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Abstract

Right ventricular function critically affects the prognosis of patients with pulmonary arterial hypertension. We aimed to analyze the

prognostic value of right ventricular indices calculated using magnetic resonance imaging and right heart catheterization metrics in

pulmonary arterial hypertension. We retrospectively collected data from 57 Japanese patients with pulmonary arterial hyperten-

sion and 18 controls and calculated six indices of right ventricular function: two indices of contractility (end-systolic elastance

calculated with right ventricular maximum pressure and with magnetic resonance imaging metrics); two indices of right ventricular–

pulmonary arterial coupling (end-systolic elastance/arterial elastance calculated with the pressure method (end-systolic elastance/

arterial elastance (P)) and with the volume method (end-systolic elastance/arterial elastance (V)); and two indices of right ven-

tricular diastolic function (stiffness (�) and end-diastolic elastance). We compared the indices between controls and patients with

pulmonary arterial hypertension and examined their prognostic role. In patients with pulmonary arterial hypertension, end-systolic

elastance (right ventricular maximum pressure) was higher (pulmonary arterial hypertension 0.94 (median) vs control 0.42

(mmHg/mL), p< 0.001), end-systolic elastance/arterial elastance (V) was lower (pulmonary arterial hypertension 0.72 vs control

1.69, p< 0.001), and � and end-diastolic elastance were significantly higher than those in the controls. According to the log-rank

test, end-systolic elastance/arterial elastance (P) and end-diastolic elastance were significantly associated with the composite event

rate. According to the multivariate Cox regression analysis, decreased end-systolic elastance/arterial elastance (P) was associated

with a higher composite event rate (hazard ratio 11.510, 95% confidence interval: 1.954–67.808). In conclusion, an increased right

ventricular contractility, diastolic dysfunction, and a trend of impaired right ventricular–pulmonary arterial coupling were observed

in our pulmonary arterial hypertension cohort. According to the multivariate outcome analysis, a decreased end-systolic elastance/

arterial elastance (P), suggestive of impaired right ventricular–pulmonary arterial coupling, best predicted the pulmonary arterial

hypertension-related event.
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Introduction

Studies have shown that right ventricular (RV) function crit-
ically determines the prognosis of patients with pulmonary
arterial hypertension (PAH).1,2 RV function can be assessed
by indices such as cardiac index and RV ejection fraction
(RVEF); however, these parameters are affected by RV
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preload/afterload and are not ideal indicators of intrinsic
RV function.

Ventricular elastance calculated from pressure–volume
loop analysis is the gold standard index of RV function.
For example, RV end-systolic elastance (Ees) and end-dia-
stolic elastance (Eed) represent intrinsic RV systolic and
diastolic function, respectively.3–5 Additionally, Ees divided
by arterial elastance (Ea) is a parameter of RV systolic func-
tion in relation to afterload, or right ventriculo–pulmonary
arterial (RV–PA) coupling.5 Furthermore, � is an index of
RV stiffness, which is an important element of RV diastolic
function.6 Ideally, these indices may be applied to evaluate
RV function; however, they are not widely used because
dedicated pressure and conductance catheters and invasive
procedures are required.

Recently, less invasive approaches to evaluate intrinsic
RV function have been introduced. Studies using cardiac
magnetic resonance imaging (MRI) have revealed increased
Ees, �, and Eed and decreased Ees/Ea in PAH and other
types of pulmonary hypertension (PH).6–8 Additionally, the
outcome predictability of the indices of RV–PA coupling
and RV diastolic function, i.e. Ees/Ea, �, and Eed, has
been documented.8–11 Importantly, however, only some
RV indices were selected for the analyses in most studies.
Therefore, it is unknown which of them better predicts the
outcome of patients with PAH. Moreover, no prior studies
have reported indices of RV systolic/diastolic function and
of RV–PA coupling in a comprehensive manner for Asian
patients with PAH, although ethnic differences in RV
morphology and function have been reported.12

In this study, we aimed to calculate MRI and right heart
catheterization (RHC)-derived indices of RV function in our
PAH cohort and compare them with those of control par-
ticipants. We also sought to clarify which of the RV indices
best predicts PAH-related outcomes. Of note, the present
study was conducted in a limited number of patients with
PAH and of clinical events and, thus, is regarded as a pre-
liminary study rather than a study that draws robust
conclusions.

Methods

Study participants

We retrospectively collected data from patients with PAH
hospitalized in our University Hospital between January
2010 and April 2018. All patients underwent blood tests,
echocardiography, cardiac MRI, and RHC within three
weeks without significant change(s) in clinical status and
modifications in PAH drug(s). RHC measurements included
pulmonary arterial pressure (PAP), pulmonary arterial
wedge pressure, RV end-diastolic pressure (RVEDP), right
atrial pressure, cardiac output, and pulmonary vascular
resistance (PVR). Cardiac output was measured by a ther-
modilution method. We also calculated the ratio of pulmon-
ary pulse pressure (systolic PAP – diastolic PAP) to RV

stroke volume (SV) (cardiac output divided by heart rate),
as an index of pulmonary arterial compliance.

Patients with PAH were treated according to the guide-
lines published by the European Society of Cardiology and
European Respiratory Science for PH.13 In the present
study, the following drugs were regarded as PAH drugs:
phosphodiesterase 5 inhibitors (sildenafil and tadalafil),
endothelin receptor antagonists (bosentan, ambrisentan,
and macitentan), and prostacyclin I2 and its derivatives
(epoprostenol, intravenous and treprostinil, intravenous or
subcutaneous). Beraprost was not included as a PAH drug
due to lack of proven sustained efficacy14 and limited rec-
ommendations in the guidelines.13 Patients with portopul-
monary PAH and congenital heart disease-associated PAH
were excluded because of their different homodynamic prop-
erties compared with idiopathic/heritable/drug-induced
PAH (I/H/D-PAH) or connective tissue disease-associated
PAH (CTD-PAH).

Control participants underwent cardiac MRI and RHC
within two weeks. The exclusion criteria for the control
group were a mean PAP (MPAP) of �21mmHg, PVR of
�3 Wood units, or the presence of cardiac disease(s) identi-
fied by echocardiography or MRI.

Assessment of RV morphology and function using MRI

Cardiac MRI was performed using a 1.5-T Philips Achieva
MRI system (Philips Medical Systems, Best, Netherlands)
with a five-channel coil and Master gradients (maximum
gradient amplitude, 33mT/m; maximum slew rate,
100mT/m/ms). The protocol for image acquisition and ana-
lysis has been reported in previous studies, with high intra-
and inter-observer reproducibility.15–17 In brief, 12 axial
slices were acquired using a steady-state free precession
pulse sequence (repetition time, 2.8ms; echo time, 1.4ms;
flip angle, 60; acquisition matrix, 192� 256; field of view,
380ms; slice thickness, 10mm; 0mm inter-slice gap; and 20
phases/cardiac cycle). Images were analyzed using commer-
cially available analysis software (Extended MR Work
Space ver. 2.6.3; Philips Medical Systems, Amsterdam,
Netherlands). In axial datasets, the endocardial contours
of the RV were manually traced, and RV and left ventricular
end-diastolic volume (EDV) and end-systolic volume (ESV)
were computed. RV and left ventricular SV and EF were
calculated as SV¼EDV � ESV and EF¼SV/EDV� 100%,
respectively.

Calculation of Ees, Ees/Ea, �, and Eed

Ees was calculated using the single beat method10 and
another method that applies MPAP and MRI-derived RV
end-systolic volume (RVESV), as reported by Sanz et al.7

Fig. 1 shows the rationale of the two methods. The RV
maximum pressure (Pmax) used in the single beat method
was determined using commercially available software
(GetData Graph Digitizer 2.26, MATLAB R2018a
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program, The Math Works, Natick, MA, USA) as has been
reported by Brewis et al.10 In short, printed pressure record-
ings obtained with a Swan–Ganz catheter were scanned,
saved as bitmap image files, and the files were reread using
GetData Graph digitizer. We then put plots overlaying the
lines at the early systolic phase (from the end-diastolic phase
up to the site where the slope is the positively steepest (dP/
dtmax)) and at the early diastolic phase (from the site where
the slope is the negatively steepest (dP/dtmin) to the last part
of isovolumic relaxation). The interval between the two
adjacent points was 6–7ms (�150Hz). The plots with their
time- and pressure coordinates were then transferred to
MATLAB, in which we performed a non-linear extrapola-
tion curve fitting and determined the Pmax (Supplemental
Figure 1).5,18 We calculated the Pmax five times and used
the mean value as representative data. Ees was then calcu-
lated as follows18

Ees Pmaxð Þ ¼ Pmax�MPAPð Þ=RVSV ð1Þ

Here, RVSV represents the RV stroke volume.

In Sanz et al.’s study, Ees was calculated as the ratio of
MPAP to (RVESV – V0).7 V0 is the volume when the RV
pressure is zero; to derive Ees/Ea (V), it is assumed herein to
occur at zero volume as well7

Ees MRIð Þ ¼MPAP= RVESV½ � ð2Þ

Ees/Ea is the ratio of Ees to the Ea, where Ea was esti-
mated by the ratio of MPAP to RVSV5,19

Ea ¼MPAP=RVSV ð3Þ

Ees/Ea was then calculated by two equations: equations
(4) and (5). The former is the ‘‘pressure method’’ and the
latter is the ‘‘volume method.’’

Ees=Ea Pð Þ ¼ Pmax=MPAP� 1 ð4Þ

Ees=Ea Vð Þ ¼ RVSV=RVESV ð5Þ

Here, of note is that Ees/Ea (V) is a mathematical trans-
formation of RVEF as represented by the following for-
mula: Ees/Ea (V)¼RVEF/(1 – RVEF).
� was calculated as a solution of the following two sim-

ultaneous equations as reported by Rain et al.6

RVBDP ¼ �ðeRVESV�� � 1Þ ð6Þ

RVEDP ¼ �ðeRVEDV�� � 1Þ ð7Þ

RV begin-diastolic pressure (RVBDP) is the pressure pre-
sent at the end of isovolumic relaxation (or the lowest pres-
sure point during the diastolic phase), and RVEDP was
measured at the maximal diastolic filling pressure point.
RVBDP was normalized at 1mm Hg, and RVEDP was
calculated as 1þ (RVEDP – RVBDP) to avoid measure-
ment errors.6

Eed was calculated as the slope of the diastolic pressure–
volume relationship at end-diastole using the formula by
Trip et al.8

Eed ¼ � � � � eRVEDV�� ð8Þ

Data analysis

Categorical values are expressed as absolute numbers (per-
centage) and continuous variables as medians (interquartile
range), unless otherwise stated. Demographics and clinical
parameters, including the six RV parameters (Ees (Pmax),
Ees (MRI), Ees/Ea (P), Ees/Ea (V), �, and Eed) were com-
pared between control and PAH groups using Fisher’s exact
or Wilcoxon rank-sum tests. The same parameters were
compared among the three groups of PAH: I/H/D-PAH,
non-systemic sclerosis (SSc)-CTD-PAH, and SSc-CTD-
PAH using Fisher’s exact or Kruskal–Wallis tests.

Fig. 1. Diagram of the rationale for the calculation of Ees, Ea, and Eed.

Ees can be calculated by the single beat method (Ees (Pmax)) and the

method that uses MPAP and RVESV measured by MRI (Ees (MRI)). In

the single beat method, Ees is calculated using the following formula:

((Pmax – MPAP)/RVSV), where Pmax is calculated based on the RHC-

derived RV pressure curve as explained in Supplemental Figure 1. In

the second method, Ees is calculated using the following formula:

MPAP/(RVESV – V0). In this method, V0 can be neglected and the

formula is simplified to MPAP/RVESV. End-diastolic elastance (Eed) is

the slope of the tangent line at the RVEDV of the non-linear end-

diastolic pressure–volume relationship. Ea is calculated as MPAP/RVSV.

Ea: arterial elastance; EDV: end-diastolic volume; Ees: end-systolic ela-

stance; ESP: end-systolic pressure; ESV: end-systolic volume; MRI: mag-

netic resonance imaging; Pmax: right ventricular maximum pressure;

RHC: right heart catheterization; SV: stroke volume; V0, RV: volume at

zero pressure.

Pulmonary Circulation Volume 10 Number 3 | 3



The associations of the six RV indices with other PAH-
related parameters were assessed using Wilcoxon rank-sum
or Kruskal–Wallis tests for categorical data or Spearman’s
coefficient (r) for continuous variables.

To examine the reproducibility of the Pmax in our study,
we performed an analysis examining the interobserver vari-
ation. For this purpose, RV pressure curves of 10 partici-
pants (two controls and eight patients with PAH) were
randomly selected and two observers (T.N. and I.T.) inde-
pendently put plots in the early systolic and diastolic phases
using GetData Graph digitizer without any information
regarding the patient’s clinical situation and the other exam-
iner’s interpretation. The 10 sets of Pmax obtained by the
two examiners were compared using Bland–Altman’s ana-
lysis and intraclass coefficients.

In the outcome analysis, we applied a composite end-
point of hospitalization due to PAH worsening, lung trans-
plantation, or PAH-related death. In this analysis, we
aimed to compare the prognostic value of Ees/Ea (P),
Ees/Ea (V), �, and Eed because these four RV indices
reportedly have prognostic value. We conducted a receiver
operating characteristic (ROC) curve analysis and deter-
mined the optimal cut-off values for these four RV indi-
ces.20 Patients with PAH were divided into two groups
using these cut-off values, and the outcome was compared
using Kaplan–Meier curves and log-rank test.
Subsequently, we conducted univariate and age-adjusted
Cox regression analysis examining the associations of the
PAH-related parameters with the outcome. We conducted
multivariate analysis for the variables, including age and
the following four RV indices: Ees/Ea (P), Ees/Ea (V), �,
and Eed. We also included these four RV indices and other
PAH-related clinical parameters with proven prognostic
value (i.e. WHO functional class, plasma brain natriuretic
peptide concentration, six-minute walk distance, cardiac
index, and right atrial pressure).1 Additionally, to further
clarify the superiority among these four RV indices, we
performed multivariate Cox regression analysis and com-
pared the outcome predictability of the four indices using
forest plot analysis.

A two-sided p value <0.05 was considered significant.
JMP Pro version 12 (Japanese version, SAS Institute Inc.,
Cary, NC, USA) was used for statistical analyses.

Results

Characteristics of the study populations

We analyzed data from 57 patients with PAH and 18 con-
trols who met the inclusion criteria (Table 1). The under-
lying conditions of the control participants were SSc
(n¼ 11), mixed connective tissue disease (n¼ 2), systemic
lupus erythematosus (n¼ 1), polymyositis (n¼ 1), pulmon-
ary thromboembolism (n¼ 1), paroxysmal atrial fibrillation
(n¼ 1), and suspected left heart failure (n¼ 1). The time
difference between RHC and MRI was 2.5 (1–5) days for

controls and 2.0 (1–5) days for patients with PAH, without
significant difference between the groups.

Comparisons of RV indices between control and
PAH groups

Regarding the indices of RV function, Ees (Pmax), �, and
Eed were significantly higher (p <0.001 for Ees (Pmax),
p¼ 0.028 for �, and p¼ 0.005 for Eed), whereas Ees/Ea
(V) was significantly lower in patients with PAH than in
controls (p <0.001) (Table 1, Fig. 2). There were no differ-
ences in any of the six RV indices among the three PAH
subgroups (Supplemental Table 1). Among the variables
listed in Table 1, age, diastolic blood pressure, cardiac
output, cardiac index, RVSV, RVEF, and Ees/Ea (V) exhib-
ited normal distribution in both control and PAH groups,
and unpaired t-test for these variables exhibited the same
results as those obtained by non-parametrical analysis.

Associations of RV indices with other parameters

Supplemental Tables 2 and 3 and Supplemental Figures 2
and 3 show the associations of the six RV indices with other
clinical parameters. The association was relatively strong (p
<0.001 and jrj � 0.50) between Ees/Ea (V) and plasma brain
natriuretic peptide concentration, between � and RVSV,
and between Eed and RVEDP. There were also significant
associations between Ees (MRI) or Ees/Ea (V) and RV
volume-related indices (RVESV, right ventricular end-dia-
stolic volume (RVEDV), and RVEF), which were mathem-
atically natural because Ees (MRI), Ees/Ea (V), and RVEF
included RVESV and/or RVEDV in the formula for the
calculation. Of note, � was lower in patients with PAH
when they received one or more PAH drugs.

Analysis of Pmax reproducibility

In the reproducibility analysis of the variation of Pmax,
Bland–Altman analysis indicated a high observer agreement
(mean� limits of agreement: intraobserver, �3.1� 3.2;
interobserver, 7.4� 7.7). Intraclass coefficients were also
high at 0.989 for intraobserver reproducibility and 0.949
for interobserver reproducibility.

Survival analysis

During the follow-up period of 45 (24–85) months, 13
patients met the composite endpoint (hospitalized due to
PAH worsening, 11; lung transplantation, 0; PAH-related
death, 2). Furthermore, the endpoint was reached in 2/19
(11%) in the I/H/D-PAH group, 8/19 (42%) in the SSc-
PAH group, and 3/19 (16%) in the non-SSc-PAH group.

The cut-off values calculated based on the ROC analysis
were 0.727 for Ees (Pmax), 0.450 for Ees (MRI), 1.12 for
Ees/Ea (P), 0.59 for Ees/Ea (V), 0.0346 for �, and 0.252 for
Eed. Area under the curve values for each variable were as
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Table 1. Comparison of demographics and PAH-related parameters in controls and PAH patients.

Controls PAH patients p Values

Subjects N 18 57 –

Female 16 (89%) 54 (95%) 0.588

Age (years) 61 (43–72) 48 (40–62) 0.14

Body mass index (kg/m2) 20.4 (19.5–21.2) 21.8 (19.5–25.6)

Systolic blood pressure (mmHg) 122 (108–133) 115 (102–136) 0.203

Diastolic blood pressure (mmHg) 65 (61–74) 65 (58–77) 0.804

WHO-FC (I/II/III/IV) NA 6/16/31/4 –

Months from the initial symptom(s)

(months) NA 18 (5–67) –

PAH subtype

I/H/D-PAH NA 19 –

Non-SSc-CTD-PAH NA 19 –

SSc-CTD-PAH NA 19 –

PAH drugs

PDE5I (Yes/no) NA 19/38 –

ERA (Yes/no) NA 21/36 –

PGI2 (IV or SC) (Yes/no) NA 5/52 –

Number of groups of PAH drugs

(0/1/2/3) NA 30/12/12/3 –

BNP (pg/mL) 28.0 (18.3–41.1) (N¼ 16) 46.7 (21.2–198.8) (N¼ 55) 0.062

Six-minute walk distance (m) NA 358 (254–440) (N¼ 46) –

Right heart catheterization

HR (bpm) 69 (60–77) 77 (67–84) 0.032

MPAP (mmHg) 17 (13–18) 35 (30–44) <0.001

PAWP (mmHg) 7 (6–8) 7 (6–10) 0.613

RVPd (mmHg) 2 (1–2) 2 (0–5) 0.44

RVEDP (mmHg) 6 (4–7) 9 (6–11) 0.002

RAP (mmHg) 4 (3–4) 5 (3–8) 0.019

CO (L/min) 4.34 (3.75–5.06) 4.4 (3.60–5.29) 0.916

CI (L/min/m2) 3.03 (2.61–3.50) 2.92 (2.33–3.46) 0.598

PVR (Wood units) 1.87 (1.57–2.39) 6.14 (4.63–8.95) <0.001

PAC (mL/mmHg) 4.30 (3.08–4.94) 1.72 (1.28–2.47) <0.001

SvO2 (%) 74.8 (71.1–77.4) 70.0 (65.4–75.0) 0.012

Cardiac magnetic resonance imaging

RVEDV (mL) 87.3 (75.3–126.5) 137.5 (111.8–165.8) <0.001

RVESV (mL) 37.6 (31.6–59.2) 77.9 (61.5–111.8) <0.001

RVSV (mL) 47.3 (38.3–59.1) 59.3 (48.3–68.9) 0.04

RVEF (%) 53.9 (47.3–59.7) 42.0 (34.1–49.4) <0.001

MRI and RHC-derived indices

Ea (mmHg) 0.34 (0.28–0.38) 0.63 (0.48–0.77) <0.001

Ees (Pmax) (mmHg/mL) 0.42 (0.31–0.64) 0.94 (0.59–1.17) <0.001

Ees (MRI) (mmHg/mL) 0.36 (0.30–0.54) 0.43 (0.30–0.59) 0.256

Ees/Ea (P) 1.24 (1.03–2.11) 1.39 (0.96–1.88) 0.985

Ees/Ea (V) 1.07 (0.90–1.48) 0.72 (0.52–0.98) <0.001

� 0.026 (0.018–0.034) 0.033 (0.025–0.040) 0.028

Eed (mmHg/mL) 0.13 (0.10–0.24) 0.25 (0.14–0.40) 0.005

Notes: Data are presented as median (interquartile range). Among the continuous variables listed, all except seven variables (age, diastolic blood pressure, CO, CI,

RVSV, RVEF, and Ees/Ea (V)) exhibited non-normal distribution in either of control or PAH group, and data were compared between the two groups using the

Wilcoxon rank-sum test except for sex, where Fisher’s exact test was used. Bold font indicates p< 0.05.

BNP: brain natriuretic peptide; CI: cardiac index; CO: cardiac output; Eed: end-diastolic elastance; Ees (MRI): end-systolic elastance calculated with magnetic

resonance imaging metrics; Ees (Pmax): end-systolic elastance calculated with Pmax; Ees/Ea (P): Ees/Ea calculated with pressure method; Ees/Ea (V): Ees/Ea

calculated with volume method; ERA: endothelin receptor antagonist; HR: heart rate; I/H/D-PAH: idiopathic/hereditary/drug-induced pulmonary arterial hyper-

tension; MPAP: mean pulmonary arterial pressure; non-SSc-CTD-PAH: pulmonary arterial hypertension associated with non-systemic sclerosis connective tissue

disease; PAC: pulmonary arterial compliance; PAWP: pulmonary arterial wedge pressure; PDE5I: phosphodiesterase-5 inhibitor; PGI2 (IV or SC): intravenously or

subcutaneously administered prostacyclin; PVR: pulmonary vascular resistance; RAP: right atrial pressure; RVEDP: right ventricular end-diastolic pressure; RVEDV:

right ventricular end-diastolic volume; RVEF: right ventricular ejection fraction; RVESV: right ventricular end-systolic volume; RVPd: end-diastolic right ventricular

pressure; RVSV: right ventricular stroke volume; SvO2: mixed venous oxygen saturation; �: stiffness constant �; RHC: right heart catheterization; Ea: arterial

elastance.



follows: Ees (Pmax), 0.51; Ees (MRI), 0.53; Ees/Ea (P), 0.62;
Ees/Ea (V), 0.58; �, 0.57; and Eed, 0.6.

Kaplan–Meier curves and log-rank tests demonstrated
a significant difference in survival between the two
groups divided by an Ees/Ea (P) of 1.12 and those
divided by an Eed of 0.252 (Fig. 3). In the univariate
Cox regression analysis, significant associations with the
composite outcome were observed for age, PAH subtype,
use of PAH drug, brain natriuretic peptide, six-minute

walk distance, MPAP, Ees/Ea (P), and Eed (Table 2).
In the age-adjusted Cox regression analysis, statistical
significance was observed for brain natriuretic peptide,
six-minute walk distance, MPAP, RVESV, RVEF,
Ees (Pmax), and Ees/Ea (P). In the multivariate Cox
regression analysis and in the forest plot analysis,
among the four RV indices, only Ees/Ea (P) had a stat-
istically significant association with the outcome (Table 2,
Fig. 4).

Fig. 2. Comparison of Ees (Pmax), Ees (MRI), Ees/Ea (P), Ees/Ea (V), �, and Eed between controls and patients with PAH. Ees (Pmax), �, and Eed

were higher, whereas Ees/Ea (V) was lower in patients with PAH than in controls.

Ees: end-systolic elastance; Eed: end-diastolic elastance; Ea: arterial elastance; Ees/Ea (P): Ees/Ea calculated by the pressure method; Ees/Ea (V):

Ees/Ea calculated by the volume method; Pmax: right ventricular maximum pressure; MRI: magnetic resonance imaging; PAH: pulmonary arterial

hypertension.
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Discussion

Summary

This retrospective observational study revealed that patients
with PAH had higher Ees (Pmax), �, and Eed, and lower
Ees/Ea (V) than did controls, regardless of PAH etiology.
Log-rank test and Cox regression analysis indicated that a
decrease in Ees/Ea (P), an indicator of RV–PA coupling,
predicts a poor outcome in our PAH cohort better than
other RV indices. To our knowledge, this study is the first
to report the four indices of RV–PA coupling and RV dia-
stolic function, i.e. Ees/Ea (P), Ees/Ea (V), �, and Eed, and
comparably examine their prognostic value in patients
with PAH.

RV contractility (Ees)

To date, eight studies have reported RV Ees in
PH,7–11,18,21,22 and three of them have reported an elevated
Ees in patients with PH compared with that in con-
trols.7,8,10 In the present study, Ees (Pmax) was higher in
patients with PAH than in controls, verifying an increased
RV contractility in our PAH cohort. Ees (Pmax) correlated
positively with MPAP, which suggests that RV contractil-
ity increases in response to a sustained elevation of RV
afterload.

RV–PA coupling

Ees/Ea (P) and Ees/Ea (V) are indices that are considered to
reflect RV–PA coupling.7,9,11 Importantly, however, recent

reports have claimed that Ees/Ea (P) is a reliable indicator
of RV–PA coupling, whereas Ees/Ea (V) is not.18,23 A recent
study by Richter et al. has directly verified the greater accur-
acy of Ees/Ea (P) over Ees/Ea (V).24 One reason for this is
that V0 was assumed to be zero for the calculation of Ees/Ea
(V), which leads to an underestimation of RA-PA coupling,
particularly when V0 is increased as in PH. In the present
study, the Ees/Ea (P) of patients with PAH was similar to
that of controls. In contrast, Ees/Ea (V) was lower in
patients with PAH than in controls, which could be because
of the above-mentioned underestimation. Taken together,
RV–PA coupling was largely preserved or, if anything,
mildly impaired in our PAH cohort.

RV stiffness (�) and Eed

An increased � and/or Eed has been observed in patients
with PAH compared with that in controls in prior stu-
dies,6,8,11 which is consistent with our observations. We
thus verified, in our Japanese PAH cohort, that the RV is
stiffened. The mechanisms of the RV stiffening in our PAH
cohort cannot be clarified in this study. However, in the
correlation analysis, patients with PAH who were taking
PAH drug(s) had a lower � than those who were not.
Thus, PAH-specific drugs may reduce RV stiffness and sus-
tain its diastolic function. This hypothesis can be supported
by a basic study where PAH drugs confer anti-fibrotic
effects in animal models.25 Further basic and dedicated
clinical studies are needed to investigate the pathobiology
of RV diastolic function and if it could be affected by
PAH drugs in PH.

Fig. 3. Kaplan–Meier curves of two PAH groups classified by the ROC analysis-derived cut-off values of Ees/Ea (P), Ees/Ea (V), �, and Eed. There

was a significant difference in the survival rate between the two groups divided by Ees/Ea (P) and those divided by Eed.

Ea: arterial elastance; Eed: end-diastolic elastance; Ees: end-systolic elastance; Ees/Ea (P): Ees/Ea calculated by the pressure method; Ees/Ea (V):

Ees/Ea calculated by the volume method.
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Associations of RV indices with the outcome

Multivariate outcome analysis demonstrated more PAH-
related hospitalization or death events in patients with
PAH with decreased Ees/Ea (P), suggesting that impaired
RV–PA coupling is predictive of poor outcome in PAH.
This result is consistent with a recent study that reported
that Ees/Ea (P) was significantly lower in patients with PAH

who survived <5 years compared with those who survived
>5 years.8

In contrast, two prior studies by Brewis et al. and by
Vanderpool et al. have reported no association between
Ees/Ea (P) and the outcome.10,11 We do not have a clear
explanation for this discrepancy; it could be due to different
patient characteristics. For example, in the study by Brewis
et al.,10 PH due to portal hypertension and congenital heart

Table 2. Univariate, age-adjusted, and multivariate Cox regression analysis on the association of PAH-related parameters with the outcome.

Univariate Cox

regression analysis

Age-adjusted Cox

regression analysis

Multivariate Cox regression analysis for

established prognostic

parameters and RV indices

Hazard ratio (95%CI) Hazard ratio (95% CI) Hazard ratio (95% CI)

Age, yearsa 1.074 (1.028–1.128) – –

Sex

Female vs Male 4.443 (0.681–16.964) 3.005 (0.430–12.865)

Disease subtype

I/H/D-PAH 0.259 (0.040–0.981) 0.405 (0.060–1.621) –

Non-SSc-CTD-PAH 0.609 (0.136–1.995) 0.838 (0.182–2.906) –

SSc-CTD-PAH 4.584 (1.5074–15.385) 2.404 (0.695–9.003) –

WHO-FC III and IV vs I and II 2.688 (0.814–12.081) 1.749 (0.389–7.962) 29.8 (1.735–512.557)

Months from the initial symptom(s), monthsa 1.001 (0.992–1.007) 1.007 (0.998–1.015) –

Use of PAH drug (no vs any) 3.371 (1.002–15.230) 1.951 (0.540–9.224) –

Use of PDE5I 0.849 (0.230–2.607) 1.482 (0.386–4.824) –

Use of ERA 0.513 (0.130–1.648) 0.855 (0.192–3.033) –

Use of subcutaneous or intravenous PGI2 0.568 (0.031–3.022) 1.758 (0.087–12.267) –

BNP, pg/mLa (N¼ 55) 1.003 (1.002–1.005) 1.065 (1.015–1.123) 1.004 (1.001–1.008)

Six-minute walk distance, ma (N¼ 46) 0.991 (0.986–0.995) 0.992 (0.987–0.997) 0.984 (0.975–0.995)

MPAP, mmHga 1.062 (1.015–1.104) 1.099 (1.050–1.157) –

CI, L/min/m2a 0.827 (0.403–1.649) 0.931 (0.400–2.073) 2.737 (0.746–10.047)

PVR, Wood Unita 1.089 (0.967–1.198) 1.132 (0.997–1.260) –

RAP, mmHga 0.970 (0.820–1.109) 1.014 (0.848–1.176) 0.974 (0.759–1.250)

PAC, mL/mmHg 0.978 (0.431–1.901) 1.071 (0.500–1.984)

RVEDV, mla 1.006 (0.998–1.013) 1.008 (0.999–1.018) –

RVESV, mLa 1.009 (0.999–1.016) 1.012 (1.002–1.020) –

RVEF, %a 0.957 (0.907–1.012) 0.937 (0.879–0.995) –

Ees (Pmax) <0.727 vs �0.727 1.216 (0.367–1.217) 1.155 (0.343–3.521) –

Ees (MRI) <0.450 vs �0.450 2.525 (0.821–9.331) 2.713 (0.865–10.195) –

Ees/Ea (P) <1.12 vs �1.12 4.847 (1.601–16.199) 3.972 (1.289–13.464) 11.510 (1.954–67.808)

Ees/Ea (V) <0.59 vs �0.59 1.489 (0.449–4.475) 1.853 (0.547–5.735) 2.079 (0.323–13.393)

� �0.0346 vs <0.0346 2.946 (0.927–11.048) 3.278 (1.018–12.442) 1.171 (0.134–10.206)

Eed �0.252 vs <0.252 4.096 (1.238–18.447) 5.671 (1.648–26.506) 3.397 (0.354–32.545)

aAnalyzed as a continuous variable.

BNP: brain natriuretic peptide; CI: cardiac index; Eed: end-diastolic elastance; Ees (MRI): end-systolic elastance calculated with MRI metrics; Ees (Pmax): end-systolic

elastance calculated with Pmax; Ees/Ea (P): Ees/Ea calculated with pressure method; Ees/Ea (V): Ees/Ea calculated with volume method; ERA: endothelin receptor

antagonist; I/H/D PAH: idiopathic/hereditary/drug-induced pulmonary arterial hypertension; MPAP: mean pulmonary arterial pressure; non-SSc-CTD-PAH: pul-

monary arterial hypertension associated with non-systemic sclerosis connective tissue disease; PAC: pulmonary arterial compliance; PDE5I: phosphodiesterase-5

inhibitor; PVR: pulmonary vascular resistance; RAP: right atrial pressure; RVEDV: right ventricular end-diastolic volume; RVEF: right ventricular ejection fraction;

RVESV: right ventricular end-systolic volume; SSc-CTD-PAH: pulmonary arterial hypertension associated with systemic sclerosis; �: stiffness constant �; PGI2:

prostacyclin.

Notes: Bold font indicates p< 0.05. In the multivariate Cox regression analysis in the right column, five variables (WHO-FC, BNP, six-minute walk distance, CI, and

RAP) were included as established prognostic parameters.
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disease was included and the MPAP was higher
(50� 13mmHg) than that in our study (median MPAP:
35mmHg). Similarly, patients with PH and lung disease or
left heart disease were included in Vanderpool et al.’s
study,11 unlike ours. This allows for a speculation that the
prognostic value of Ees/Ea may be evident, particularly in
patients with I/H/D-PAH or CTD-PAH with a mild PAP
elevation as examined in our study, whereas it may not be
the same in a population with different PH type and sever-
ity. The same explanation can be applied to the lack of
outcome predictability of some established prognostic indi-
ces such as right atrial pressure, cardiac output/car-
diac index, and RVEF, and its mathematical transform,
Ees/Ea (V).

Associations of � and Eed with outcome have also been
reported.8,11 However, in the present study, no such out-
come predictability was observed either for � or Eed in
the multivariate analysis. This discrepancy between the pre-
vious studies and ours may be a result of the small sample
size and low event rate in our study. However, importantly,
no prior studies have compared the predictive value among
Ees/Ea, �, and Eed in PAH and our study notably indicated
the superior predictive value of RV–PA coupling indices
over those of RV diastolic function in PAH. Of note, how-
ever, MPAP and PVR were lower in our patients with PAH
than those in prior studies that demonstrated a prognostic
value of RV diastolic function indices.8,11 Thus, larger pro-
spective studies are warranted to further examine the prog-
nostic value of RV–PA coupling and RV diastolic function
indices in patients with different types/severity of PAH.

Cardiac involvement in SSc

Cardiac involvement in SSc is well-recognized,26 and RV
myocardial involvement has also been reported in SSc.27

Additionally, advanced RV diastolic dysfunction in SSc-
CTD-PAH has been reported,21 which led us to hypothesize
that SSc negatively affects RV function in our PAH cohort.
Contrary to our expectation, all six indices of RV function

did not differ between SSc-CTD-PAH and other PAH sub-
groups. Importantly, however, there were significant differ-
ences in age, disease duration, and PAH drug use among the
three groups. Additionally, both � and Eed were higher for
patients with SSc-CTD-PAH than for the other two groups,
although the difference was not statistically significant.
Furthermore, RV–PA uncoupling was reported to occur
exclusively during exercise in a recent study.28 Thus, we
cannot deny that the SSc-CTD-PAH subset in our study
might have early-phase SSc-related RV dysfunction
masked at rest. Future research is needed to investigate
the presence and nature of RV involvement in SSc.

Limitations

This study has several limitations. First, the sample size was
insufficient for robust analyses, such as multiple compari-
sons among the (sub)groups. Additionally, only 13 patients
met the composite endpoint during follow-up, which pre-
cluded detailed statistical analyses. Thus, as stated in the
introduction, the present study is regarded as preliminary
and the obtained findings need to be tested in larger pro-
spective studies. Second, we applied a single beat method or
used MRI-derived RV measures to calculate RV indices
based on previous studies.5,7,10,11,18,29,30 However, measure-
ment errors in estimating Pmax and multiple assumptions in
the equations might have caused some inaccuracy. For
example, the use of MPAP for end-systolic pressure might
cause an underestimation of end-systolic pressure and, as a
result, overestimation of Ees (Pmax) and Ees/Ea (P).23

However, MPAP in our study cohort was relatively low
and such inaccuracy seemed limited. Third, controls were
not without comorbidities. In total, 14 of 18 control partici-
pants had CTD, which might have influenced the compari-
son between the PAH and control groups. Fourth, RHC
and MRI were not performed simultaneously. All patients
were stable; however, any change that occurred between the
two examinations might have confounded the results. Fifth,
we excluded beraprost from the list of approved PAH drugs;
however, its vasodilating effect may have partially affected
the pulmonary/systemic hemodynamics. Finally, this was a
retrospective observational study; thus, the cause–effect
relationship and time course of RV indices could not be
investigated.

Conclusions

Altered RV systolic and diastolic function with RV–PA cou-
pling in patients with PAH was observed. Furthermore, our
results indicated a higher prognostic value of an index of
RV–PA uncoupling than those of RV diastolic function in
patients with relatively mild PAH.

Ethical approval

Based on the Japanese legislation, the need for written informed
consent was waived as all data were obtained through usual clinical

Fig. 4. Forrest plot of the results of multivariate Cox regression

analysis for Ees/Ea (P), Ees/Ea (V), �, and Eed. Odds ratios for the

composite outcome, i.e. hospitalization due to PAH worsening, lung

transplantation, or PAH-related death, are compared among the four

RV indices.

Ees/Ea (P): Ees/Ea calculated by the pressure method; Ees/Ea (V): Ees/

Ea calculated by the volume method; Eed: end-diastolic elastance.
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