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Background: Sex differences in chronic thromboembolic pulmonary hypertension (CTEPH) 

have been revealed in few studies. Although right heart catheterization (RHC) is the gold 

standard for clinical diagnosis and assessment of prognosis in pulmonary hypertension (PH), 

cardiopulmonary exercise testing (CPET) has been a more widely used assessment of functional 

capacity, disease severity, prognosis, and treatment response in PH. We hypothesized that the 

“sex-specific” CPET indices could estimate the severity of inoperable CTEPH.

Methods: Data were retrieved for 33 male (age, mean ± standard deviation [SD] =62.5±13.4 

years) and 40 female (age, mean ± SD =56.3±11.8 years) patients with stable CTEPH who 

underwent both RHC and CPET at Shanghai Pulmonary Hospital from February 2010 to 

February 2016. Univariate and forward/backward multiple stepwise regression analysis was 

performed to assess the predictive value of CPET indices to hemodynamic parameters. Event-

free survival was estimated using the Kaplan–Meier method and analyzed with the log-rank 

test. Cox proportional hazards models were performed to determine the independent event-free 

survival predictors.

Results: Numerous CPET parameters were different between male and female patients with 

CTEPH and the control group. There were no significant differences in both clinical variables 

and RHC parameters between male and female patients with CTEPH. O
2
 pulse, workload, minute 

ventilation (VE), and end-tidal partial pressure of O
2
 (P

ET
O

2
) at anaerobic threshold, as well 

as peak O
2
 pulse, workload, VE, and nadir VE/CO

2
 were significantly higher in male patients 

than in female patients (P,0.05). Only oxygen uptake efficiency plateau (OUEP) showed a 

significantly higher difference in female than male patients (P,0.05). In addition, several CPET 

indices correlated with hemodynamic parameters, especially pulmonary vascular resistance 

(PVR), which was distinctly different between the sexes. Nadir VE/CO
2
 was an independent 

predictor of PVR in male patients with CTEPH, whereas OUEP was an independent predictor 

of PVR in female patients with CTEPH.

Conclusion: Even after confounding for age and body mass index, different CPET measure-

ments of gas exchange efficiency correlated with PVR differently between male and female 

patients. This potentially could be used to estimate the severity of CTEPH.

Keywords: sex difference, chronic thromboembolic pulmonary hypertension, cardiopulmonary 

exercise testing, severity

Introduction
Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare, debilitating, 

and life-threatening complication of acute pulmonary embolism. It is associated 

with significant morbidity and high mortality, resulting from persistent obstruction 
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of pulmonary arteries, progressive vascular remodeling, 

and elevated mean pulmonary arterial pressure (mPAP).1,2 

Recent registries suggest an incidence of about 5 per million 

inhabitants per year who have been affected with CTEPH.3 

The preferred treatment for CTEPH is surgical pulmonary 

endarterectomy, whereas inoperable patients are treated 

with drugs and endovascular interventions.4 Although some 

studies have assessed the differences in overall survival rate 

and sex-specific differences of clinical phenotype in surgical 

and nonsurgical CTEPH cohorts,5–7 there is still a paucity of 

information regarding sex-specific differences of cardiopul-

monary function in Chinese patients with CTEPH.

Cardiopulmonary exercise testing (CPET) has been 

widely used in the assessment of cardiopulmonary function8 

and has also been reported to be useful in the assessment of 

pulmonary hypertension (PH).9 CPET with gas exchange 

measurements is potentially useful in the noninvasive grad-

ing of the severity of exercise limitation, quantifying the 

hypoperfusion of the lungs and systemic circulation, and 

assessing responses to therapy.8,10 In addition, CPET allows 

reproducible assessment of functional capacity and treatment 

efficacy in patients with PH.8 The usefulness of CPET is based 

on its ability to uncover anomalies in the oxygen consumption 

cascade and point toward the underlying physiological abnor-

malities associated with the hypoperfusion of the pulmonary 

vascular bed in PH.10,11 Furthermore, significant differences in 

CPET parameters have been observed between healthy male 

and female subjects.12,13 We reported earlier that in patients 

with idiopathic pulmonary arterial hypertension (IPAH), sex-

specific CPET parameters could potentially predict different 

hemodynamic indices and survival between the two sexes. 

In addition, we found that sex-specific differences in CPET 

indices appeared earlier than that of hemodynamic parameters 

in a small sample of patients with IPAH.14,15 Therefore, we 

hypothesized that similar differences exist in patients with 

CTEPH and that potential sex-specific differences exist 

when making prognostic assessment by performing CPET.

Therefore, our primary aim in this study was to investigate 

the “sex-specific” CPET indices in relation to hemodynamic 

parameters and to attempt to determine if sex-specific dif-

ference was associated with clinical outcomes in inoperable 

patients with CTEPH.

Materials and methods
Population study
Seventy-three patients (33 males and 40 females) with 

incident CTEPH who were more than 18 years of age were 

evaluated at Shanghai Pulmonary Hospital, Shanghai, from 

February 2010 to February 2016. The diagnosis of CTEPH 

was established according to the most recent European 

Society of Cardiology and the European Respiratory Society 

guidelines for the diagnosis and treatment of PH.16 Precapil-

lary PH was defined based on the right heart catheterization 

(RHC) (mean pulmonary artery pressure $25 mmHg and 

mean pulmonary arterial wedge pressure #15 mmHg) in the 

presence of mismatched perfusion defects on lung scans and 

specific diagnostic signs for CTEPH seen by multi-detector 

computed tomography (CT), magnetic resonance imaging, 

or conventional pulmonary cine-angiography, such as ring-

like stenosis, webs/slits, and chronic total occlusions (pouch 

lesions or tapered lesions), even after at least 3 months of 

effective anticoagulation, in order to discriminate it from 

“subacute” pulmonary embolism. Patients with PAH or PH 

due to lung diseases or left heart disease were excluded. 

We also excluded patients with acute or chronic illnesses 

that might influence hormonal metabolism (ie, acute or 

chronic infections, chronic autoimmune diseases, and previ-

ously established primary endocrine disorders) and patients 

receiving any treatment with hormones (thyroid hormones, 

anabolic steroids, and corticosteroids) or drugs that markedly 

inhibit hormone production, either at the time of the study 

or in the past.14,15 Participants with CTEPH, PH, and other 

underlying cardiopulmonary diseases were excluded by 

specialists prior to being included in the control group.

The study protocol was reviewed and approved by the 

Ethics Committee of Shanghai Pulmonary Hospital. Written 

informed consent was obtained from each patient for inclu-

sion into the study and prior to the performance of any 

study-related procedures.

Assessment of patients
Demographic variables such as sex, age, body mass index 

(BMI), 6-minute walk distance (6MWD), N-terminal 

pro-brain natriuretic peptide (NT-proBNP), World Health 

Organization functional classification (WHO FC), and hemo-

dynamic parameters were obtained at baseline. RHC was 

performed as described in a previous study.17 The 6MWD test 

was performed according to the guidelines of the American 

Thoracic Society.18

Each patient performed a physician-supervised, progres-

sively increasing work rate CPET to maximum tolerance 

on an electromagnetically braked cycle ergometer. The 

protocol comprised of 3 min of rest, 3 min of unloaded 

cycling at 55–65 revolutions per minute (rpm), followed 

by a progressively increasing work rate of 5–15 watts (W)/

min for patients with PH and 20–25 W/min for the normal 

subjects to the maximum tolerance, and 4 min of recovery.19 

Pulse oximetry, heart rate (HR), 12-lead electrocardiogram 
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(ECG), and automated cuff blood pressure measurements 

were monitored and recorded. Minute ventilation (VE, body 

temperature and pressure-saturated), oxygen uptake (VO
2
, 

standard temperature and pressure, dry), carbon dioxide 

uptake (VCO
2
, standard temperature and pressure, dry), and 

other exercise variables were computer-calculated breath by 

breath, interpolated second by second, and averaged over 

10-second intervals.20 The ratio of VO
2
 and HR (O

2
 pulse) 

was determined as previously described.21 Cardiovascular 

and exercise capacity were expressed as HR, O
2
 pulse, work-

load, and VO
2
, respectively. Ventilation and gas exchange 

efficiency was expressed as VE, end-tidal partial pressure 

of O
2
 (P

ET
O

2
), end-tidal partial pressure of CO

2
 (P

ET
CO

2
), 

oxygen uptake efficiency plateau (OUEP), and nadir minute 

ventilation/carbon dioxide output (VE/VCO
2
).22

Outcomes
In this study, the primary outcome was clinical worsening, 

including cardiopulmonary death, re-hospitalization, 

or initiation of new active therapy due to worsening CTEPH, 

with the criteria for worsening being defined after an earlier 

study.15 Event-free survival was estimated from the date of 

diagnosis to February 20, 2017. Patients lost to follow-up 

were censored as alive on the last day of contact.

Statistical analysis
Results are expressed as mean with standard deviation (SD) 

or medians (and interquartile range) for continuous variables 

and absolute number for categorical variables. Comparisons 

were performed using independent-sample t-test or Mann–

Whitney U test for continuous variables and chi-square test 

for categorical variables. Correlations were assessed using rho 

coefficient of Spearman. Event-free survival was estimated 

using the Kaplan–Meier method and analyzed with log-rank 

test. Cox proportional hazards models were performed to 

determine the predictors of independent event-free survival. 

Univariate and forward/backward multiple stepwise regres-

sion analysis was performed with hemodynamic variables 

as the dependent outcome with 95% confidence intervals to 

determine the strength of the association between hemody-

namic and CPET variables. Standardization of the coefficient 

was usually performed to find out which of the independent 

variables had a greater effect on the dependent variable in a 

multiple regression analysis. R2 is defined as the square of 

the coefficient of multiple correlations; it provides a measure 

of how well the observed outcomes are replicated by the 

model, based on the proportion of total variation of outcomes 

explained by the model. Age, BMI, and WHO FC were the 

most important influencing factors on CPET; therefore, 95% 

confidence intervals were adjusted by age, BMI, and WHO FC 

into the multiple regression models for the different subgroups 

based on sex.23 P-values less than 0.05 were considered sig-

nificant. Data were analyzed using SPSS (Statistic Package 

for Social Science, Chicago, IL) version 19.0 and GraphPad 

Prism (San Diego, CA, USA) version 6.0 softwares.

Results
Characteristics of the studies
A total of 73 patients with CTEPH (33 males and 40 females) 

matched inclusion criteria. Their mean duration of follow-up 

was 30±18 months. Seventeen men and 10 women had an 

event: 4 men and 2 women died; 7 men and 4 women required 

re-hospitalization due to clinical worsening. Four men 

and 4 women required additional PH-active medication or 

switched from oral PH-active therapy to parenteral therapy. 

No patient was lost to follow-up, giving us a 100% follow-up 

rate. Table 1 presents the demographic and hemodynamic 

data. There were no differences found with respect to age, 

BMI, 6MWD, and WHO FC either between male and female 

patients, or between event and event-free subgroups of male 

and female patients. NT-proBNP was higher in the event 

subgroup of female patients with CTEPH, with significant 

statistical difference compared with the event-free subgroup 

of female patients.

Although the mean pulmonary capillary wedge pressure 

(mPAWP) was significantly lower in the event subgroup 

of female patients, compared with the event subgroup of 

male patients and event-free subgroup of female patients, 

there were no statistically significant differences in other 

hemodynamic parameters between male and female groups. 

Moreover, the event subgroup of female patients had higher 

mPAP and pulmonary vascular resistance (PVR) than that 

of the event-free subgroup of female patients.

Target medication included oral sildenafil, oral tadalafil 

and oral vadenafil, oral ambrisentan and oral bosentan, oral 

beraprost, inhaled iloprost, and intravenous iloprost. Patients 

of both sexes used phosphodiesterase type 5 inhibitors (12 men 

and 13 women), endothelial receptor antagonists (1 man and 

2 women), prostacyclin analogs (3 men and 5 women), or 

combination medicine (11 men and 16 women). Six men and 

4 women took nonspecific medication. There were no appar-

ent differences either in male and female or inter-subgroup 

patients for medication use (Tables 1 and 2).

Sex differences of CPET indices in 
patients with CTEPH
Figures 1 and 2 illustrate CPET assessments. There were 

many sex-specific differences observed in the case of CPET 
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Table 1 Baseline characteristics in CTEPH and control groups

CTEPH group Control group

Male (n=33) Female (n=40) Male (n=25) Female (n=10)

Baseline characteristics
Age, years 62.5±13.4 61.5±11.8 60.2±6.5 60.6±6.7
BMI, kg/m2 23.7±2.8 23.1±2.6 23.9±2.6 24.4±3.4
6MWD, m 384.2±116.6 370.9±89.4 – –
NT-proBNP, pg/mL 1,077 (435, 1,989) 634 (75, 2,238) – –
WHO FC, n (%)
I–II 10 (30.3) 13 (32.5) – –
III–IV 21 (63.6) 24 (60.0) – –
Hemodynamics
mRAP, mmHg 5.4±4.3 6.3±4.8 – –
mPAP, mmHg 46.3±11.1 45.7±10.9 – –
mPAWP, mmHg 8.4±3.4 7.6±3.3 – –
PVR, Wood units 8.3±4.3 8.6±3.8 – –
CO, L/min 4.9±1.2 4.6±1.5 – –
CI, L/min/m2 2.8±0.6 2.9±0.9 – –
Specific medications
PDE-5 inhibitors, % 12 (36.4) 13 (32.5)
ERAs, % 1 (3.0) 2 (5.0)
Prostacyclin analogs, % 3 (9.1) 5 (12.5)
Combination, % 11 (33.3) 16 (40.0)
Nonspecific medication, % 6 (18.2) 4 (10.0)

Notes: Values are mean (SD), median (interquartile range), or n (%).
Abbreviations: 6MWD, 6-minute walk distance; BMI, body mass index; CI, cardiac index; CO, cardiac output; CTEPH, chronic thromboembolic pulmonary hypertension; 
ERA, endothelial receptor antagonist; mPAP, mean pulmonary arterial pressure; mPAWP, mean pulmonary capillary wedge pressure; mRAP, mean right atrial pressure; 
NT-proBNP, N-terminal pro-brain natriuretic peptide; PDE-5, phosphodiesterase type 5; PVR, pulmonary vascular resistance; WHO FC, World Health Organization 
Functional Class.

Table 2 Comparison of baseline characteristics between event and event-free subgroups in the two sexes

Male Female

Eventa (n=15) Eventa-free (n=18) Eventa (n=10) Eventa-free (n=30)

Baseline characteristics
Age, years 61.4±11.6 63.3±15.0 63.0±12.4 60.0±10.0
BMI, kg/m2 24.0±3.0 23.3±2.7 23.3±2.5 23.1±2.6
6MWD, m 400.0±108.8 348.8±142.9 348.4±68.5 380.1±97.1
NT-proBNP, pg/mL 1,064 (202, 2,171) 1,089 (637, 1,574) 2,759 (346, 4,278) 498 (74, 1,515)*
WHO FC, n (%)
I–II 5 (33.3) 5 (27.8) 1 (10.0) 12 (40.0)
III–IV 9 (60.0) 12 (66.6) 9 (90.0) 15 (50.0)
Hemodynamics
mRAP, mmHg 6.0±4.6 4.9±4.1 7.9±4.3 5.7±4.9
mPAP, mmHg 46.2±12.6 46.4±10.0 51.5±9.8 43.7±10.7*
mPAWP, mmHg 8.4±3.0 8.4±3.7 6.2±1.8# 8.1±3.6*
PVR, Wood units 9.2±5.9 7.7±2.3 10.9±4.5 7.9±3.2*
CO, L/min 4.8±1.6 5.0±1.0 4.5±1.4 4.7±1.6
CI, L/min/m2 2.7±0.8 2.8±0.5 2.8±0.9 2.9±0.9
Specific medications
PDE-5 inhibitors, % 4 (26.7) 8 (44.4) 1 (10.0) 12 (40.0)
ERAs, % 0 (0.0) 1 (5.6) 1 (10.0) 1 (3.3)
Prostacyclin analogs, % 2 (13.3) 1 (5.6) 0 (0.0) 5 (16.7)
Combination, % 7 (46.7) 4 (22.2) 7 (70.0) 9 (30.0)
Nonspecific medication, % 2 (13.3) 4 (22.2) 1 (10.0) 3 (10.0)

Notes: aEvent defined as re-hospitalization, addition of another active therapy or a switch from oral pulmonary hypertension active therapy to parenteral for clinical 
worsening or cardiopulmonary death. #P,0.05, event male patients vs event female patients. *P,0.05, event vs event-free female patients. Values are mean (SD), median 
(interquartile range), or n (%).
Abbreviations: 6MWD, 6-minute walk distance; BMI, body mass index; CI, cardiac index; CO, cardiac output; CTEPH, chronic thromboembolic pulmonary hypertension; 
ERA, endothelial receptor antagonist; mPAP, mean pulmonary arterial pressure; mPAWP, mean pulmonary capillary wedge pressure; mRAP, mean right atrial pressure; 
NT-proBNP, N-Terminal pro-brain natriuretic peptide; PDE-5, phosphodiesterase type 5; PVR, pulmonary vascular resistance; WHO FC, World Health Organization 
Functional Class.
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Figure 1 (Continued)
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Figure 1 (A–O). Comparison of CPET parameters in CTEPH and control groups.
Note: *P,0.05 and **P,0.01.
Abbreviations: AT, anaerobic threshold; CPET, cardiopulmonary exercise testing; CTEPH, chronic thromboembolic pulmonary hypertension; HR, heart rate; OUEP, 
oxygen uptake efficiency plateau; PETCO2, end-tidal partial pressure of CO2; PETO2, end-tidal partial pressure of O2; VCO2, carbon dioxide output; VE, minute ventilation; VE/
VCO2, minute ventilation/carbon dioxide output; VO2, oxygen uptake.
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Figure 2 (A–P). Comparison of CPET parameters in event and event-free subgroups by sex.
Note: *P,0.05 and **P,0.01.
Abbreviations: AT, anaerobic threshold; CPET, cardiopulmonary exercise testing; CTEPH, chronic thromboembolic pulmonary hypertension; HR, heart rate; OUEP, 
oxygen uptake efficiency plateau; PETCO2, end-tidal partial pressure of CO2; PETO2, end-tidal partial pressure of O2; VCO2, carbon dioxide output; VE, minute ventilation; 
VE/VCO2, minute ventilation/carbon dioxide output; VO2, oxygen uptake.
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Figure 3 Sex differences in event-free survival.

parameters in both control group and in patients with CTEPH. 

We performed a comparison between male and female 

patients with CTEPH and the healthy group, separately. 

Almost all CPET parameters showed significant differences 

between each sex, except HR at anaerobic threshold (AT) and 

peak VE in male patients, and HR, VE at AT, and peak VE 

in female patients. Meanwhile, in the CTEPH cohort, male 

patients had significantly higher O
2
 pulse, workload, VE and 

P
ET

O
2
 at AT, peak O

2
 pulse, workload, and VE, along with 

nadir VE/VCO
2
 compared with female patients. Higher OUEP 

value turned out to be statistically different in female patients 

than in that of male patients with CTEPH. However, in the 

control group, O
2
 pulse, VO

2
, VE at AT and peak O

2
 pulse, 

workload, VO
2
, and VE were higher in male subjects.

In the male cohort, there were no differences between event 

and event-free subgroups, whereas event-free female patients 

with CTEPH had significantly higher peak VO
2
. In the event 

subgroup, female patients showed lower peak VO
2
, VE at AT, and 

peak VE, with the difference being statistically significant.

Sex-specific difference in survival 
assessment
There were 25 events during a mean follow-up period of 

30±18 months. The overall event-free survival rate was 

found to be 82%, 73%, 63%, for the 1st year; 79%, 64%, 44% 

during the 2nd year, and 85%, 80%, 76% for the 3rd year, 

respectively, for all CTEPH cohort, male and female cohorts 

subgroups. The overall event-free survival rates were statisti-

cally different between the two sexes; log-ranked P-value was 

found to be 0.039 (Figure 3). However, no sex-specific inde-

pendent predictors for event-free survival were determined 

after performing Cox proportional hazards models.

Correlation between PVR and CPET 
parameters in patients with CTEPH
Table 3 illustrates correlation between PVR and CPET 

parameters. VO
2
 at AT, peak O

2
 pulse, workload, VO

2
, 

P
ET

CO
2
, and OUEP showed negative correlation with PVR 

in male patients with CTEPH, whereas peak P
ET

O
2
 and nadir 

VE/VCO
2
 correlated positively. In the female cohort, VO

2
 

at AT, peak O
2
 pulse, VO

2
, and OUEP correlated negatively 

with the PVR, whereas peak P
ET

O
2
 and nadir VE/VCO

2
 had 

positive correlation.

Independent determinants predicting 
PVR elevation
Significantly correlated CPET parameters were entered in 

a stepwise multiple regression analyses to determine the 

strength of each index predicting PVR elevation. As shown 

in Table 4, nadir VE/VCO
2
 was the independent predictor 

of PVR accounting for 60.7% (R2=0.607) of the variation in 

male patients with CTEPH. In the females, OUEP was the 

sole independent predictor of PVR, separately accounting 

for 22.4% (R2=0.224) of the variation.

Table 3 Correlation of CPET parameters with PVR in CTEPH 
patients by sex

Parameters Male (n=33) Female (n=40)

r P-value r P-value

Cardiovascular
HR at AT -0.179 0.336 -0.219 0.187

Peak HR -0.279 0.122 -0.123 0.450

O2 pulse at AT -0.048 0.797 -0.205 0.218

Peak O2 pulse -0.420 0.017 -0.362 0.022

Exercise capacity
Workload at AT -0.319 0.080 -0.228 0.169

Peak workload -0.427 0.013 -0.259 0.107

VO2 at AT -0.582 ,0.001 -0.380 0.019

Peak VO2 -0.351 0.045 -0.417 0.007

Ventilatory and gas exchange efficiency
VE at AT -0.064 0.737 0.017 0.917

Peak VE 0.201 0.262 -0.139 0.392

PETO2 at AT 0.210 0.249 0.424 0.008
Peak PETO2 0.589 ,0.001 0.310 0.052

PETCO2 at AT 0.084 0.649 -0.247 0.135

Peak PETCO2 -0.670 ,0.001 -0.273 0.089

OUEP -0.619 ,0.001 -0.473 0.002
Nadir VE/VCO2 0.779 ,0.001 0.417 0.007

Abbreviations: AT, anaerobic threshold; CPET, cardiopulmonary exercise testing; 
CTEPH, chronic thromboembolic pulmonary hypertension; HR, heart rate; OUEP, 
oxygen uptake efficiency plateau; PETCO2, end-tidal partial pressure of CO2; PETO2, 
end-tidal partial pressure of O2; VCO2, carbon dioxide output; VE, minute ventilation; 
VE/VCO2, minute ventilation/carbon dioxide output; VO2, oxygen uptake.
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Table 4 Determinants of PVR in CTEPH patients by sex

Sex Independent 
predictors

R2 Standardized β 95% CI P-value

Lower Upper

Male (n=33) Nadir VE/VCO2 0.607 0.779 0.145 0.265 ,0.001
Female (n=40) OUEP 0.224 -0.473 -0.727 -0.175 0.002

Abbreviations: CTEPH, chronic thromboembolic pulmonary hypertension; OUEP, oxygen uptake efficiency plateau; PVR, pulmonary vascular resistance; VE/VCO2, minute 
ventilation/carbon dioxide output.

Discussion
There were some significant findings in this study. To 

the best of our knowledge, this is the first study to reveal 

“sex-specific” CPET indices as predictors of markedly 

impaired hemodynamic parameters in inoperable patients 

with CTEPH. We selected several different CPET indices 

between the two sexes and assessed their correlation with 

hemodynamic parameters. Nadir VE/VCO
2
 and OUEP were 

separately, sole independent predictors of PVR, which is an 

important parameter taken into account during the manage-

ment of patients with CTEPH.24,25

Although patients with CTEPH are a heterogeneous group 

with respect to their hemodynamic status and surgical acces-

sibility of pulmonary thromboemboli, resulting in demarca-

tion as operable or inoperable patients, they also present 

with many similarities at diagnosis, suggesting a common 

underlying disease process.26 In line with previous registries 

from the US, Canada, Europe, Japan, and Mexico,5,26–30 

CTEPH was almost equally frequent in men and women in 

their 6th decade of life, approximately 63 years, which is 

comparable to our cohort. The slight female predominance 

observed in this study is also consistent with the findings from 

the international registry.25 No differences were observed as 

regards BMI, 6MWD, WHO FC, and specific medications 

amongst either subgroups; NT-proBNP was higher in event 

compared with event-free female patients.

RHC was routinely performed throughout the study 

duration and pulmonary hemodynamics were found to be 

comparable to previous reports, with only the cardiac index 

being modestly elevated (average =2.8 L/min/m2).26,27,29,31 

Interestingly, PVR in both event male and female subgroups 

was higher than average PVR of CTEPH cohort in our study 

while in event-free subgroups of both sexes, it was found to 

be lower than borderline patients suggesting that elevation 

of PVR is a crucial factor in indicating that patients with 

CTEPH are having an event.

Several CPET parameters evaluated differed significantly 

between patients with CTEPH and controls. Although there 

were many sex-specific differences of CPET parameters 

in patients with CTEPH, these differences were similarly 

observed in controls.12,13 This means that the general trend 

of heart and lung function impairment in male and female 

patients with CTEPH is consistent. Furthermore, we aimed 

to investigate how these differences in CPET indices relate to 

hemodynamics and impact clinical outcomes. CPET’s increas-

ing credibility is reflected by the fact that major guidelines for 

the treatment and management of PH have endorsed its use.16 

Evidence from the last three decades has already established 

that there are differences in exercise capacities between the two 

sexes.32–34 Furthermore, work efficiency in humans is relatively 

fixed for a given task. While race, body build, and genetic pre-

dispositions can all influence exercise capacity, how a differ-

ently reduced exercise capacity between the two sexes reflects 

impaired hemodynamics is still unclear.34 This is the first study 

to report that several CPET parameters could predict PVR in 

CTEPH. Sex-specific differences in CPET parameters have 

received far less attention than hemodynamics in CTEPH. 

We hope that this study will serve its purpose of trying to dis-

cover a reason as to why the difference in exercise capacities 

affects hemodynamics in a particular disease spectrum, in this  

case CTEPH.

On comparing between the two sexes, the event subgroup 

female patients had statistically significant lower peak VO
2
, 

VE at AT, and peak VE than that of male patients. In addi-

tion to cardiovascular and exercise functions, ventilation 

and gas exchange efficiency also contribute to the differ-

ences between the two sexes, that is, in event/event-free 

subgroups, proving that patients with CTEPH might have 

vasculopathy at the precapillary level beyond the obstructive 

thrombotic lesions.35

This study also hints at sex-specific differences in the 

survival rate in the case of CTEPH. The overall event-free 

survival rate at 1, 2, and 3 years was found to be 82%, 73%, 

and 63% in the CTEPH cohort, which is slightly lower than 

a 2012 Spanish study and in a recent German study.5,28 The 

decrease in event-free survival might be due to the definition 

of the “event”, not only cardiopulmonary death, but also re-

hospitalization, addition of another active therapy or a switch 

from oral PH-active therapy to parenteral for clinical worsen-

ing. The event-free survival rate at 1, 2, and 3 years was found 
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to be 79%, 64%, and 44% in male subgroup, comparing to 

85%, 80%, and 76% in female subgroup, respectively, over 

a follow-up period averaging 30 months from study enroll-

ment. Since we did not find any sex-specific determinants 

to estimate event-free survival in our study, we decided to 

investigate whether they could predict hemodynamics.

Multiple regression analyses indicated that nadir VE/

VCO
2
 and OUEP could be independent predictors of PVR 

elevation in the two sexes, respectively. Previous reports 

have suggested that pulmonary arteriopathy induces vascular 

obstruction and/or stenosis, and this may play a principal 

role in the elevation of PVR in patients with CTEPH.36–38 

Interestingly, both nadir VE/VCO
2
 ratio and OUEP are ven-

tilatory CPET parameters. It has been proven that in distal 

CTEPH, dead-space ventilation correlated with exercise 

capacity and was associated with survival,39 resulting in a 

clinical syndrome characterized by progressive obstructive 

pulmonary vasculopathy and leading to increased PVR in 

CTEPH.40,41 Previous data suggested that nadir VE/VCO
2
 

is associated with survival in other pulmonary diseases, 

that is, idiopathic pulmonary fibrosis (IPF),42 whereas male 

cohort in this study showed the same trend of the associa-

tion. However, OUEP has been confirmed to be an advanta-

geous, noninvasive parameter dependent only on age, sex, 

height, and cardiovascular health,43 which we feel needs to 

be explored further to determine its value in relation to PVR 

in female patients with CTEPH.

Taken together, our findings show that sex-specific dif-

ferences exist not only in cardiopulmonary function but also 

in event-free survival rate between the two sexes of inoper-

able patients with CTEPH. In particular, OUEP and nadir 

VE/VCO
2
, which as indices of ventilatory and gas exchange 

efficiency, could predict hemodynamic parameters especially 

the PVR as an independent determinant. Therefore, we sug-

gest that CPET be routinely performed and included in the 

operability and clinical assessment for patients with CTEPH 

to achieve more precise treatment goals in the future.

The major limitation of this study is that the patient sample 

size was not big enough. Our original idea was to investigate 

whether sex-specific CPET parameters were related to clini-

cal outcome in inoperable patients with CTEPH. Even though 

we found sex-specific relations between CPET indices and 

PVR, which is a very important hemodynamic variable to 

predict survival of cardiopulmonary diseases, we still failed 

to find out which specific indices could predict the survival 

directly, perhaps due to the limited sample size.

In conclusion, our study for the first time reported sex-

specific CPET indices can be used to predict hemodynamic 

parameters in inoperable patients with CTEPH. Even 

after confounding for age, BMI and pulmonary function, 

diverse CPET measurement of gas exchange efficiency cor-

related with PVR differently in male and female patients, 

which potentially could aid in estimating the severity of 

CTEPH.
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