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Abstract

Cardiopulmonary exercise testing and pulmonary function test are important methods for detecting human cardio-pulmonary

function. Whether they could screen vasoresponsiveness in idiopathic pulmonary artery hypertension (IPAH) patients remains

undefined. One hundred thirty-two IPAH patients with complete data were retrospectively enrolled. Patients were classified as

vasodilator-responsive (VR) group and vasodilator-nonresponsive (VNR) group on the basis of the acute vasodilator test.

Pulmonary function test and cardiopulmonary exercise testing were assessed subsequently and all patients were confirmed by

right heart catheterization. We analyzed cardiopulmonary exercise testing and pulmonary function test data and derived a

prediction rule to screen vasodilator-responsive patients in IPAH. Nineteen of VR-IPAH and 113 of VNR-IPAH patients were

retrospectively enrolled. Compared with VNR-IPAH patients, VR-IPAH patients had less severe hemodynamic effects (lower RAP,

m PAP, PAWP, and PVR). And VR-IPAH patients had higher anaerobic threshold (AT), peak partial pressure of end-tidal carbon

dioxide (PETCO2), oxygen uptake efficiency (OUEP), and FEV1/FVC (P all <0.05), while lower peak partial pressure of end-tidal

oxygen (PETO2) andminute ventilation (VE)/carbon dioxide output (VCO2) slope (P all <0.05). FEV1/FVC (Odds Ratio [OR]: 1.14,

95% confidence interval [CI]: 1.02–1.26, P¼ 0.02) and PeakPETCO2 (OR: 1.13, 95% CI: 1.01–1.26, P¼ 0.04) were independent

predictors of VR adjusted for age, sex, and body mass index. A novel formula (¼�16.17þ 0.123� PeakPETCO2þ 0.127�FEV1/

FVC) reached a high area under the curve value of 0.8 (P¼ 0.003). Combined with these parameters, the optimal cutoff value of

this model for detection of VR is �1.06, with a specificity of 91% and sensitivity of 67%. Compared with VNR-IPAH patients,

VR-IPAH patients had less severe hemodynamic effects. Higher FEV1/FVC and higher peak PETCO2 were associated with increased

odds for vasoresponsiveness. A novel score combining PeakPETCO2 and FEV1/FVC provides high specificity to predict VR patients

among IPAH.
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Introduction

Pulmonary arterial hypertension (PAH) is characterized by

progressive loss and remodeling of the pulmonary arteries

resulting in right heart failure and death. Idiopathic pulmo-

nary artery hypertension (IPAH) is a rare and fatal disease

with high mortality rates. IPAH is also a progressive disease

that affects the precapillary pulmonary vasculature for
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which an exact underlying risk factor is unknown.1,2 The

acute pulmonary vasodilator test (AVT) during heart cath-

eterization is helpful for the selection of appropriate medical

therapy for patients with IPAH. Only the positive respond-

ers can probably benefit from long-term use of calcium

channel blockers.3 However, AVT is invasive and expensive,

and patients with a lack of monetary resources cannot

afford it. To date, noninvasive methods have not been iden-

tified to screen out vasodilator-responsive (VR) patients

among those with IPAH.
To the best of our knowledge, cardiopulmonary exercise

tests (CPETs) and pulmonary function tests (PFTs) are

important means to evaluate physiological function, diag-

nosis, therapeutic effect, and prognosis.4 Many studies on

heart failure and other cardiovascular diseases here and

abroad have shown that CPET plays a substantial role in

the assessment of disease and prognosis. One study revealed

that the CPET characteristics of PAH patients were exercise

intolerance and ventilatory inefficiency due to abnormal gas

exchange, findings that are characteristic of a ventilation

perfusion mismatch.5 In our center, Chen et al. found that

CPET potentially could be used to estimate the severity of

Chronic Thromboembolic Pulmonary Hypertension.6 Zhao

et al. showed that CPET could serve as a complementary

tool to improve diagnostic accuracy in echocardiography-

suspected “PH possible” patients.7 Yuan et al. found that

sex-specific cardiopulmonary exercise testing parameters

were predictors of responsiveness among patients with

IPAH.8 However, no analysis of the role of CPET and

PFT in predicting vasodilator-responsive patients in IPAH

has been published to date.

Methods

Study setting and participants

From 1 January 2014 to 1 January 2019 at our Hospital,

245 patients were diagnosed with IPAH, and of these 113

patients were excluded from this study (106 incomplete data

and 7 withdrew consent). One hundred thirty-two patients

newly diagnosed with IPAH were retrospectively enrolled.

IPAH was established according to the 2015 ESC/ERS pul-

monary hypertension guidelines and diagnosed by right

heart catheterization (RHC) as follows: (I) mean pulmonary

arterial pressure (m PAP) �25mm Hg; (II) pulmonary

artery wedge pressure (PAWP) �15mm Hg; (III) pulmo-

nary vascular resistance (PVR) >3 Wood Units; and (IV)

ruling out other causes of PAH.9 The exclusion criteria were

as follows: (1) connective tissue disease and congenital heart

disease and those with portopulmonary hypertension, heri-

tability, drugs and toxins induced, schistosomiasis, and HIV

infection; (2) chronic lung disease; (3) chronic pulmonary

thromboembolism; (4) pulmonary hypertension due to left

heart disease; and (5) IPAH patients who could not tolerate

or who refused CPET.

Data collection

All patients underwent blood testing, electrocardiogram
testing, PFT, echocardiography, and CPET and diagnoses
were confirmed by RHC within two weeks. The study pro-
tocol was approved by our Hospital ethics committee, and
all participants provided written informed consent. Data
were extracted from medical records using a standardized
data collection form. All data were checked by two physi-
cians independently and a third researcher adjudicated any
difference in interpretation between the two primary
reviewers.

Resting pulmonary function test

Each patient underwent resting PFT of forced vital capacity
(FVC), forced expiratory volume in 1 s (FEV1), maximal
voluntary ventilation (MVV), residual volume (RV), and
total lung capacity (TLC) using standard methodology 10

and equipment (Jaeger Corp., Hoechberg, Germany). All
resting lung function values were reported in absolute
terms and normalized to the percent of predicted value
(%pred). Predicted spirometry values were calculated
using accepted equations for Chinese individuals.11

Cardiopulmonary exercise test

CPET was completed within seven days of PFT, within two
weeks of RHC, and performed on an electromagnetically
braked cycle ergometer (Master Screen CPX, Jaeger
Corp., Hoechberg, Germany) using a breath-by-breath
system according to the American Thoracic Society/
American College of Chest Physicians Statement on
CPET.12 Before each test, the equipment was calibrated in
accordance with the manufacturer’s specifications using ref-
erence and calibration gases. Standard 12 lead electrocar-
diograms (ECGs) and pulse oximetry were continuously
monitored. Arterial blood pressure (BP) was measured
every 2min with an automatic cuff. The protocol consisted
of threeminutes of rest, followed by 3min of unloaded
cycling at 55–65 revolutions perminute (rpm), subsequently,
a progressively increasing workload of 10 to 25W/min to
the maximum tolerance was conducted, followed by 4min
of recovery. Patients were allowed to stop at any time when
they experienced fatigue, dyspnea, chest tightness, or other
forms of discomfort during the process. Each anaerobic
threshold (AT) was determined by the V-slope method.13

Measurements included peak workload, peakminute venti-
lation (VE), peak carbon dioxide output (VCO2), peak
oxygen uptake (VO2), peak oxygen pulse (VO2/HR), peak
heart rate (HR), peak end-tidal partial pressure of CO2

(PETCO2), and peak breathing frequency (BF). PeakVO2

was defined as the highest 30-s average oxygen uptake in
the lastminute of exercise, and other peak parameters were
calculated simultaneously. The VE/VCO2 slope was
obtained by linear regression analysis of the relationship
between VE and VCO2.

14 The oxygen uptake efficiency
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slope (OUES) was computed by a linear square regression

from the oxygen uptake on the logarithm of theminute ven-

tilation according to the following equation: VO2¼ a� lg

VEþb.15 The oxygen uptake efficiency plateau (OUEP)

was determined as 90 s of the highest consecutive values

for VO2 (ml/min)/VE (L/min).16

Acute pulmonary vasodilator test

After diagnostic RHC with baseline hemodynamic indexes,

blood gases were measured by a blood gas analyzer (Nova

Biomedical) and 20 mg iloprost (Bayer-Schering Pharma)

was delivered to patients by a PARI LC STAR nebulizer

(PARI GmbH) driven by a PARI Turbo BOY-N compres-

sor (PARI GmbH) within 10–15min. Then, another set

of hemodynamic measurements and blood gases was

obtained.17–21 The AVT positive standard met the following

standards: m PAP fell more than 10mmHg to below

40mmHg without CO decline.22–24 CO was calculated by

thermodilution and the cardiac index (CI) was calculated by

dividing cardiac output by the body surface area. PVR was

calculated as dividing (m PAP-PAWP) by pulmonary blood

flow. According to AVT outcomes, patients with IPAH

were divided into two groups as follows: the vasodilator

responsive (VR) group and the vasodilator-non responsive

(VNR) group.

Statistics analysis

Continuous normally distributed variables are reported as

means; interquartile ranges (IQR) or upper and lower quar-

tiles for non-normally distributed variables; categorical var-

iables are reported as percentages. Comparisons between

the VR-IPAH group and the VNR-IPAH group were con-

ducted by using chi-square tests for categorical variables,

independent-samples Student’s t tests for normally distrib-

uted continuous variables, and Mann-Whitney U test for

non-normally continuous distributed variables. Logistic

regression was used to model the probability of diagnosis

of vasodilator-responsive patients. Univariate logistic

regression was performed in PFT and CPET predictors as

the dependent variable was vasodilator responsiveness.

Then, a stepwise forward variable selection procedure was

used to find independent predictors of vasodilator respon-

siveness. To establish these scores combining multiple

CPET and PFT parameters, we performed a multivariate

discriminant analysis adjusted for age, sex, and BMI and

determined coefficients for multiplying these values with the

measured values of the CPET and PFT parameters. The

optimal cutoff value for the combined diagnostic variables

were estimated from receiver operating characteristic curve

analysis. In all cases, a P value <0.05 was considered statis-

tically significant. The main analysis was performed by

SPSS (Statistic Package for Social Science, IBM, Armonk,

NY, USA) version 22.0.

Results

Demographic and clinical characteristics of VR-IPAH and

VNR-IPAH patients

One hundred thirty-two IPAH patients were enrolled with a

mean age of 39� 15 years and a mean BMI of 21.93�
3.04 kg/m2, 95 (72%) of the patients were female. Seventy

(53%) patients were classified as WHO function class (FC)

II, and the other patients were classified as WHO FC III.

There were 19 VR patients (16 women; mean age 39�
16years old) and 113 VNR patients (79 women; mean age

39� 15 years old). Patients with VR-IPAH had lower RAP,

m PAP, PAWP, PVR, and N-terminal prohormone of brain

natriuretic peptide (NT-pro BNP) than patients with

the VNR-IPAH group (P< 0.001, P< 0.001, P¼ 0.04,

P¼ 0.005, and P¼ 0.02, separately), while there was no dif-

ference in age, sex, BMI, WHO FC, or 6-MWD between the

two groups (P all �0.05; Table 1). There was no significant

difference in CO and CI between the two groups (Table 1).

Evaluation of the diagnostic value of PFT and CPET

in vasodilator response capacity of IPAH patients

Patients with VR-IPAH had higher FEV1/FVC values than

patients with VNR-IPAH (P¼ 0.03). However, there was no

difference in FVC, FEV1, MVV%, RV, TLC, or RV/TLC

values between VNR and VR patients (Table1). The meas-

urements of CPET variables in each group are presented in

Table 2. Compared with patients with VNR-IPAH, patients

with VR-IPAH had higher AT, PeakPETCO2 and OUEP

values (P¼ 0.04, 0.002 and 0.009, respectively) and lower

PeakPETO2 and VE/VCO2 slope values (P¼ 0.004 and

P¼ 0.03).
To assess whether PFT and CPET variables allowed dis-

crimination between the VR-IPAH and VNR-IPAH group,

univariate logistic regression models were used. The results

indicated that the FEV1/FVC, AT/kg, PeakPETO2,

PeakPETCO2, OUEP, and VE/VCO2 slope values can predict

vasodilator response. Next, multivariate binary logistic

regression models were performed, and FEV1/FVC (odds

ratio [OR]: 1.14, 95% confidence interval [CI]: 1.02–1.26,

P¼ 0.02) and PeakPETCO2 (OR: 1.13, 95% CI: 1.01–1.26,

P¼ 0.04) values were identified as independent predictors

for vasodilator response capacity in IPAH patients after

adjusting for sex, age, and BMI (Table 3), which indicated

that the higher FEV1/FVC and higher peak PETCO2 were

associated with increased odds for vasoresponsiveness.

Then, the following new formula combined with

PeakPETCO2 and FEV1/FVC was constructed: ln[(p/1–p)]

X ¼ –16.17þ 0.123�PeakPETCO2þ 0.127�FEV1/FVC,

where PeakPETCO2 is given inmmHg, FEV1, and FVC are

both given in l/min.
The optimal cutoff value of this model for the detection

of VR was �1.06 (area under the curve: 0.8, P¼ 0.003,
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probability value� cutoff¼VR, Fig. 1), with a specificity of

91% and sensitivity of 67%.

Discussion

The purpose of our study was to assess the predictive value

of CPET and PFT to screen for vasodilator-responsive

patients among IPAH patients. Our results demonstrated

that (I) compared with VNR-IPAH patients, VR-IPAH

patients had less severe hemodynamic effects (lower RAP,

m PAP, PAWP, and PVR values) and lower NT-pro BNP

values; however, we found no difference in CO and CI,

demographic characteristics (age, sex, and BMI), WHO

FC, and 6-MWD between the two groups and (II) higher

FEV1/FVC and higher peak PETCO2 values were associated

with increased odds for vasoresponsiveness. A new formula

(¼ –16.17þ 0.123�PeakPETCO2þ 0.127�FEV1/FVC)

was constructed according to the results of the multivariate

binary logical regression model to predict VR patients

among those with IPAH.

In our study, VR-IPAH patients had lower RAP, m

PAP, PAWP, and PVR scores than patients with VNR-

IPAH. The mechanism that caused lower RAP, m PAP,

PAWP, and PVR scores in VR-IPAH patients is unclear.

Arena et al. reported that increased PVR could increase

physiologic dead space, which was reflected by decreased

ventilatory efficiency.4 Yi Tang et al. had described that

ventilatory efficiency in VNR-IPAH group was lower than

that in the VR-IPAH group even though PVR, peak VO2,

and peak O2 pulse levels were similar between the two

groups. In our analysis, the outcomes were similar to

those observed in Yi Tang’s study, which may be due to

that increased PVR was based on vascular tone rather

than intimal proliferation leading to greater recruitment

under perfused microvasculature and downstream capillary

surface area under the condition of exercise in patients with

VR-IPAH.25,26

In addition, we found that patients with VR-IPAH had

higher FEV1/FVC and peak PETCO2 levels than VNR-

IPAH patients, and these values were associated with

Table 1. Baseline characteristics of the IPAH patients.

All VNR VR

Variables (n¼ 132) (n¼ 113) (n¼ 19) Pa

Age, years 39� 15 39� 15 39� 16 0.67

Sex 0.20

Female 95 (72) 79 (70) 16 (84.2)

BMI, kg/m2 21.9� 3 22� 3.1 21.6� 2.8 0.57

WHO FC 0.05

Class II 70 (53) 56 (49.6) 14 (73.7)

Class III 62 (47) 57 (50.4) 5 (26.3)

6MWD, m 442.1� 99.6 448.7� 104.1 414� 75.3 0.21

NT-pro BNP, pg/ml 647 (99,1494) 681 (174,1588) 78 (48,881) 0.02

Pulmonary Function Test

FVC, l/min 3.01� 0.9 3.07� 0.94 2.7� 0.5 0.19

FVC, % pred 83.8� 12.6 83.9� 13.2 82.8� 8.9 0.77

FEV1, l/min 2.4� 0.6 2.4� 0.7 2.4� 0.5 0.99

FEV1, % pred 80.8� 13.0 79.9� 13.6 85.8� 7.2 0.15

FEV1/FVC, % 81.1� 11.6 79.9� 11.7 87.9� 8.3 0.03

MVV, % pred 75.6� 23.2 77.4� 23.8 65.7� 17.5 0.11

RV, % pred 122� 33.1 123.3� 33.2 115.3� 33.1 0.45

TLC, % pred 94.7� 14.5 95.5� 14.4 90.9� 15.2 0.33

RV/TLC, % 39.9� 8.9 39.7� 8.9 40.8� 9 0.69

Hemodynamic parameters

RAP, mmHg 5.9� 4.7 6.6� 4.7 2.5� 3 <0.001

m PAP, mmHg 56.5� 16.9 59.9� 14.9 39.2� 16.5 <0.001

PAWP, mmHg 7.4� 3.5 7.7� 3.6 5.8� 2.9 0.04

CO, l/min 4.6� 1.7 4.6� 1.8 4.9� 1.4 0.28

CI, l/min/m2 2.8� 0.9 2.7� 0.9 3.1� 0.8 0.25

PVR, Wood Units 12.6� 6.1 13.6� 5.8 7.9� 5.2 0.005

Values are means (� SD), medians (IQR) and N (%). BMI, body mass index; CI, cardiac index; CO, cardiac output; DLCO, diffusion capacity for carbon monoxide;

FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; IPAH, idiopathic pulmonary artery hypertension; MVV, maximum capacity per minute; m PAP,

mean pulmonary arterial pressure; NT-pro BNP, N-terminal prohormone of brain natriuretic peptide; PAWP, pulmonary arterial wedge pressure; %pred, percent of

predicted value; PVR, pulmonary vascular resistance; RAP, right atrium pressure; RV, residual air volume; 6-MWD, six-minute walk disease; TLC, total lung capacity;

VR, vasodilator responsive; VNR, vasodilator non-responsive; WHO FC, World Health Organization function class.
aThe differences between VR and VNR patients were determined by Student’s t test. Italic values were used when P < 0.05.
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Table 2. Characteristics of CPET parameters of the patient groups.

Variables All (n¼ 132) VNR (n¼ 113) VR (n¼ 19) Pa

Peak Load, % pred 54.9� 22.3 53.6� 23.4 65� 16.8 0.08

Peak BF 33� 6 33� 6 31� 8 0.18

Metabolic parameters

PeakVO2, ml/min 817.1� 266.9 806.7� 249 899� 381.8 0.22

PeakVO2/kg, ml/min/kg 14.2� 4.3 14� 4.1 15.6� 5.4 0.18

PeakVO2, % pred 45.9� 19.1 45.3� 19.5 50.4� 15.3 0.35

Peak VCO2, ml/min 885.7� 316.4 870.1� 296.2 1008.4� 439.1 0.12

AT, ml/min/kg 11� 3 10.8� 2.8 12.5� 4.3 0.04

Ventilatory parameters

PeakPETO2, mmHg 126.3� 6.7 126.9� 6.5 121.5� 6.5 0.004

PeakPETCO2, mmHg 25.3� 7.2 24.6� 7 30.9� 7.3 0.002

Peak VE, l/min 43.7� 14 44.2� 14.3 39.6� 10.3 0.25

OUEP 26.1� 5.5 25.6� 5.3 29.7� 6.3 0.009

VE/VCO2 slope 50.6� 20.6 52.0� 21.1 39.0� 11.8 0.03

OUES 1.1� 0.4 1� 0.4 1.1� 0.5 0.57

Cardiovascular parameters

Peak HR, beats/min 143� 24 142� 24 151� 25 0.21

PeakO2/HR, ml/beat 6.0� 2.7 6.0� 2.8 5.9� 2 0.88

Values are means (� SD). AT, anaerobic threshold; BF, breathing frequency; CPET, cardiopulmonary exercise test; IPAH, idiopathic pulmonary artery hypertension;

OUEP, oxygen uptake efficiency; OUES, oxygen uptake efficiency slope; % pred, percentage of predicted value; PETCO2, partial pressure of end-tidal carbon dioxide;

PETO2, partial pressure of end-tidal oxygen; VCO2, carbon dioxide output; VE, minute ventilation; VO2, oxygen uptake; VNR, vasodilator non-responsive; VR,

vasodilator responsive.
aThe differences between VR and VNR patients were determined by Student’s t test. Italic values were used when P < 0.05.

Table 3. ORs for VR diagnosis are derived from univariate and multivariate binary logistic regression models, identifying independent predictors
of VR.

Variables OR (95%CI) P b-coefficient a OR (95% CI) P

Sex 0.44 (0.12–1.60) 0.21

Age, years 1.01 (0.97–1.04) 0.67

BMI, kg/m2 1.05 (0.89–1.23) 0.56

WHO FC 1.54 (0.49–4.82) 0.46

6MWD 0.99 (0.99–1.00) 0.22

NT-pro BNP 0.99 (0.99–1.00) 0.08

PFT parameters

FVC, l/min 0.52 (0.17–1.59) 0.25

FVC, % pred 0.98 (0.93–1.04) 0.56

FEV1, l/min 1.13 (0.38–3.34) 0.83

FEV1, % pred 1.02 (0.97–1.08) 0.36

FEV1/FVC, % 1.14 (1.03–1.26) 0.01 0.127 1.14 (1.02–1.26) 0.02a

MVV, % pred 0.99 (0.96–1.02) 0.38

RV, % pred 0.99 (0.97–1.01) 0.45

TLC, % pred 0.97 (0.92–1.03) 0.3

RV/TLC, % 0.99 (0.92–1.07) 0.83

CPET parameters

AT/kg, mL/min/kg 1.19 (1–1.41) 0.05

Peak Load, % pred 1.02 (1–1.04) 0.09

Peak HR, beats/min 1.02 (0.99–1.04) 0.21

Peak VE, l/min 0.97 (0.93–1.02) 0.25

Peak BF, beats/min 0.94 (0.86–1.03) 0.18

PeakVO2, ml/min 1 (1–1.01) 0.23

PeakVO2/kg, ml/min/kg 1.09 (0.96–1.23) 0.18

PeakVO2, % pred 1.01 (0.99–1.04) 0.35

Peak VCO2, ml/min 1 (1–1.01) 0.13

(continued)
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increased odds for vasoresponsiveness. In a wide range of

conditions, FEV1/FVC is an indicator for ventilation, and

PETCO2 is considered to be a good indicator for evaluating

the ventilation/perfusion relationship.27 The mechanism by

which FEV1/FVC and PeakPETCO2 are related to vasores-

ponsiveness is unknown. Variations in PETCO2 have been

shown to reflect changes in both cardiac output and pulmo-

nary blood flow.27 Patients with cardiac disease have been

shown to have an abnormally low PETCO2 during exercise,

especially those with an impaired response of cardiac output

during exercise.28 In addition, PETCO2 reduction is inversely

correlated with the elevation of m PAP in PAH,29 and

reduced values of PETCO2 have high diagnostic accuracy

to identify the likelihood of pulmonary vasculopathy in

patients with PAH.5,30 Therefore, we assume that the

higher the PETCO2 value is, the better the pulmonary

blood flow will be and the less severe the patients’ pulmo-

nary vasculopathy is, resulting in better vascular elasticity

and vasoresponsiveness in VR-IPAH patients. However,
further research is needed to confirm our hypothesis.

To our knowledge, no published study has indicated a

noninvasive method to screen for patients with VR-IPAH.
For the first time, we have shown that CPET combined with
PFT could be used to help identify VR-IPAH patients. The
main previously reported CPET characteristics in PAH

patients were exercise intolerance and ventilatory inefficien-
cy due to abnormal gas exchange, findings that are charac-
teristic of a ventilation perfusion mismatch.5 PETCO2 was
correlated with exercise capacity and cardiac output during
exercise, and the PETCO2 level reflects an impaired cardiac

output response to exercise in cardiac patients diagnosed
with heart failure.28 Yi Tang et al. reported that ventilatory
efficiency in patients with VR-IPAH is better than that in
patients with VNR-IPAH.31 Similarly, our study revealed
that the ratios of FEV1/FVC, peakPETCO2 and OUEP were

higher, while the VE/VCO2 slope was lower in the VR-
IPAH group than in the VNR-IPAH group. This result
indicated that the VR-IPAH group could have better ven-
tilation function and implied a better capacity for oxygen

uptake and exercise tolerance. Additionally, we found that
the AT value was higher in the VR-IPAH group than in the
VNR-IPAH group, indicating an earlier development of
lactic acidosis in VNR-IPAH patients. For the first time,
we found that higher FEV1/FVC and higher peak PETCO2

values were associated with increased odds for vasorespon-
siveness after adjusting for age, sex, and BMI. In addition,
for the first time, we constructed a novel index combining
PeakPETCO2 and FEV1/FVC values to predict VR patients
among IPAH patients.

Limitations

One of the main limitations of this study is that there is no

validation cohort for this novel developed formula. Another
limitation in our study is the relatively small number of
patients. All data were obtained at a single center; thus,
there is a possibility for selection bias. Furthermore, the

Fig. 1. ROC curve for the determination of VR in IPAH patients.

Table 3. Continued.

Variables OR (95%CI) P b-coefficient a OR (95% CI) P

PeakPETO2, mmHg 0.88 (0.8–0.97) 0.007

PeakPETCO2, mmHg 1.15 (1.05–1.26) 0.003 0.123 1.13(1.01–1.27) 0.04*

PeakO2/HR, ml/beat 0.98 (0.79–1.23) 0.88

OUEP 1.14 (1.03–1.26) 0.01

VE/VCO2Slope 0.93 (0.88–0.99) 0.02

OUES 1.49 (0.39–5.72) 0.56

Abbreviations: a OR, adjusted odds ratio; AT, anaerobic threshold; BF, breathing frequency; BMI, body mass index; CPET, cardiopulmonary exercise test; FEV1,

forced expiratory volume in 1 s; FVC, forced vital capacity; HR, heart rate; MVV, maximum capacity per minute; NT-pro BNP, N-terminal pro brain natriuretic

peptide; OR, odds ratio; OUEP, oxygen uptake efficiency; OUES, oxygen uptake efficiency slope; PETO2, partial pressure of end-tidal oxygen; PETCO2, partial

pressure of end-tidal carbon dioxide; % pred, percentage of predicted value; RV, residual air volume; 6MWD, six-minute walk test distance; TLC, total lung capacity;

VR, vasodilator responsive; VE, minute ventilation; VO2, oxygen uptake; VCO2, carbon dioxide output; WHO FC, World Health Organization function

classification.
aP values represent the results of logistic regression analysis adjusted for age, sex, and BMI. Italic values were used when P < 0.05.
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accuracy of the formula needs to be further verified by other

centers, including a larger patient sample size. The CPET

indicators we studied are not sufficiently comprehensive,

and we did not analyze the resting time variables.

Conclusions

Compared with VNR-IPAH patients, VR-IPAH patients

had less severe hemodynamic effects (lower RAP, m PAP,

PAWP, and PVR levels). Higher FEV1/FVC and higher

peak PETCO2 values were associated with increased odds

for vasoresponsiveness. A novel formula (¼ –16.17þ
0.123�PeakPETCO2þ 0.127�FEV1/FVC) confers high

specificity to predict vasodilator-responsive patients

among IPAH patients.
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