pressure (PAP).

MATERIALS AND METHODS
The data, methods used in the analysis, and materials used 
to conduct the research are available from the correspond-
ing author to any researcher for purposes of reproducing the 
results or replicating the procedure upon request.

Study Design and Patients
This is a retrospective analysis of patients with HFpEF-PH 
(mean PAP or mPAP≥25 mmHg, pulmonary capillary wedge 
pressure or PCWP≥15 mmHg) and treatment-naive PAH 
(mPAP≥25 mmHg, PCWP<15 mmHg), diagnosed according 
to guidelines17,18 at Amsterdam University Medical Centers 
between June 2000 and May 2020. Patients underwent right 
heart catheterization and cardiac magnetic resonance imag-
ing within a maximum interval of a month. Only patients with 
PAH with a mPAP between 30 and 50 mm Hg were included 
to correct for differences in pressure overload. As reference 
group, we included patients with HFpEF without PH (mPAP 
<25 mmHg, PCWP≥15 mmHg or an increase to ≥25 mmHg at 

Nonstandard Abbreviations and Acronyms

AF	 atrial fibrillation
Cpc-PH	� combined pre- and postcapillary pulmo-

nary hypertension
HF	 heart failure
HFpEF	� heart failure with preserved ejection 

fraction
LA	 left atrial
LV	 left ventricular
PAH	 pulmonary arterial hypertension
PH	 pulmonary hypertension
RA	 right atrial
RAP	 right atrial pressure
RV	 right ventricular
RVEF	 right ventricular ejection fraction
SV	 stroke volume 

WHAT IS NEW?
This is the first study to show that the response of the 
right heart to a similar amount of pressure-overload is 
different in patients with heart failure with preserved 
ejection fraction (HFpEF)-pulmonary hypertension 
(PH) and pulmonary arterial hypertension:

•	 Right ventricular (RV) function was preserved in 
HFpEF-PH with no signs of RV dilatation, whereas 
in pulmonary arterial hypertension the right ventricle 
was dilated and its function was depressed.

•	 Right atrial function was preserved with no signs 
of vena cava backflow during right atrial contrac-
tion in HFpEF-PH in contrast to pulmonary arterial 
hypertension.

•	 Elevated right atrial pressure and stiffness in 
HFpEF-PH were explained by changes in left atrial 
and right atrial interaction.

WHAT ARE THE CLINICAL IMPLICATIONS?
•	 Our study shows that the response of the right heart 

to a similar amount of pressure-overload in HFpEF-PH 
and pulmonary arterial hypertension is different. The 
increase in right atrial pressure and stiffness in patients 
with HFpEF-PH is mainly explained by an enhanced 
left-to-right atrial interaction and an enhanced pericar-
dial constraint. Rather than a sign of overt right heart 
failure, the increased right atrial pressure and stiffness 
is a reflection of HFpEF-severity. Whether the new 
treatment strategies in HFpEF including atrial septos-
tomy have a beneficial effect on the right heart should 
be explored in future investigations.
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exercise). Medical charts of patients were reviewed for comor-
bidities including history of smoking, history of coronary artery 
disease, history of atrial fibrillation (AF), history of hyperten-
sion, history of chronic obstructive pulmonary disease, history 
of obstructive sleep apnoea syndrome, history of diabetes, his-
tory of chronic renal disease, and history of hypothyroidism. The 
Medical Ethics Review Committee of the Amsterdam University 
Medical Centre did not consider the current study to fall within 
the scope of Medical Research Involving Human Subjects act 
(WMO), and informed consent was not required (approval num-
ber VUMC 2012288).

Cardiac Magnetic Resonance Imaging
Cardiac function and volumes were assessed using cardiac 
magnetic resonance imaging. Scans were made with a Siemens 
1.5-T Sonata or Avanto scanner (Siemens Medical Solutions, 
Erlangen, Germany). Acquisition and analyses of images were 
performed as previously described.19 Only scans with sufficient 
quality were included in the final analysis, and all patients were 
in sinus rhythm at time of cardiac magnetic resonance measure-
ments (which does not exclude patients with episodes of AF in 
the past). We also determined RV volumes at diastasis (phase 
before atrial contraction) to make a distinction between RV pas-
sive filling (RV diastasis volume minus RV end-systolic volume) 
and RV active filling (RV end-diastolic volume minus RV diastasis 
volume). Volumes and mass were indexed to body surface area. 
Stroke volume (SV) was determined with left ventricular (LV) and 
RV volumes.20 Tricuspid regurgitation volume was calculated by 
the difference between RV and LV SV.21 Tricuspid regurgitation 
severity was graded into mild (<30 mL), moderate (30–59 mL), 
and severe (>60 mL). RA and left atrial (LA) maximum, diasta-
sis and minimal volumes were determined with the area-length 
method on the 4-chamber view using Circle CVI42 software (ver-
sion 5.11.4). Next, we determined RA passive emptying by differ-
ences between RA maximal and RA diastasis volume. RA active 
emptying was determined by the difference between RA diastasis 
and RA minimal volume. Subsequently, total RA or LA emptying 
fraction, passive emptying fraction, and active emptying fraction 
were calculated.22 In addition, we determined vena cava backflow 
by differences in RA active emptying and RV active filling vol-
ume. To determine the LA/RA-interaction, we quantified the RA 
eccentricity index at end-systole on the 4-chamber view.23 The 
eccentricity index D2/D1 was calculated as the ratio between the 
length of 2 perpendicular diameters, where D2 is defined as the 
diameter perpendicular to the tricuspid valve and D1 is defined as 
the atrial diameter from left to right perpendicular to D2.

Feature Tracking Analysis
Cardiac magnetic resonance Feature Tracking analysis was 
performed using Circle CVI42.24,25 LV, LA, RV, and RA longitu-
dinal strain was assessed on the 4-chamber view, and LV and 
RV circumferential and radial strain was assessed using the 
short-axis stack. Epicardial and endocardial contours exclud-
ing trabeculations were drawn at end-diastole. RV analysis only 
included the free wall.26 A distinction was made between LA 
and RA reservoir, passive strain and active strain.27 The res-
ervoir strain or function phase is characterized by the venous 
return during systole of the ventricles and isovolumetric con-
traction when the tricuspid valve is closed. Passive strain or 
function is characterized by passive emptying of the atria during 

early diastole and active strain or function by active contraction 
of the atria.28 The automated feature tracking performance was 
reviewed and manually adjusted if needed.

Right Heart Catheterization
Hemodynamic assessment was performed as reported with a 
balloon-tipped, flow-directed 7.5-F triple lumen Swan-Ganz cath-
eter (Edwards Lifesciences LLC, Irvine, CA).29 Measurements of 
PAP, RAP, PCWP, and cardiac output were taken. Pulmonary 
vascular resistance was determined with: pulmonary vascular 
resistance=(mPAP−PCWP)/cardiac output). RA and RV pres-
sure curves were obtained and stored for analysis. The RAP 
curve was analyzed end-expiratory at the a-wave, v-wave, and 
minimal pressure during the x-descent for 5 heartbeats of which 
averages were taken. RA stiffness was quantified as slope 
between increase in RAP (minimal to maximal pressure) divided 
by the increase in RA volume (minimal to maximal volume).

Pressure-Volume Analysis
RV pressure-volume analyses were carried out using the sin-
gle-beat method as previously described.29 In short, the end-
systolic pressure-volume relation (Ees) slope, as measure for 
RV contractility, was calculated by: Ees=(Piso−mPAP)/(RV end-
diastolic volume−RVESV). RV isovolumic pressure (Piso) was 
derived with the single-beat method of Sunagawa et al.30 The 
arterial elastance (Ea), as measure for RV afterload, was deter-
mined by dividing mPAP by SV. The RV-arterial coupling was 
defined as the ratio between Ees and Ea. Next, we assessed 
the end-diastolic elastance (Eed) as measure for RV diastolic 
stiffness, by calculating the slope of the diastolic pressure-vol-
ume relation at the end of diastole using α and β in the formula: 
Eed=α*β*e(β*RVEDV).31,32

Statistical Analysis
Data are presented as mean±SD for normally distributed data 
or as median (interquartile range [IQR]) for non-normally dis-
tributed data. For non-normally distributed data, logarithmic 
transformation was performed before the analysis. Groups 
were compared using a 1-way ANOVA for normally distributed 
data, after which post hoc analysis with unpaired t test and 
Bonferroni correction was applied. If logarithmic transformation 
did not result in normal distribution, Kruskal-Wallis testing and 
post hoc testing was performed with pairwise Mann-Whitney U 
test. Group differences for categorical variables were assessed 
with Pearson’s χ2 or Fisher exact test. Relationships between 
2 or more continuous variables were assessed with univariate 
and multivariate linear regression. To determine the relative 
contribution of history of AF and PH disease etiology (PAH ver-
sus HFpEF-PH) as predictors of RV dysfunction as indicated 
by RV ejection fraction (RVEF), we performed multivariate lin-
ear regression. A P of <0.05 was considered statistically signifi-
cant. Statistical analyses were performed in R (version 3.5.2).

RESULTS
Baseline Characteristics
We screened 195 patients for inclusion, of which 39 
patients were excluded due to initiation of PAH-specific 
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treatment before hemodynamic baseline measurements 
or a high H2FPEF-score (score >5), to exclude patients 
with PAH with possible concealed LV diastolic dysfunc-
tion (Figure 1).33 Next, we matched the PAH-cohort on 
mPAP (PH limited to mPAP ≥30 and ≤50 mmHg) to the 
HFpEF-PH cohort. In total, 93 patients were included, 
of which 47 PAH, 33 HFpEF-PH, and 13 patients with 
HFpEF (Figure  1). Baseline characteristics are pre-
sented in the Table. In general, patients with HFpEF-PH 
were older and had higher BMI values than PAH. Comor-
bidities including history of coronary artery disease and 
history of AF were more frequent in HFpEF-PH than 
PAH. Tricuspid regurgitation severity was similar for both 
groups (Table S1). Minor mitral valve regurgitation was 
visually observed in a small number of patients (≈15%) 
and was therefore considered neglectable. Diuretics use 
was more frequent in HFpEF-PH compared with patients 
with PAH (59% versus 33%). In addition, renal function 

was significantly worse in patients with HFpEF-PH com-
pared with PAH, shown by a lower eGFR (59±18 versus 
73±14 mL/minute per 1.72 m2). In 23 (70%) patients 
with HFpEF-PH, combined pre- and postcapillary PH 
(Cpc-PH) was observed, defined as mPAP>25 mmHg, 
PCWP>15 mmHg, and pulmonary vascular resistance 
>3 Wood units (WU; Table S2).

RV Dysfunction Most Prominent in Patients With 
PAH
To compare RV dysfunction in patients with HFpEF-PH 
and PAH, we analyzed imaging and hemodynamic data. 
In addition, we performed pressure-volume analyses to 
obtain information on RV systolic and diastolic function. 
Although PAP was similar between PAH and HFpEF-
PH, patients with HFpEF-PH showed a more preserved 
RV phenotype with less RV dilatation as shown by RV 

Figure 1. Flowchart.
Flowchart showing the number of patients included in the study. In total, 195 patients were screened for inclusion, after which 39 were 
excluded. After matching on pulmonary arterial pressures or right ventricular (RV) pressure-overload (pulmonary hypertension [PH] limited 
between mean pulmonary artery pressure ≥30 and ≤50 mm Hg), we selected in total 93 patients for the final analysis, of which 47 pulmonary 
arterial hypertension (PAH; idiopathic pulmonary hypertension [iPAH] n=37; hereditary pulmonary arterial hypertension [hPAH] n=9), 33 heart 
failure with preserved ejection fraction (HFpEF)-PH, and 13 HFpEF without PH patients. PV indicates pressure volume; and RA, right atrial.
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end-diastolic volume (68±20 versus 87±22 mL/m2), 
and a moderate increase in RV mass (34±15 versus 
40±14 g/m2) in comparison to PAH (Figure 2). RV func-
tion was also more preserved in patients with HFpEF-
PH, shown by SV, RVEF, and strain values (Figure  2, 
Table S1). Although, RVEF was slightly lower in Cpc-
PH than in isolated postcapillary PH patients (Cpc-PH: 
51±10%, isolated precapillary pulmonary hypertension: 

56±12%), RVEF remained significantly higher than in 
patients with PAH (36±12%; Table S2). Interestingly, 
like RVEF, LV ejection fraction was significantly lower in 
PAH compared with HFpEF-PH, albeit still within normal 
range (58±10% versus 64±10%; Table S1). Pressure-
volume analyses demonstrated similar changes in RV-
arterial coupling, and a stepwise increase in RV diastolic 
stiffness (Figure 2, Table S3).

Table.  Baseline Characteristics

Variable HFpEF HFpEF-PH PAH
P value HFpEF-PH 
vs HFpEF

P value HFpEF-PH 
vs PAH

N 13 33 47   

Age, y 62 (11) 67 (9) 53 (18) 0.96 <0.001

Female sex, n (%) 7 (54) 23 (70) 27 (57) 0.50 0.38

BMI, m2/kg 30 (4) 32 (7) 25 (4) 0.78 <0.001

NYHA functional class, n (%)

  Class I 0 (0) 2 (6) 2 (4) 0.51 0.93

  Class II 7 (54) 11 (33) 17 (37)   

  Class III 5 (40) 18 (55) 23 (50)   

  Class IV 1 (8) 2 (6) 4 (9)   

6MWD, m 495 (363–636) 320 (243–403) 436 (328–497) 0.006 0.01

NTproBNP, ng/L 99 (64–282) 931 (288–1783) 837 (293–2345) <0.001 0.99

Hb, mmol/L 8.7 (1.2) 8.5 (1.3) 9.3 (1.3) 0.99 0.02

eGFR, ml/min per 1.73 m2 71 (19) 59 (18) 73 (14) 0.11 0.002

Diuretics use, n (%) 8 (62) 19 (59) 15 (33) 0.99 0.006

Comorbidities

  History of smoking, n (%) 7 (54) 22 (67) 26 (55) 0.64 0.43

  History of coronary artery disease, n (%) 9 (69) 14 (42) 10 (21) 0.19 0.07

  History of atrial fibrillation, n (%) 5 (39) 18 (55) 0 (0) 0.52 <0.001

  History of hypertension, n (%) 8 (62) 24 (73) 13 (28) 0.70 <0.001

  History of COPD, n (%) 2 (15) 8 (24) 6 (13) 0.80 0.30

  History of OSAS, n (%) 4 (31) 10 (30) 4 (9) 0.99 0.03

  History of diabetes, n (%) 4 (31) 9 (27) 8 (17) 0.99 0.41

  History of chronic renal disease, n (%) 0 (0) 9 (27) 2 (4) 0.09 0.009

  History of hypothyroidism, n (%) 1 (8) 8 (24) 2 (4) 0.39 0.02

RHC measurements

  mPAP, mm Hg 19 (4) 41 (9) 44 (5) <0.001 0.28

  mRAP, mm Hg 6 (5–6) 10 (8–14) 7 (5–10) 0.002 0.007

  PCWP, mm Hg 14 (4) 20 (3) 9 (3) <0.001 <0.001

  PVR, WU 0.6 (0.6–1.1) 3.5 (2.9–4.9) 7.9 (6.0–10.2) <0.001 <0.001

CMR measurements

  LVEDV index, mL/m2 61 (17) 58 (17) 52 (13) 0.99 0.25

  LVEF, % 65 (9) 64 (10) 58 (10) 0.99 0.04

  SV index, mL/m2 39 (9) 37 (8) 30 (9) 0.99 0.006

  RVEDV index, mL/m2 62 (17) 68 (20) 87 (22) 0.99 <0.001

  RVEF, % 58 (11) 52 (11) 36 (12) 0.29 <0.001

Data are presented as mean (SD), median (IQR), or n (%). 6MWD indicates 6-minute walking distance; BMI, body mass index; CMR, cardiac magnetic resonance; 
COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; Hb, hemoglobin; HFpEF, heart failure with preserved ejection fraction; LVEDV, 
left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; mPAP, mean pulmonary arterial pressure; mRAP, mean right atrial pressure; NTproBNP, N-
terminal prohormone of brain natriuretic peptide; NYHA, New York Heart Association; OSAS, obstructive sleep apnoea syndrome; PAH, pulmonary arterial hypertension; 
PCWP, pulmonary capillary wedge pressure; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; RHC, right heart catheterization; RVEF, right ventricular 
ejection fraction; RVEDV, right ventricular end-diastolic volume; SV, stroke volume; and WU, Wood units.



van Wezenbeek et al Right Ventricular and Atrial Function in HFpEF

132Circ Heart Fail. 2022;15:e008726. DOI: 10.1161/CIRCHEARTFAILURE.121.008726� February 2022

Preserved RA/RV Interaction in HFpEF-PH
To further explore consequences of increased RV dia-
stolic stiffness in patients with HFpEF-PH and PAH on 
RV filling, we calculated passive and active emptying vol-
umes of the right atrium and passive and active filling 
volumes of the right ventricle. Among the groups, there 
was no difference in RA passive emptying or RV passive 
filling (Figure  3). In PAH, RA active emptying was the 
highest, whereas RV active filling was the lowest. This 
RA inefficiency in PAH was explained by vena cava back-
flow during RA contraction (Figure 3), vena cava back-
flow was not observed in HFpEF-PH.

The Right Atrium Was Most Affected in PAH, 
Whereas the Left Atrium Was Most Affected in 
HFpEF-PH
Next, we assessed the effect of pressure-overload on LA 
and RA volume and function. LA volume was significantly 
increased in patients with HFpEF-PH, together with a 
severely impaired reservoir, conduit and active LA func-
tion in comparison to PAH (Figure 4).

RA volume was significantly increased in patients with 
PAH (Figure 4). No differences in reservoir, conduit, and 

active RA function could be observed between groups 
(Table S1). Only a small reduction in total RA emptying 
fraction was seen in patients with HFpEF-PH relative to 
HFpEF. This difference might be explained by the higher 
prevalence of AF history in patients with HFpEF-PH. In 
general, patients with HFpEF-PH with a history of AF were 
older, had more LA dilatation and ancillary atrial dysfunc-
tion (Figure S1, Table S3). In addition, total and active RA 
emptying fraction was significantly lower in patients with 
HFpEF-PH with or without a history of AF. However, no 
differences could be observed in LV or RV dimensions, nor 
function between patients with or without history of AF. 
Furthermore, we showed that RV dysfunction is explained 
by etiology of PH, rather than history of AF (Table S4).

RAP Is Elevated Throughout the Cardiac Cycle 
in HFpEF-PH
All hemodynamic measurements are presented in Table 
S5. Despite a similar RV pressure-overload, HFpEF-
PH showed a significantly elevated mean RAP com-
pared with patients with PAH (Figure  5). In addition, 
RAP was consistently elevated throughout the cardiac 
cycle in HFpEF-PH. In contrast to the increased RAP, 
no excessive RA dilatation in HFpEF-PH was observed. 

Figure 2. Right ventricular (RV) phenotype and RV diastolic stiffness.
Measurements of RV end-diastolic volume (RVEDV) index in A, right ventricular ejection fraction (RVEF) in B, RV mass index in C, and RV 
diastolic stiffness as indicated by end-diastolic elastance in D in 13 patients with heart failure with preserved ejection fraction (HFpEF) without 
pulmonary hypertension (PH), 33 with HFpEF-PH, and 47 with pulmonary arterial hypertension (PAH). Only significant differences between 
HFpEF-PH vs HFpEF and HFpEF-PH vs PAH are depicted.
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In Figure 6, we plotted RA volume and RAP measure-
ments and calculated ΔP/ΔV during the reservoir phase 
to determine RA stiffness. HFpEF-PH had significantly 
greater RA stiffness than patients with PAH.

A potential factor contributing to the increased RAP 
and RA stiffness might be an enhanced LA/RA-inter-
action. To quantify LA/RA-interaction, we calculated the 
LA-to-RA pressure gradient and analyzed the RA eccen-
tricity index (interatrial septum bulging; Figure  6). The 
LA-to-RA pressure gradient was significantly larger in 
HFpEF-PH than in PAH, but no difference was observed 
between HFpEF with or without PH. Also, the RA eccen-
tricity index was significantly higher in HFpEF-PH com-
pared with PAH (Figure 7, central figure).

DISCUSSION
This is the first study to directly compare the response of 
the right heart to a similar amount of pressure-overload 
in patients with HFpEF-PH and PAH. Interestingly, the 
RV response differed:

1.	 Despite similar RV pressure-overload, RV func-
tion was relatively preserved in HFpEF-PH with no 
signs of RV dilatation, whereas in PAH the right 

ventricle was dilated and its function was severely 
depressed.

2.	 RAP was elevated throughout the cardiac cycle in 
patients with HFpEF-PH in comparison to PAH, 
whereas RA volumes were smaller. In HFpEF-PH, 
RA function was preserved with no signs of vena 
cava backflow during RA contraction in con-
trast to PAH. Elevated RAP and RA stiffness in 
HFpEF-PH were mainly explained by changes in 
LA/RA-interaction.

Whether the excessive increase in RAP is a beneficial 
adaptation to prevent the right heart from failing or a 
detrimental sign, needs to be investigated in future 
research. At least, we can conclude from this study that 
the increased RAP is not a sign of overt RV failure, but 
rather a reflection of HFpEF-severity.

PH-Specific Treatments for HFpEF-PH
PH is an important complication in patients with HFpEF. 
Passive backward transmission of increased left-sided fill-
ing pressure in HFpEF results in increased PAP and sub-
sequently RV pressure-overload.2,4,34 As a consequence, 
changes in RV and RA function are observed in patients 

Figure 3. Right atrial (RA) and right ventricular (RV) interaction.
Measurements of RA passive and active emptying volumes in A, RV passive and active filling volumes in B, and vena cava backflow determined 
with the differences between RA active emptying and RV active filling volume in C, in 13 patients with heart failure with preserved ejection 
fraction (HFpEF) without pulmonary hypertension (PH), 33 with HFpEF-PH, and 47 with pulmonary arterial hypertension (PAH). Only significant 
differences between HFpEF-PH vs HFpEF and HFpEF-PH vs PAH are depicted.
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with HFpEF in comparison to controls and are closely 
associated with mortality or heart failure hospitalization.8 
It has been suggested that PH-specific medication may 
be beneficial in patients with HFpEF by reducing RV 
pressure-overload and thereby restoring right heart func-
tion. There is especially a large interest in testing PDE5-
inhibition in patients with HFpEF, because it targets both 
pulmonary vascular remodeling as well as LV diastolic 
stiffness. PDE5-inhibition would alter expression of pro-
tein kinase G, an important regulator of titin phosphoryla-
tion and stiffness of LV cardiomyocytes. Nevertheless, in 
several clinical studies including the multicentre RELAX 
trial (Phosphodiesterase-5 Inhibition to Improve Clinical 
Status And Exercise Capacity in Diastolic Heart Failure; 
REGISTRATION: URL: https://www.clinicaltrials.gov; 
Unique identifier: NCT00763867), no beneficial effect of 
PDE5-inhibition on clinical end-points was observed.2,35–38 
In contrast to most negative trials in HFpEF, a recent 
double-blinded trial showed that empagliflozin reduces 
risk of cardiovascular death or hospitalization for heart 
failure in patients with HFpEF.39In our study, we included 
patients with HFpEF without PH, patients with HFpEF 
with isolated post-capillary PH, patients with HFpEF with 
Cpc-PH and PAH. Surprisingly, patients with HFpEF-PH 
showed preserved RV and RA function in comparison to 
patients with PAH with similar RV pressure-overload. Only 

in PAH, but not in patients with HFpEF-PH, we observed 
vena cava backflow with RA contraction, which reflects 
impaired filling of the right ventricle. The vena cava back-
flow in PAH may be explained by worse right heart func-
tion and increased diastolic stiffness.40

RVEF was on average slightly lower in Cpc-PH patients 
than in isolated postcapillary PH patients but far better 
than RVEF in patients with PAH. Albeit right heart function 
in patients with HFpEF may differ in comparison to con-
trols,9 it is relatively preserved in comparison to patients 
with PAH with similar pressure-overload. This raises the 
question whether PH-specific medication would give more 
benefit than harm. Especially, as a recent small study of 
our group has demonstrated that in patients with Cpc-PH, 
RV afterload and SV could improve with PDE5-inhibition, 
but at the expense of elevated LV filling pressures.37

Nevertheless, this does not exclude the possibility that 
there might be a group of HFpEF patient with Cpc-PH 
that could indeed benefit from therapies targeting RV 
pressure-overload. Those patients would probably show 
a more severely compromised RV function (RV pheno-
type).2 Inclusion of RV functional measurements, such as 
RVEF, may be valuable to identify these patients.

Interestingly, in our PAH cohort, LV function was slightly 
more depressed compared to patients with HFpEF-
PH. The enlarged right ventricle, septal bowing, and 

Figure 4. Left atrial (LA) and right atrial (RA) volumes and function.
Measurements of RA maximum, diastasis, and minimum volume index in A, LA maximum, diastasis, and minimum volume index in B, total, passive, 
and active right atrial ejection fraction (RAEF) in C, total, passive, and active left atrial ejection fraction (LAEF) in D, RA total, conduit and active 
longitudinal strain in E, LA total, conduit, and active longitudinal strain in F, in 13 patients with heart failure with preserved ejection fraction (HFpEF) 
without pulmonary hypertension (PH), 33 with HFpEF-PH, and 47 with pulmonary arterial hypertension (PAH). Representative measurements of 
RA volumes over 1 cardiac cycle in 30 phases in G, and of RA longitudinal strain over 1 cardiac cycle in 30 phases in H, in a subset of 10 HFpEF-
PH and 10 PAH patients (H). Only significant differences between HFpEF-PH vs HFpEF and HFpEF-PH vs PAH are depicted.
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interventricular mechanical desynchrony that are known to 
play a role in PAH may directly limit filling of the left ven-
tricle,26 also evident in our cohort by the reduced stroke 
volume in PAH. As a consequence, underfilling of the left 
ventricle may lead to LV atrophy and reduced LV function.26

Enhanced LA/RA Interaction
We demonstrate for the first time that RAP is consistently 
elevated throughout the entire cardiac cycle in HFpEF-
PH, compared with PAH despite similar pressure-over-
load. In combination with smaller RA volume, this implies 
increased RA stiffness.

Due to the shared pericardium, dilatation and 
increased pressure in the left atrium can directly affect 
the right atrium. Therefore, increased RA stiffness in 
HFpEF-PH may be the result of altered characteristics 
of the LV/RV and LA rather than a mere consequence of 
intrinsic RA wall characteristics. RAP can be used as sur-
rogate for pericardial pressures and provides an estima-
tion of pericardial constraint.41–43 The pericardium applies 
an external force on the ventricles and limits filling.42 Any 
increase in volumes or pressures or epicardial fat can 
lead to an increase in pericardial constraint.42,44

Our results indicate that patients with HFpEF-PH 
have enhanced pericardial constraint and LA/RA-inter-
action, which may contribute to the increased RAP and 
RA stiffness. First, LA-to-RA pressure gradient was 

higher in HFpEF (with or without PH) than PAH. As a 
result, RA eccentricity index in HFpEF was increased 
(bulging toward the right). Although the direction of 
LA/RA interaction was similar in HFpEF and HFpEF-
PH, the final effect on RAP is larger in HFpEF-PH, as 
the driving force (LAP) was also higher in HFpEF-PH. 
Second, RV diastolic stiffness and RVEDP are similar 
between patients with HFpEF-PH and PAH. We there-
fore conclude that the observed increase in RAP over 
the complete cardiac cycle is a consequence of LA/RA-
interaction, rather than a sign of overt RV failure.

Atrial fibrillation was previously associated with reduced 
RA function and reduced RA compliance.6,7,13 A significant 
proportion of patients with HFpEF-PH in our cohort had 
an history of AF (of note: all were in sinus rhythm at time of 
cardiac magnetic resonance), which was associated with 
LA and RA dysfunction. RAP was similarly increased in 
patients with or without AF history. In addition, an history of 
AF was not associated with increased vena cava backflow. 
Finally, by multivariate analyses, we could demonstrate 
that the differences in RVEF between PAH and HFpEF-
PH continue to exist after correction of the history of AF. 
An important clinical consequence of the elevated RAP 
in patients with HFpEF-PH may be a higher prevalence 
of kidney dysfunction, eGFR levels were significantly 
reduced in patients with HFpEF-PH. Whether lowering 
RAP results in (partial) restoration of kidney function in 
this patient group is unknown, but of interest.

Figure 5. Right atrial (RA) pressures during cardiac cycle.
Frequency distribution of mean right atrial pressure (mRAP) in A, right atrial pressure (RAP) at the v-wave, minimal or x-descent, and A-wave 
in B, in 13 patients with heart failure with preserved ejection fraction (HFpEF) without pulmonary hypertension (PH), 33 with HFpEF-PH, and 
47 with pulmonary arterial hypertension (PAH). Representative RAP curves are shown in each patient group in C. Only significant differences 
between HFpEF-PH vs HFpEF and HFpEF-PH vs PAH are depicted.
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Traditional strategies to reduce LV filling pressures in 
HFpEF consists of drugs such as diuretics. Although a 
beneficial effect of diuretics was suggested in the CHAM-
PION trial  (CardioMEMS HF Sensor Allows Monitoring 
of Pressures to Improve Outcomes in NYHA Functional 
Class III Heart Failure Patients), clinical effectivity has 
not been proven in other randomized controlled trials.45,46 
Therefore, new and nonpharmacological strategies to 
reduce disease severity and LA pressure in HFpEF are 
currently under investigation.15,45,47 Recently, an interatrial 
shunt device has been suggested in HFpEF.45,48–50 A left-
to-right atrial shunt decreases the interatrial pressure gra-
dient. As a result, left-sided pressures decrease at rest but 
particularly during exercise. The shunt device has shown 
to ameliorate symptoms and improve functional capac-
ity in HFpEF.48–50 However, considering our findings, the 
question is how the interatrial shunt will impact the right 
atrium. On the one hand, by reducing left-sided pressure, 
atrial septostomy may reduce the interatrial pressure and 
thus the pericardial constraint and thereby also relieve the 
right atrium. On the other hand, a further increase in RAP 
may lead to increased central venous pressure, which 
may have detrimental effects on renal function. Neverthe-
less, the first results did not indicate further increase in 

RAP. The results of 2 larger clinical on effectivity of atrial 
septostomy in HFpEF are expected soon (REGISTRA-
TION: URL: https://www.clinicaltrials.gov; Unique identi-
fiers: NCT03499236, NCT03088033).

Limitations 
One of the limitations of our study is the retrospective nature 
and single-center setting, which could have led to a potential 
bias in the patient population. Because of the retrospective 
nature of the study, we could not match patients with PAH 
and patients with HFpEF-PH individually on mPAP value but 
group-matched the patients with PAH to pulmonary artery 
pressures of HFpEF-PH (only including patients with PAH 
with mPAP ≥30 and ≤50 mmHg). In addition, as a national 
PH referral center, the prevalence of Cpc-PH was larger 
in our cohort (70%) than is described in literature (≈10%). 
Second, our analyses were limited to baseline measure-
ments. We consider this the most relevant comparison, as 
patients with PAH are still treatment naive, and no approved 
treatment is currently available for HFpEF. Finally, PV loop 
data were only available in a subset of patients. However, 
our observations were sufficiently consistent to draw rel-
evant conclusions. Importantly, we combined sophisticated 

Figure 6. Left atrial and right atrial (RA) interaction.
The relationship between the increase in RA volume and pressure in A, the ΔP/ΔV during the reservoir phase to determine RA stiffness in B, 
the interatrial septum pressure gradient indicated by the difference in pulmonary capillary wedge pressure (PCWP) and right atrial pressure 
(RAP) in C, and RA eccentricity index at end-systole in D, in 13 patients with heart failure with preserved ejection fraction (HFpEF) without 
pulmonary hypertension (PH), 33 with HFpEF-PH, and 47 with pulmonary arterial hypertension (PAH). Only significant differences between 
HFpEF-PH vs HFpEF and HFpEF-PH vs PAH are depicted. ES indicates end-systole.
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imaging and hemodynamic analyses of the right atrium and 
ventricle in patients with HFpEF-PH and PAH, matched on 
PAP to have the most reliable comparison.

Conclusions
By comparing HFpEF-PH with PAH, we were able to 
demonstrate that RV function in  patients with HFpEF-PH 

is relatively preserved with no signs of RV dilatation in 
comparison to patients with PAH with similar RV pres-
sure-overload. Although RAP was highly elevated in 
patients with HFpEF-PH, RA function was preserved 
with no signs of vena cava backflow during RA con-
traction, in contrast to patients with PAH. Elevated RAP 
and RA stiffness in HFpEF-PH could be explained by 
an enhanced LA/RA-interaction. Therefore, our results 

Figure 7. Overview of the main findings in this study.
We combined sophisticated imaging and hemodynamic analysis of the right atrium and ventricle in patients with heart failure with preserved 
ejection fraction (HFpEF)-pulmonary hypertension (PH) and pulmonary arterial hypertension (PAH) with similar pressure overload. We showed 
that right ventricular (RV) function in HFpEF-PH patients is preserved with no signs of RV dilatation in comparison to PAH. Right atrial (RA) 
pressure was highly elevated in HFpEF-PH patients, but RA function was preserved with no signs of vena cava backflow during RA contraction, 
in contrast to PAH patients. Elevated right atrium pressure (RAP) and RA stiffness in HFpEF-PH could be explained by an enhanced LA/RA 
interaction, rather than RV dysfunction. CMR indicates cardiac magnetic resonance.
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indicate that increased RAP is not a sign of overt RV 
failure, but rather a reflection of HFpEF-severity.

ARTICLE INFORMATION
Received April 30, 2021; accepted October 28, 2021.

Affiliations
Departments of Pulmonary Medicine (J.v.W., S.A.M., N.J.B., S.M.A.J., E.M., A.V.N., 
H.J.B., F.S.d.M.), Cardiology (A.v.d.B., M.L.H.), and Radiology and Nuclear Medicine 
(L.J.M., J.T.M.), Amsterdam University Medical Centres, Vrije Universiteit Amster-
dam, Amsterdam Cardiovascular Sciences, the Netherlands. Department of Cell 
and Chemical Biology, Leiden University Medical Centre, the Netherlands (M.J.G.).

Sources of Funding
This research was financially supported by the Netherlands Organization for Sci-
entific Research: NWO-VICI No. 918.16.610 (Dr Vonk Noordegraaf) and NWO-
VIDI No. 917.18.338 (Dr de Man). The work was also funded by Dutch Heart 
Foundation Dekker senior post doctorate grant No. 2018T059 (J. van Wezen-
beek and Dr de Man), Dekker Senior Clinical Scientist grant No. 2020T058 (Dr 
Handoko), and the Netherlands CardioVascular Research Initiative: CVON-2017-
10 DOLPHIN-GENESIS (Drs Vonk Noordegraaf, de Man, Jan Bogaard, and 
José Goumans) and CVON-2018-29 PHAEDRA-IMPACT (Drs Vonk Noorde-
graaf, de Man, Jan Bogaard, and José Goumans).

Disclosures
Dr Handoko serves on advisory boards for Novartis, Boehringer Ingelheim, Vifor 
Pharma, AstraZeneca, Bayer, MSD, and Quin. He has also received education and 
research grants from Novartis, Boehringer Ingelheim, and Vifor Pharma, which 
were paid to his employer.

Supplemental Material
Figure S1
Tables S1–S5

REFERENCES
	 1.	 Hoeper MM, Lam CSP, Vachiery JL, Bauersachs J, Gerges C, Lang IM, 

Bonderman D, Olsson KM, Gibbs JSR, Dorfmuller P, et al. Pulmonary hyper-
tension in heart failure with preserved ejection fraction: a plea for proper 
phenotyping and further research. Eur Heart J. 2017;38:2869–2873. doi: 
10.1093/eurheartj/ehw597

	 2.	 Rosenkranz S, Gibbs JS, Wachter R, De Marco T, Vonk-Noordegraaf A, 
Vachiéry JL. Left ventricular heart failure and pulmonary hypertension. Eur 
Heart J. 2016;37:942–954. doi: 10.1093/eurheartj/ehv512

	 3.	 Vachiéry JL, Adir Y, Barberà JA, Champion H, Coghlan JG, Cottin V, 
De Marco T, Galiè N, Ghio S, Gibbs JS, et al. Pulmonary hypertension due to 
left heart diseases. J Am Coll Cardiol. 2013;62(suppl 25):D100–D108. doi: 
10.1016/j.jacc.2013.10.033

	 4.	 Guazzi M, Ghio S, Adir Y. Pulmonary Hypertension in HFpEF and HFrEF: 
JACC Review Topic of the Week. J Am Coll Cardiol. 2020;76:1102–1111. 
doi: 10.1016/j.jacc.2020.06.069

	 5.	 Gerges C, Gerges M, Lang MB, Zhang Y, Jakowitsch J, Probst P, Maurer G, 
Lang IM. Diastolic pulmonary vascular pressure gradient: a predictor of prog-
nosis in “out-of-proportion” pulmonary hypertension. Chest. 2013;143:758–
766. doi: 10.1378/chest.12-1653

	 6.	 Gorter TM, Hoendermis ES, van Veldhuisen DJ, Voors AA, Lam CS, 
Geelhoed B, Willems TP, van Melle JP. Right ventricular dysfunction in 
heart failure with preserved ejection fraction: a systematic review and 
meta-analysis. Eur J Heart Fail. 2016;18:1472–1487. doi: 10.1002/ 
ejhf.630

	 7.	 Gorter TM, van Veldhuisen DJ, Bauersachs J, Borlaug BA, Celutkiene J, 
Coats AJS, Crespo-Leiro MG, Guazzi M, Harjola VP, Heymans S, et al. Right 
heart dysfunction and failure in heart failure with preserved ejection fraction: 
mechanisms and management. Position statement on behalf of the Heart 
Failure Association of the European Society of Cardiology. Eur J Heart Fail. 
2018;20:16–37. doi: 10.1002/ejhf.1029

	 8.	 Mohammed SF, Hussain I, AbouEzzeddine OF, Abou Ezzeddine OF, 
Takahama H, Kwon SH, Forfia P, Roger VL, Redfield MM. Right ven-
tricular function in heart failure with preserved ejection fraction: a com-
munity-based study. Circulation. 2014;130:2310–2320. doi: 10.1161/ 
CIRCULATIONAHA.113.008461

	 9.	 Melenovsky V, Hwang SJ, Lin G, Redfield MM, Borlaug BA. Right heart 
dysfunction in heart failure with preserved ejection fraction. Eur Heart J. 
2014;35:3452–3462. doi: 10.1093/eurheartj/ehu193

	10.	 Obokata M, Reddy YNV, Melenovsky V, Pislaru S, Borlaug BA. Deteriora-
tion in right ventricular structure and function over time in patients with 
heart failure and preserved ejection fraction. Eur Heart J. 2019;40:689–
697. doi: 10.1093/eurheartj/ehy809

	11.	 Zakeri R, Mohammed SF. Epidemiology of right ventricular dysfunc-
tion in heart failure with preserved ejection fraction. Curr Heart Fail Rep. 
2015;12:295–301. doi: 10.1007/s11897-015-0267-3

	12.	 Jain S, Kuriakose D, Edelstein I, Ansari B, Oldland G, Gaddam S, Javaid K, 
Manaktala P, Lee J, Miller R, et al. Right atrial phasic function in heart 
failure with preserved and reduced ejection fraction. JACC Cardiovasc 
Imaging. 2019;12:1460–1470. doi: 10.1016/j.jcmg.2018.08.020

	13.	 Borlaug BA, Obokata M. The other atrium in heart failure. JACC Cardiovasc 
Imaging. 2019;12(8 pt 1):1471–1473. doi: 10.1016/j.jcmg.2018.08.019

	14.	 Thenappan T, Shah SJ, Gomberg-Maitland M, Collander B, Vallakati A,  
Shroff P, Rich S. Clinical characteristics of pulmonary hypertension in patients 
with heart failure and preserved ejection fraction. Circ Heart Fail. 2011; 
4:257–265. doi: 10.1161/CIRCHEARTFAILURE.110.958801

	15.	 Shah SJ, Kitzman DW, Borlaug BA, van Heerebeek L, Zile MR, Kass DA, 
Paulus WJ. Phenotype-specific treatment of heart failure with preserved 
ejection fraction: a multiorgan roadmap. Circulation. 2016;134:73–90. 
doi: 10.1161/CIRCULATIONAHA.116.021884

	16.	 Thenappan T, Prins KW, Cogswell R, Shah SJ. Pulmonary hypertension 
secondary to heart failure with preserved ejection fraction. Can J Cardiol. 
2015;31:430–439. doi: 10.1016/j.cjca.2014.12.028

	 17.	 Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, 
Falk V, González-Juanatey JR, Harjola VP, Jankowska EA, et al; ESC Sci-
entific Document Group. 2016 ESC Guidelines for the diagnosis and treat-
ment of acute and chronic heart failure: the Task Force for the diagnosis 
and treatment of acute and chronic heart failure of the European Society 
of Cardiology (ESC)Developed with the special contribution of the Heart 
Failure Association (HFA) of the ESC. Eur Heart J. 2016;37:2129–2200. 
doi: 10.1093/eurheartj/ehw128

	18.	 Galiè N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki A, Simonneau G, 
Peacock A, Vonk Noordegraaf A, Beghetti M, et al; ESC Scientific Docu-
ment Group. 2015 ESC/ERS Guidelines for the diagnosis and treatment of 
pulmonary hypertension: The Joint Task Force for the Diagnosis and Treat-
ment of Pulmonary Hypertension of the European Society of Cardiology 
(ESC) and the European Respiratory Society (ERS): Endorsed by: Asso-
ciation for European Paediatric and Congenital Cardiology (AEPC), Inter-
national Society for Heart and Lung Transplantation (ISHLT). Eur Heart J. 
2016;37:67–119. doi: 10.1093/eurheartj/ehv317

	19.	 van de Veerdonk MC, Kind T, Marcus JT, Mauritz GJ, Heymans MW, 
Bogaard HJ, Boonstra A, Marques KM, Westerhof N, Vonk-Noordegraaf A. 
Progressive right ventricular dysfunction in patients with pulmonary arte-
rial hypertension responding to therapy. J Am Coll Cardiol. 2011;58:2511–
2519. doi: 10.1016/j.jacc.2011.06.068

	20.	 Mauritz GJ, Marcus JT, Boonstra A, Postmus PE, Westerhof N, 
Vonk-Noordegraaf A. Non-invasive stroke volume assessment in patients 
with pulmonary arterial hypertension: left-sided data mandatory. J Cardio-
vasc Magn Reson. 2008;10:51. doi: 10.1186/1532-429X-10-51

	21.	 Hahn RT, Thomas JD, Khalique OK, Cavalcante JL, Praz F, Zoghbi WA. 
Imaging assessment of tricuspid regurgitation severity. JACC Cardiovas 
Imaging. 2019;12:469–490. doi: 10.1016/j.jcmg.2018.07.033

	22.	 Melenovsky V, Hwang SJ, Redfield MM, Zakeri R, Lin G, Borlaug BA. 
Left atrial remodeling and function in advanced heart failure with pre-
served or reduced ejection fraction. Circ Heart Fail. 2015;8:295–303. doi: 
10.1161/CIRCHEARTFAILURE.114.001667

	23.	 Wang L, Chen X, Wan K, Gong C, Li W, Xu Y, Wang J, He J, Wen B, Han Y, et 
al. Diagnostic and prognostic value of right ventricular eccentricity index in 
pulmonary artery hypertension. Pulm Circ. 2020;10:2045894019899778. 
doi: 10.1177/2045894019899778

	24.	 Tello K, Dalmer A, Vanderpool R, Ghofrani HA, Naeije R, Roller F, 
Seeger W, Wilhelm J, Gall H, Richter MJ. Cardiac magnetic resonance 
imaging-based right ventricular strain analysis for assessment of coupling 
and diastolic function in pulmonary hypertension. JACC Cardiovasc Imag-
ing. 2019;12(11 pt 1):2155–2164. doi: 10.1016/j.jcmg.2018.12.032

	25.	 Leng S, Dong Y, Wu Y, Zhao X, Ruan W, Zhang G, Allen JC, Koh AS, 
Tan RS, Yip JW, et al. Impaired cardiovascular magnetic resonance-
derived rapid semiautomated right atrial longitudinal strain is asso-
ciated with decompensated hemodynamics in pulmonary arterial 
hypertension. Circ Cardiovasc Imaging. 2019;12:e008582. doi: 10.1161/ 
CIRCIMAGING.118.008582



van Wezenbeek et al Right Ventricular and Atrial Function in HFpEF

139Circ Heart Fail. 2022;15:e008726. DOI: 10.1161/CIRCHEARTFAILURE.121.008726� February 2022

	26.	 Marcus JT, Gan CT, Zwanenburg JJ, Boonstra A, Allaart CP, Götte MJ, 
Vonk-Noordegraaf A. Interventricular mechanical asynchrony in pulmonary 
arterial hypertension: left-to-right delay in peak shortening is related to 
right ventricular overload and left ventricular underfilling. J Am Coll Cardiol. 
2008;51:750–757. doi: 10.1016/j.jacc.2007.10.041

	 27.	 von Roeder M, Kowallick JT, Rommel KP, Blazek S, Besler C, Fengler K, 
Lotz J, Hasenfuß G, Lücke C, Gutberlet M, et al. Right atrial-right ventricular 
coupling in heart failure with preserved ejection fraction. Clin Res Cardiol. 
2020;109:54–66. doi: 10.1007/s00392-019-01484-0

	28.	 Gaynor SL, Maniar HS, Prasad SM, Steendijk P, Moon MR. Reservoir and 
conduit function of right atrium: impact on right ventricular filling and car-
diac output. Am J Physiol Heart Circ Physiol. 2005;288:H2140–H2145. doi: 
10.1152/ajpheart.00566.2004

	29.	 Trip P, Kind T, van de Veerdonk MC, Marcus JT, de Man FS, Westerhof N, 
Vonk-Noordegraaf A. Accurate assessment of load-independent right ven-
tricular systolic function in patients with pulmonary hypertension. J Heart Lung 
Transplant. 2013;32:50–55. doi: 10.1016/j.healun.2012.09.022

	30.	 Sunagawa K, Yamada A, Senda Y, Kikuchi Y, Nakamura M, Shibahara T, 
Nose Y. Estimation of the hydromotive source pressure from ejecting beats 
of the left ventricle. IEEE Trans Biomed Eng. 1980;27:299–305. doi: 
10.1109/TBME.1980.326737

	31.	 Rain S, Handoko ML, Trip P, Gan CT, Westerhof N, Stienen GJ, Paulus WJ, 
Ottenheijm CA, Marcus JT, Dorfmüller P, et al. Right ventricular diastolic 
impairment in patients with pulmonary arterial hypertension. Circulation. 
2013;128:2016–25, 1. doi: 10.1161/CIRCULATIONAHA.113.001873

	32.	 Trip P, Rain S, Handoko ML, van der Bruggen C, Bogaard HJ, Marcus JT, 
Boonstra A, Westerhof N, Vonk-Noordegraaf A, de Man FS. Clinical rele-
vance of right ventricular diastolic stiffness in pulmonary hypertension. Eur 
Respir J. 2015;45:1603–1612. doi: 10.1183/09031936.00156714

	33.	 Reddy YNV, Carter RE, Obokata M, Redfield MM, Borlaug BA. A sim-
ple, evidence-based approach to help guide diagnosis of heart failure 
with preserved ejection fraction. Circulation. 2018;138:861–870. doi: 
10.1161/CIRCULATIONAHA.118.034646

	34.	 Guazzi M, Naeije R. Pulmonary hypertension in heart failure: pathophysi-
ology, pathobiology, and emerging clinical perspectives. J Am Coll Cardiol. 
2017;69:1718–1734. doi: 10.1016/j.jacc.2017.01.051

	35.	 Redfield MM, Chen HH, Borlaug BA, Semigran MJ, Lee KL, Lewis G, 
LeWinter MM, Rouleau JL, Bull DA, Mann DL, et al; RELAX Trial. Effect 
of phosphodiesterase-5 inhibition on exercise capacity and clinical status 
in heart failure with preserved ejection fraction: a randomized clinical trial. 
JAMA. 2013;309:1268–1277. doi: 10.1001/jama.2013.2024

	36.	 Liu LC, Hummel YM, van der Meer P, Berger RM, Damman K, van Veldhuisen  
DJ, Voors AA, Hoendermis ES. Effects of sildenafil on cardiac structure and 
function, cardiopulmonary exercise testing and health-related quality of life 
measures in heart failure patients with preserved ejection fraction and pulmo-
nary hypertension. Eur J Heart Fail. 2017;19:116–125. doi: 10.1002/ejhf.662

	 37.	 Huis In’t Veld AE, Oosterveer FPT, De Man FS, Marcus JT, Nossent  
EJ, Boonstra A, Van Rossum ACB, Vonk Noordegraaf A, Bogaard HJ, 
Handoko ML. Hemodynamic effects of pulmonary arterial hypertension-
specific therapy in patients with heart failure with preserved ejection frac-
tion and with combined post- and precapillay pulmonary hypertension. J 
Card Fail. 2020;26:26–34. doi: 10.1016/j.cardfail.2019.07.547

	38.	 Guazzi M, Vicenzi M, Arena R, Guazzi MD. Pulmonary hypertension in 
heart failure with preserved ejection fraction: a target of phosphodies-
terase-5 inhibition in a 1-year study. Circulation. 2011;124:164–174. doi: 
10.1161/CIRCULATIONAHA.110.983866

	39.	 Anker SD, Butler J, Filippatos G, Ferreira JP, Bocchi E, Böhm M, 
Brunner-La Rocca HP, Choi DJ, Chopra V, Chuquiure-Valenzuela E, et al; 
EMPEROR-Preserved Trial Investigators. Empagliflozin in heart failure with 
a preserved ejection fraction. N Engl J Med. 2021;385:1451–1461. doi: 
10.1056/NEJMoa2107038

	40.	 Marcus JT, Westerhof BE, Groeneveldt JA, Bogaard HJ, de Man FS, 
Vonk Noordegraaf A. Vena cava backflow and right ventricular stiffness 
in pulmonary arterial hypertension. Eur Respir J. 2019;54:1900625. doi: 
10.1183/13993003.00625-2019

	41.	 Borlaug BA, Carter RE, Melenovsky V, DeSimone CV, Gaba P, Killu A, 
Naksuk N, Lerman L, Asirvatham SJ. Percutaneous pericardial resec-
tion: a novel potential treatment for heart failure with preserved ejec-
tion fraction. Circ Heart Fail. 2017;10:e003612. doi: 10.1161/ 
CIRCHEARTFAILURE.116.003612

	42.	 Borlaug BA, Reddy YNV. The role of the pericardium in heart failure: implica-
tions for pathophysiology and treatment. JACC Heart Fail. 2019;7:574–585. 
doi: 10.1016/j.jchf.2019.03.021

	43.	 Borlaug BA, Schaff HV, Pochettino A, Pedrotty DM, Asirvatham SJ, 
Abel MD, Carter RE, Mauermann WJ. Pericardiotomy enhances left 
ventricular diastolic reserve with volume loading in humans. Circulation. 
2018;138:2295–2297. doi: 10.1161/CIRCULATIONAHA.118.036006

	44.	 Obokata M, Reddy YNV, Pislaru SV, Melenovsky V, Borlaug BA. Evidence 
supporting the existence of a distinct obese phenotype of heart fail-
ure with preserved ejection fraction. Circulation. 2017;136:6–19. doi: 
10.1161/CIRCULATIONAHA.116.026807

	45.	 Borlaug BA. Evaluation and management of heart failure with preserved 
ejection fraction. Nat Rev Cardiol. 2020;17:559–573. doi: 10.1038/ 
s41569-020-0363-2

	46.	 Adamson PB, Abraham WT, Bourge RC, Costanzo MR, Hasan A, Yadav C, 
Henderson J, Cowart P, Stevenson LW. Wireless pulmonary artery pressure 
monitoring guides management to reduce decompensation in heart fail-
ure with preserved ejection fraction. Circ Heart Fail. 2014;7:935–944. doi: 
10.1161/CIRCHEARTFAILURE.113.001229

	 47.	 Senni M, Paulus WJ, Gavazzi A, Fraser AG, Díez J, Solomon SD, Smiseth OA, 
Guazzi M, Lam CS, Maggioni AP, et al. New strategies for heart failure 
with preserved ejection fraction: the importance of targeted therapies 
for heart failure phenotypes. Eur Heart J. 2014;35:2797–2815. doi: 
10.1093/eurheartj/ehu204

	48.	 Obokata M, Reddy YNV, Shah SJ, Kaye DM, Gustafsson F, Hasenfuβ G, 
Hoendermis E, Litwin SE, Komtebedde J, Lam C, et al. Effects of inter-
atrial shunt on pulmonary vascular function in heart failure with preserved 
ejection fraction. J Am Coll Cardiol. 2019;74:2539–2550. doi: 10.1016/j. 
jacc.2019.08.1062

	49.	 Shah SJ, Feldman T, Ricciardi MJ, Kahwash R, Lilly S, Litwin S, Nielsen CD, 
van der Harst P, Hoendermis E, Penicka M, et al. One-year safety and clini-
cal outcomes of a transcatheter interatrial shunt device for the treatment 
of heart failure with preserved ejection fraction in the Reduce Elevated 
Left Atrial Pressure in Patients With Heart Failure (REDUCE LAP-HF 
I) Trial: a randomized clinical trial. JAMA Cardiol. 2018;3:968–977. doi: 
10.1001/jamacardio.2018.2936

	50.	 Wessler J, Kaye D, Gustafsson F, Petrie MC, Hasenfuβ G, Lam CSP, 
Borlaug BA, Komtebedde J, Feldman T, Shah SJ, et al; REDUCE-LAP-
HF Trial Investigators and Advisors. Impact of baseline hemodynamics 
on the effects of a transcatheter interatrial shunt device in heart failure 
with preserved ejection fraction. Circ Heart Fail. 2018;11:e004540. doi: 
10.1161/CIRCHEARTFAILURE.117.004540




