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Abstract

Male patients with pulmonary hypertension have poor survival than their female counterparts. Poor right ventricular function in men

may be one of the major determinants of poor prognosis. This study aimed to investigate the difference in hemodynamics during

exercise between men and women by exercise echocardiography. Consecutive patients with pulmonary hypertension who under-

went right heart catheterization were enrolled, and survival was analyzed. In patients who underwent exercise echocardiography, the

change in tricuspid regurgitation pressure gradient during exercise was calculated at multiple stages (low-, moderate-, and high-load

exercise), and the mortality was also recorded. In a total of 93 patients, although there were no differences in pulmonary artery

pressure and vascular resistance between sexes, male patients showed poor survival. In patients with exercise echocardiography,

change in tricuspid regurgitation pressure gradient at low-load (25 W) exercise was significantly lower in men, although that at

maximum-load exercise was not different between men and women. In the Kaplan–Meier analysis, in a median follow-up duration of

1760 days, male patients and those with lower change in tricuspid regurgitation pressure gradient at low-load exercise showed

poorer survival (P¼ 0.002 and 0.026, respectively). In the Cox proportional hazards analysis, the change in tricuspid regurgitation

pressure gradient at low-load exercise was independently associated with poor survival after adjustment for age and sex. In con-

clusion, a lower change in tricuspid regurgitation pressure gradient at low-load exercise was observed in male patients and was a

prognostic marker, which may be associated, at least in part, with poorer prognosis in male patients with pulmonary hypertension.
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Introduction

Pulmonary hypertension (PH) is caused by increased pulmo-
nary vascular resistance (PVR) due to remodeling of a pul-
monary artery, ultimately leading to right ventricular (RV)
dysfunction. Generally, the incidence of PH is higher in
women, whereas prognosis is poorer in men.1–4 Male patients
with PH have worse pulmonary hemodynamics, as shown in
a pooled analysis of subjects from several randomized trials.5

Some previous data support the role of sex hormones in dis-
ease pathogenesis and outcomes.6 It is considered that genetic
variation in sex hormone pathways may be associated with
prognosis in PH. Because of this, right heart function is
expected to be poorer in men than in women.7,8

PH is assessed by resting hemodynamics using invasive
examination. However, resting hemodynamics is insufficient

to assess the severity of PH; therefore, some severity-
stratification systems include not only resting hemodynam-
ics data but also physical findings, laboratory findings, and
exercise capacity.9 Moreover, accurate stratification of RV
dysfunction in patients with PH may be important in esti-
mating the prognosis, regardless of the etiology of PH.
Recently, exercise echocardiography has been used as an
evaluation tool in assessing right heart function in patients
with PH.10,11 A previous study has shown that a smaller
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increase in pulmonary artery systolic pressure (PASP)
induced by exercise was associated with poor prognosis in
patients with severe PH.12 Therefore, this study aimed to
investigate the change in right heart hemodynamics during
exercise by exercise echocardiography in patients with mod-
erate PH, focusing on the difference between men and
women, and clarify the prognostic implication that may
be explained by sex difference in PH.

Methods

Study cohort and design

This is a retrospective analysis of consecutive patients with
PH who were admitted in Kindai University Hospital
between 2009 and 2019. The patients were assessed by
right heart catheterization (RHC) and diagnosed with PH,
which was defined as mean pulmonary artery pressure
(mPAP) �25mmHg. The etiology was assessed by physical
examinations, laboratory findings, respiratory function test,
enhanced computed tomography, and perfusion imaging.13

Among these, exercise echocardiography was performed in
patients after exclusion of those with PH due to left heart
disease and lung disease. The study was conducted in accor-
dance with the 1964 Declaration of Helsinki and its later
amendments and approved by the Ethics Committee of
Kindai University Faculty of Medicine (2020-027).

Exercise echocardiography

Echocardiography was performed using Aplio 400 (Canon
Medical Systems Corporation, Japan) with 2.5 MHz trans-
ducer according to the recommendation described by the
American Society of Echocardiography.14 Left ventricular
(LV) and RV dimension, volume, and wall thickness were
assessed by two-dimensional imaging. PASP was estimated
using RV systolic pressure, calculated from the tricuspid
regurgitation peak gradient (TRPG), and added to the
assessment of right atrial pressure using inferior vena cava
size and collapsibility. A variable load supine bicycle ergom-
eter was used for exercise echocardiography. Workload
increased in three steps from low- to high-load exercise by
25 W every three minutes. TRPG, heart rate, blood pres-
sure, and oxygen saturation were measured at each stage.
The change in TRPG during exercise was defined as
DTRPG according to the following equation: DTRPG¼
peak TRPG – rest TRPG.

Clinical follow-up

Patients were followed retrospectively from the time of diag-
nosis of PH for 3000 days. Follow-up information on vital
status and clinical events was obtained using telephone con-
tact or chart view. The primary endpoint was all-cause mor-
tality, and the secondary endpoint was major adverse
cardiac event (MACE), which was defined as composite of
all-cause death and hospitalization due to worsening PH.

Statistical analysis

Comparison between the groups was assessed by v2 test for
categorical variables, and unpaired Student’s t-test or anal-

ysis of variance for continuous variables as appropriate.

Cumulative incidences of clinical events were estimated

using the Kaplan–Meier method and compared using the

log-rank test. Multivariable analysis of clinical outcomes

was evaluated using the Cox proportional hazards model.

P-values< 0.05 were regarded as statistically significant.

Statistical analysis was performed using the JMP version

13.0 (SAS Institute, USA).

Results

Baseline clinical and functional characteristics

In a total of 93 patients with PH, mean age was 65.4� 14.9

years, and 43.0% of patients were male. Although male

patients were older, there were no significant differences in

body mass index, functional class, and RHC data between

sexes (Fig. 1a and Table 1). The most frequent diagnosis

was World Health Organization (WHO) Group 1 in both

sexes; however, WHO Group 3 was frequently observed in

male patients. In rest echocardiography, LV ejection frac-

tion (EF) was lower in male patients.
In a subcohort of 49 patients where PH with left heart

disease (WHO Group 2) and lung disease (WHO Group 3)

was excluded, exercise echocardiography was performed.

There were no significant differences in age, B-type natri-

uretic peptide level, WHO functional class, and six-minute

walk distance between sexes (Table 2). However, in RHC

and rest echocardiography, mPAP, PVR, and PASP were

significantly higher in male patients than those in female

patients.

Exercise echocardiography

All patients performed low-load exercise (25 W) for three

minutes, and there were no significant differences in total

maximum workload, systolic blood pressure, heart rate,

oxygen saturation, and double product during exercise

between men and women (Table 3). However, the DTRPG

at 25 W was significantly lower in men than that in women

(Fig. 2). The DTRPG at 50 W or maximum workload did

not show a significant difference between sexes.

Clinical outcomes

In the total cohort, male sex was associated with poorer

survival and MACE occurrence in a median follow-up

duration of 991 days (interquartile range, 539–1958 days)

(Fig. 1b and c). Although mPAP and PASP were not asso-

ciated with mortality, the PVR and LV EF were significant

prognostic markers of poor survival in this cohort

(P¼ 0.005 and 0.027, respectively).
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In the subcohort, in a median follow-up duration of 1760
days (interquartile range, 777–2237 days), the mPAP and
PVR by RHC were not significant prognostic markers in
mortality (P¼ 0.288 and 0.534, respectively). Moreover, the

rest PASP and LV EF by echocardiography did not predict
the mortality (P¼ 0.618 and 0.350, respectively). In con-
trast, both lower DTRPG at low-load exercise (DTRPG
�13.3mmHg) and male sex were associated with poor

Table 1. Baseline clinical characteristics in the total cohort.

Male (n¼ 40) Female (n¼ 53) P-values

Age (years) 69.2� 14.4 62.5� 14.8 0.031

BMI (kg/m2) 22.4� 4.2 22.5� 3.9 0.916

WHO functional class 0.134

Class I 1 (2.5) 4 (7.6)

Class II 21 (52.5) 33 (62.3)

Class III 17 (42.5) 12 (22.6)

Class IV 1 (2.5) 4 (7.6)

Six-minute walk distance (m) 285.3� 121.2 327.9� 61.9 0.170

Diagnosis (WHO) 0.003

Group 1 17 (42.5) 34 (64.2)

Group 2 2 (5.0) 1 (1.9)

Group 3 11 (27.6) 1 (1.9)

Group 4 9 (22.5) 14 (26.5)

Group 5 1 (2.5) 3 (5.7)

Echocardiography

LV EF (%) 66.4� 8.1 70.2� 6.6 0.015

E/e’ 8.6� 2.3 8.4� 2.9 0.794

PASP (mmHg) 68.2� 14.3 62.1� 16.7 0.068

TAPSE (mm) 17.8� 3.3 17.4� 4.3 0.739

BNP (pg/dL) 121.5� 128.5 260.5� 427.9 0.053

Uric acid (mg/dL) 6.0� 1.6 5.4� 1.8 0.096

Vasodilators 11 (27.5) 18 (34.0) 0.504

Oxygen therapy 17 (42.5) 16 (30.2) 0.220

Note: Values are expressed as mean� SD or number (%).

BNP: B-type natriuretic peptide; BMI: body mass index; E/e’: ratio between early mitral inflow velocity and mitral annular early diastolic velocity; EF: ejection

fraction; LV, left ventricular; PASP: pulmonary artery systolic pressure; TAPSE: tricuspid annular plane systolic excursion; WHO: World Health Organization.

Fig. 1. Demographic and outcomes in patients with pulmonary hypertension. In a total of 93 patients with pulmonary hypertension, 43% were
male and no difference was observed in mPAP and PVR by right heart catheterization between sex (a). However, male patients showed the worse
prognosis; survival rate (b), and MACE-free rate (c).
MACE: major adverse cardiac event; mPAP: mean pulmonary artery pressure; PVR: pulmonary vascular resistance.
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Table 2. Baseline characteristics in a cohort with exercise echocardiography.

Male (n¼ 22) Female (n¼ 27) P-values

Age (years) 67.2� 14.1 63.8� 12.3 0.365

BMI (kg/m2) 23.1� 4.4 22.0� 3.8 0.326

WHO functional class 0.166

Class I 1 (4.6%) 3 (11.1%)

Class II 14 (63.6%) 21 (77.8%)

Class III 7 (31.8%) 3 (11.1%)

Six-minute walk distance (m) 332.2� 91.5 336.9� 61.6 0.876

Diagnosis (WHO) 0.883

Group 1 14 (63.6%) 19 (70.4%)

Group 4 7 (31.8%) 7 (25.9%)

Group 5 1 (4.6%) 1 (3.7%)

Right heart catheterization data

Mean PAP (mmHg) 38.4� 8.8 30.2� 6.6 0.001

Right atrial pressure (mmHg) 6.4� 3.9 5.2� 2.8 0.223

PAWP (mmHg) 9.4� 4.3 8.8� 3.2 0.612

CO (L/min) 4.6� 1.7 4.7� 1.5 0.791

SvO2 (%) 66.3� 7.2 70.3� 6.9 0.063

PVR (WU) 7.1� 3.2 5.1� 2.8 0.031

Rest echocardiography

LV EF (%) 68.3� 6.0 71.7� 6.1 0.057

E/e’ 7.6� 1.0 9.4� 3.8 0.232

PASP (mmHg) 68.5� 15.3 56.8� 12.4 0.005

TAPSE (mm) 18.1� 5.5 19.1� 4.3 0.542

BNP (pg/dL) 119.4� 139.3 79.7� 72.4 0.206

Uric acid (mg/dL) 6.3� 1.8 5.3� 1.6 0.041

Vasodilators 5 (22.7%) 8 (29.6%) 0.585

Oxygen therapy 8 (36.4%) 10 (37.0%) 0.961

Note: Values are expressed as mean� SD or number (%).

BNP: B-type natriuretic peptide; BMI: body mass index; CO: cardiac output; E/e’: ratio between early mitral inflow velocity and mitral annular early diastolic

velocity; EF: ejection fraction; LV, left ventricular; PAP: pulmonary artery pressure; PASP: pulmonary artery systolic pressure; PAWP: pulmonary artery wedge

pressure; PVR: pulmonary vascular resistance; SvO2: mixed venous oxygen saturation; TAPSE: tricuspid annular plane systolic excursion; WHO: World Health

Organization; WU: Wood units.

Table 3. Exercise echocardiographic findings.

Male Female P-values

Exercise time (s) 291.8� 123.3 260.0� 82.2 0.288

Maximum load (W) 51.1� 18.1 43.5� 14.9 0.112

Rest

Systolic pressure (mmHg) 133.0� 16.6 128.3� 26.5 0.479

Heart rate (bpm) 75.9� 15.8 72.6� 14.4 0.462

SpO2 (%) 95.2� 2.9 94.7� 3.3 0.611

Peak

Systolic pressure (mmHg) 166.3� 29.2 166.2� 35.1 0.999

Heart rate (bpm) 111.9� 17.2 114.5� 19.3 0.638

SpO2 (%) 89.9� 4.7 89.1� 6.0 0.678

Double product 18,755� 5109 19,093� 5166 0.825

Echocardiography findings

25 W TRPG (mmHg) 76.1� 19.8 74.0� 21.6 0.720

DTRPG (mmHg) 14.7� 9.1 24.5� 15.5 0.014

50 W TRPG (mmHg) 81.5� 19.1 83.9� 22.5 0.746

DTRPG (mmHg) 27.6� 14.1 36.7� 17.8 0.118

Maximum-load TRPG (mmHg) 90.8� 19.5 83.2� 22.4 0.220

DTRPG (mmHg) 28.7� 16.3 34.5� 18.9 0.263

Note: Values are expressed as mean� SD.

SpO2: saturation of percutaneous oxygen; TRPG: tricuspid regurgitation pressure gradient; DTRPG: change in tricuspid regurgitation pressure gradient.
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survival in Kaplan–Meier analysis (Fig. 3a and b, P¼ 0.002

and 0.026, respectively). WHO functional class was also

associated with mortality. DTRPG at low-load exercise

(25 W) was an independent prognostic marker after adjust-

ment for age and sex by Cox proportional hazards analysis

(Table 4). When the patients of each sex were divided into

three groups based on the DTRPG value at low-load exer-

cise, the estimated mortality for each sex suggested that

DTRPG at low-load exercise and sex were, at least in

part, independent (Fig. 3c).

Discussion

Although PH encompasses a heterogeneous group of dis-

eases, it is marked by sexually dimorphic disease presenta-

tion wherein women are at increased risk for disease

development but display increased survival compared with

men.15 Recent studies have shown that a number of factors

have been suggested to contribute to the sex difference in

PH, and the sex-specific association of PH with infections,

autoimmune diseases, inflammation, and sex hormones are

suggested.16–19 Multiple sex hormones, receptors, and

Fig. 2. Difference in TRPG change during exercise between male and female. Boxplots represent the changes in TRPG (DTRPG) at each
workload. Only at low-load exercise (25 W), DTRPG in male (blue box) was significantly lower than that in female (red box).
DTRPG: change in tricuspid regurgitation pressure gradient.

Fig. 3. Survival analysis stratified by TRPG change at low-load exercise and sex. In the Kaplan–Meier analysis, patients with lower DTRPG at
low-load exercise (a) or male patients (b) showed the poorer survival. When the patients of each sex were divided into three groups based on
the DTRPG at low-load exercise, the estimated mortality for male (blue square) and female (red circle) suggested that DTRPG at low-load
exercise and sex were, at least in part, independent (c).
DTRPG: change in tricuspid regurgitation pressure gradient.
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metabolites may play a role in the disease pathogenesis and
outcomes.6,16 The key pathophysiological features of PH

such as vasoconstriction/vasodilation, proliferation, vascu-
lar remodeling, and inflammation are affected by sex hor-

mones. In particular, estrogen, which is considered to play a

typical role among sex hormones, has various effects on
pulmonary circulation. Umar et al. reported an improving

effect of estrogen on preexisting PH rats by suppressing
inflammatory cells in the lungs.17 On the other hand,

other gender-related factors of PH have also been sug-
gested. High mobility group box 1 (HMGB1), as damage-

associated molecular patterns, has been recognized in the
development of PH, and male patients with PH show a

higher level of HMGB1.20 HMGB1 is reported to be
released from either pulmonary artery endothelial cells or

smooth muscle cells, and to play an important role in deter-
mining the severity of PH.21 Moreover, the type of sex chro-

mosome may contribute to sex difference in PH. Umar et al.
revealed that the less severe PH in mice was due to the

presence of Y chromosome, and they suggested the protec-
tive effect of the Y chromosome on PH.22 Additionally, Yan

et al. showed that the higher female incidence of PH was
driven by specific factors to the Y chromosome that regu-

lated the bone morphogenetic protein receptor type 2
through the transcription factor sex-determining region Y.23

Several pooled analyses showed that male patients with
PH had poor hemodynamics and poor prognosis than their

female counterparts.5 In the present study, male patients
showed poor survival in a total cohort of 93 patients and

in a subcohort of 49 patients with exercise echocardiogra-

phy. We did not find any clinical factors that were
associated with mortality, except for age, sex, and

DTRPG at low-dose exercise, in a subcohort with exercise
echocardiography. Women had better RV systolic function

in patients with PH and healthy subjects.24,25 Ventetuolo
et al. reported that the genetic variations in estrogen metab-

olism and androgen signaling had an association with RV
morphology.26 This sexual steroid metabolism may cause

difference in RV function between sex, and survival bias
conferred by female sex may be explained at least in part

by sex hormone-mediated effects on the RV. Since we could
not perform the analysis of RV function and morphology in

detail, it is difficult to determine the sex difference in RV
function and contribution to the prognosis in the present

study. However, the exercise-induced increase in PASP is
suggested as a possible measure of RV contractile reserve

in patients with PH.12 The present finding of lower DTRPG
at low-load exercise in men may suggest poor RV contrac-

tile reserve in men, which was one of the prognostic deter-
minants associated with sex.

Table 4. Cox proportional hazards analysis for mortality.

Univariate model (unadjusted) Multivariate Cox model (adjusted)a

Variable (cutoff value) HR 95% CI P-values HR 95% CI P-values

Age (>68 years) 1.64 0.42–6.88 0.470

Male 5.00 1.20–33.64 0.026 4.63 1.10–31.25 0.035

BMI (>22.1 kg/m2) 0.29 0.04–1.20 0.089 0.31 0.04–1.38 0.129

WHO functional class (1, 2 vs 3, 4) 0.22 0.05–0.94 0.042 0.22 0.05–0.96 0.044

Diagnosis (WHO) (1 vs 4, 5) 1.76 0.43–11.8 0.459

mPAP (>33mmHg) 0.39 0.08–1.48 0.168

SvO2 (>68.4%) 0.77 0.19–2.94 0.698

PVR (>5.5 WU) 1.61 0.42–7.64 0.495

LV EF (>70%) 0.53 0.11–2.00 0.350

PASP (>57mmHg) 1.02 0.27–4.12 0.982

TAPSE (>19 mm) 1.09 0.27–4.15 0.894

BNP (>58 pg/dL) 0.91 0.22–3.48 0.893

Uric acid (>5.7mg/dL) 1.41 0.37–5.74 0.612

Vasodilators 1.43 0.30–5.49 0.623

Oxygen therapy 1.32 0.32–5.11 0.684

Exercise echocardiography

Maximum load (>25W) 0.42 0.11–1.71 0.213

Exercise time (>180 s) 0.46 0.12–1.87 0.263

Peak SpO2 (>89%) 1.41 0.26–7.62 0.678

D maximum TRPG (>30mmHg) 0.49 0.10–1.88 0.303

D 25 W TRPG (>13.3mmHg) 0.08 0.00–0.44 0.002 0.12 0.01–0.70 0.015

aHR was adjusted by incorporating the age and sex.

BMI: body mass index; BNP: B-type natriuretic peptide; CI: confidence interval; EF, ejection fraction; HR: hazard ratio; LV, left ventricular; mPAP: mean pulmonary

artery pressure; PASP: pulmonary artery systolic pressure; PVR: pulmonary vascular resistance; TRPG: tricuspid regurgitation pressure gradient; TAPSE: tricuspid

annular plane systolic excursion; SvO2: mixed venous oxygen saturation; DTRPG: change in tricuspid regurgitation pressure gradient; WHO: World Health

Organization; WU: Wood units.
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Nagel et al. reported that, in patients with systemic scle-
rosis, exercise echocardiography improved sensitivity in
detecting pulmonary artery hypertension than echocardiog-
raphy at rest only.10 PASP evaluation by exercise echocar-
diography may be useful especially in the diagnosis of early
forms of PH. In contrast, Grünig et al. assessed the prog-
nostic role of exercise echocardiography.12 In 124 patients
with severe PH who underwent exercise echocardiography,
the lower increase in PASP at 50–75 W workload was an
independent poor prognostic marker. It is concordant with
the present result; however, the increase in PASP (i.e.
DTRPG) at low-load exercise (25 W) was a stronger prog-
nostic determinant than that at maximum workload
(approximately 50 W) in the present study. Increase in
PASP (DTRPG) at lower workload may be more sensitive
because it may reflect RV contractile reserve accurately with
less effects on pulmonary vasoconstriction, increased intra-
thoracic pressure, and transmission of increase in left atrial
pressure.27 There is also an issue regarding the accuracy of
echocardiographic estimation of PASP during exercise. van
Riel et al. evaluated the accuracy of exercise echocardiog-
raphy by simultaneously using echocardiography and RHC
during exercise.28 They showed that agreement was good
among the subset of patients with high-quality TR
Doppler signal. Since high-quality TR Doppler signal is
easy to obtain and evaluate in exercise echocardiography
at low-dose workload, it may be useful in evaluating
patients with moderate PH in the present study.

Korff et al. reported conflicting results; a higher TRPG
increase during exercise may be a predictor of MACE in
patients with any heart disease.29 They analyzed 278 patients
with PASP at rest> 35mmHg who underwent exercise echo-
cardiography and evaluated the increase in TRPG during
exercise. They included patients mainly with ischemic heart
disease (49.1%) and valvular disease (22.4%), and their
PASPs were moderately increased (rest PASP, 45mmHg).
This result may be strongly influenced by the fact that most
heart diseases were caused by left heart diseases and RV func-
tion was usually not impaired. Pre- and post-capillary PHs
may show different responses by exercise echocardiography.
Moreover, the extent of baseline PSAP may be associated
with conflicting results. In the early stage of PAH, a more
increase of TRPG during exercise may be a predictor of devel-
opment of PH in the near future. In contrast, in advanced
patients with PH, a smaller increase in TRPG may reflect
poor RV function/reserve. A prospective validation study is
necessary in confirming our findings and clinical relevance.

Study limitations

The current study has several limitations. First, it was a ret-
rospective analysis in a single center and the sample number
was small, which are susceptible to bias in data selection and
analyses. The statistical analysis in Fig. 3c could not be per-
formed due to the small number of the patients. Second, we
could not perform exercise echocardiography in all patients

with PH. Especially critical patients with PH were excluded

for safety. It may explain the difference between our study

and the study by Grünig et al. which was performed in

patients with severe forms of PH.12 Also, patients with PH

due to left heart disease (Group 2) and lung disease (Group 3)

were excluded in a subcohort with exercise echocardiography,

which might cause the different results between the total

cohort and subcohort. The patients with Groups 2 and 3

may have less or different impact on the sex difference of

the right heart hemodynamics as compared with those with

Groups 1 and 415 and the application of the present results to

all patients with PH may be limited. Finally, there were lim-

ited data regarding RV function on exercise echocardiogra-

phy. Only TRPG change was used as a parameter of RV

function. Such a study as evaluating RV function in detail

is necessary in clarifying the relationship between RV function

and prognosis.

Conclusions

In the present study, we examined the usefulness of exercise

echocardiography focusing on sex and prognosis in the

patients with moderate PH. Lower DTRPG at low-load

exercise (25 W) was observed in the male patients. It was

found to be a prognostic marker, which may be associated,

at least in part, with poorer prognosis in male patients.
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