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Abstract

Risk assessment for pulmonary arterial hypertension (PAH) utilizing

noninvasive prognostic variables could be more practical in real‐world
scenarios, especially at follow‐up reevaluations. Patients who underwent

comprehensive evaluations both at baseline and at follow‐up visits were

enrolled. The primary endpoint was all‐cause mortality. Predictive variables

identified by Cox analyses were further incorporated with the French

noninvasive risk prediction approach. A total of 580 PAH patients were

enrolled. During a median follow‐up time of 47.0 months, 112 patients (19.3%)

died. By multivariate Cox analyses, tricuspid annular plane systolic excursion

(TAPSE), TAPSE/pulmonary arterial systolic pressure (PASP), and cardio-

pulmonary exercise testing‐derived peak oxygen consumption (VO2) remained

independent predictors for survival. Regarding the French noninvasive risk

prediction method, substituting N‐terminal pro‐b‐type natriuretic peptide

(NT‐proBNP) with the newly derived low‐risk criteria of a TAPSE ≥ 17mm or

a TAPSE/PASP > 0.17 mm/mmHg, or alternating 6‐min walking distance with

a peak VO2 ≥ 44 %predicted retained the discrimination power. When

recombining the low‐risk criteria, the combination of World Health

Organization functional class (WHO FC), TAPSE and peak VO2 at baseline,

and the combination of WHO FC, NT‐proBNP, and peak VO2 at follow‐up
showed better discriminative ability than the other combinations. In
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conclusion, Peak VO2, TAPSE, and TAPSE/PASP are significant prognostic

predictors for survival in PAH, with incremental prognostic value when

incorporated with the French noninvasive risk prediction approach, especially

at reevaluations. For better risk prediction, WHO FC, at least one

measurement of exercise capacity and one measurement of right ventricular

function should be considered.
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INTRODUCTION

Pulmonary arterial hypertension (PAH), characterized by
progressive remodeling of the small pulmonary arteries,
could lead to exercise intolerance, right heart failure, and
ultimately, death.1 Recent advances in PAH‐targeted
treatments contribute to an improvement in survival and
emphasize the importance of the rationale for regular
comprehensive assessments of disease severity.2–4 Several
risk stratification strategies have been proposed as useful
tools for periodic comprehensive evaluations, which can
guide treatment decisions, improve clinical management,
and help clinicians identify patients with potentially
worse prognosis.2–11 Various variables were included in
these risk stratifications, including demographics, clini-
cal assessments, comorbid conditions, biomarkers,
hemodynamics, and other functional tests.2–11 However,
in daily clinical practice, insufficient data on the required
measurements could impede the application of these risk
assessment tools.5 Particularly, it could be much more
difficult to conduct invasive procedures at follow‐ups,
which leads to the suboptimal status of follow‐up
reevaluations in real‐world settings. Under such circum-
stances, risk assessment using noninvasive variables
could be more practical.

As underlined by the European Society of Cardiology
(ESC)/European Respiratory Society (ERS) guidelines
for pulmonary hypertension, the assessments of World
Health Organization functional class (WHO FC), exercise
capacity, and right ventricular (RV) function are
especially important among the multidimensional ap-
proaches for risk prediction, and accordingly, WHO FC,
6‐min walking distance (6MWD) and brain natriuretic
peptide (BNP)/N‐terminal pro‐brain natriuretic peptide
(NT‐proBNP) are regarded as the key variables with
the highest predictive value.2,3 Nevertheless, although
the guidelines have emphasized the utility of the above
three noninvasive variables, the application of other
noninvasive parameters included in the risk assessment

table, such as peak oxygen consumption (VO2) derived
by cardiopulmonary exercise testing (CPET) or tricuspid
annular plane systolic excursion (TAPSE)/pulmonary
arterial systolic pressure (PASP) obtained by echo-
cardiography, still remains to be explored.2,3 The
prognostic value of those variables has been acknowl-
edged in PAH patients, but there still lack studies
investigating the optimal cutoff values of those variables
or exploring their corporation with the established
prediction strategies.12–21

Accordingly, the objectives of our study were to
explore the prognostic value of noninvasive variables
derived by CPET or echocardiography on the basis of
WHO FC, 6MWD and NT‐proBNP, and to incorporate
those predictive variables in the established risk assess-
ment tool to investigate their incremental prognostic
value in patients with PAH.

METHODS

Study design and participants

From a national prospective multicenter observational
registry study in China, patients who first underwent
right heart catheterization (RHC) and were diagnosed
with PAH between August 2009 and December 2019
were recruited. The diagnosis of PAH was based on 2009
(before January 2016) or the 2015 ESC/ERS guide-
lines.2,22 Other causes of PH were judged and excluded
carefully by multidisciplinary teams according to
guidelines‐recommended algorithms to ensure the accu-
rate diagnosis of PAH. Details for the inclusion and
exclusion criteria are illustrated in our previous report.23

The study protocol, which was approved by the
Institutional Review Board (IRB) of Fuwai Hospital
(Approval No. 2009‐208), complies with the Declaration
of Helsinki and is registered on ClinicalTrials.gov
(Identifier: NCT01417338). All authors had full access
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to all the data in the study and vouch for the integrity of
the data and the manuscript.

In the current study, patients who were enrolled at
Fuwai Hospital (n= 750) were reviewed for further
analyses. Patients were included in the present study if
they had at least three kinds of the following non-
invasive evaluations (including at least one out of the
latter two), both at baseline and at the first follow‐up
visit: (1) WHO FC; (2) NT‐proBNP measurement;
(3) 6MWD; (4) transthoracic echocardiography includ-
ing the measurement of TAPSE; and (5) CPET. Patients
without follow‐up information on vital status were
excluded. Written informed consent was obtained from
all enrolled patients.

Measurements and data collection

RHC (necessary for diagnosis), electrocardiogram, chest
X‐ray, transthoracic echocardiography, pulmonary func-
tion test, high‐resolution computed tomography of the
chest, ventilation/perfusion scintigraphy lung scan (if
necessary), pulmonary angiography (if necessary), and
laboratory tests were performed to assist in the diagnosis
and guide the management of PAH. For enrolled
patients, the following data were collected at baseline:
(1) demographics, medical history, clinical symptoms,
and vital signs; (2) examination results; and (3)
treatments. At follow‐up, the reevaluated examination
results and changes in treatments were recorded.

Transthoracic echocardiography was performed by
experienced ultrasonologists on an ultrasound system
(Vivid 7 or E9, GE Healthcare) according to the
recommendations of the American Society of Echo-
cardiography.24,25 TAPSE was measured with M‐mode
at the four‐chamber apical view. PASP was calculated
based on peak tricuspid regurgitant velocity and
estimated right atrial pressure (RAP) using the simpli-
fied Bernoulli equation. In the current study,
echocardiography‐derived left ventricular end‐diastolic
diameter (LVEDD), left atrial anteroposterior diameter
(LAAPD), right ventricular anteroposterior diameter
(RVAPD), left ventricular ejection fraction (LVEF),
PASP, and TAPSE were collected for further analysis.

CPET was performed on a bicycle ergometer using
the COSMED Quark CPET system. The detailed
protocol for CPET has been described previously.26

Briefly, oxygen uptake (VO2), carbon dioxide output
(VCO2), expiratory gas concentrations, and minute
ventilation (VE) were measured breath‐by‐breath and
were averaged every 10 s during the entire process. Peak
VO2 was defined as the highest 30‐s average of VO2 in
the last minute of exercise, and the percentages of peak

predicted values were calculated using the Wasserman
formula.27 Based on previous reports on the prognostic
value of CPET‐derived parameters in patients with
cardiopulmonary diseases, the current study only
collected peak VO2 (absolute and percentage of peak
predicted) for relevant analyses.2,3,12,13,28,29

The French Registry noninvasive risk stratification
method was employed as previously described.9 Briefly, it
classifies patients according to the presence of the
following three ESC/ERS low‐risk criteria: WHO FC of
I/II, 6MWD> 440m, and NT‐proBNP< 300 ng/L.

Endpoint and follow‐up

The primary endpoint of this study was all‐cause
mortality. Overall survival was measured from the date
of RHC (or the date the reevaluation was completed) to
the date of death from any cause. Follow‐up was
performed by telephone calls, outpatient visits, or
inpatient admissions every 6 months ± 2 weeks. Regard-
ing the patients who could not be contacted through the
above three methods, vital status was further confirmed
via the country's health care insurance system. Patients
were followed until death or until the cutoff date of the
current study (February 28, 2021).

Statistical analysis

Analyses were performed with SPSS Statistics (version
22.0, SPSS Inc.) and the R statistical package (version
4.0.0, R Foundation for Statistical Computing). Differ-
ences were considered statistically significant when the
two‐sided p value was <0.05.

Continuous variables are presented as the mean ±
standard deviation or median (interquartile range [IQR]).
For difference comparisons of the independent sub-
groups, the unpaired t‐test or the Mann–Whitney U test
were utilized for two groups, and one‐way analysis of
variance or the Kruskal–Wallis test was performed for
multiple groups, as appropriate. Categorical variables are
shown as frequencies and percentages and were com-
pared with the χ2 or Fisher's exact tests. For the
comparison between baseline and follow‐up data, paired
two‐tailed t‐tests or Wilcoxon's rank‐sum tests were
utilized for normally distributed and nonnormally
distributed continuous variables, respectively. McNe-
mar's test, the κ test, and Cochran's Q test were used
for categorical variables, as appropriate. Multiple impu-
tations was used to replace missing values for the
following variables: WHO FC (percentage of missing
data: 0 at baseline; 1.0% at follow‐up), 6MWD (4.5% at
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baseline; 9.8% at follow‐up), NT‐proBNP (1.9% at
baseline; 3.2% at follow‐up), peak VO2 (8.6% at baseline;
5.2% at follow‐up), and TAPSE (16.9% at baseline; 11.0%
at follow‐up). Survival analysis, truncated at 5 years, was
carried out by means of Kaplan–Meier analysis and the
differences were compared by the log‐rank test. Cox
proportional hazards analyses were performed to com-
pute hazard ratios (HRs) with 95% confidence intervals
(CIs). The proportional hazards assumption was exam-
ined by the Schoenfeld residuals method. We first
conducted univariable Cox analyses to screen the
candidate variables and then based on the univariate
results, together with the literature and clinical expertise,
multivariate Cox analyses were performed to obtain
adjusted HRs and CIs. The cutoff values for continuous
variables were determined by X‐tile 3.6.1 software (Yale
University). Relevant variables were categorized by the
derived cutoffs, and new low‐risk criteria were generated
accordingly. For example, cutoff values of 12 and 17mm
were determined for TAPSE, and accordingly, a TAPSE ≥
17mm satisfied a low‐risk criterion. Similarly, a TAPSE/
PASP > 0.17mm/mmHg and a peak VO2 ≥ 44 %predicted
were employed as low‐risk criteria. New prediction
models were established in terms of the French Registry
approach, where the number of low‐risk criteria was
counted. Harrell's C‐index was used to assess the
discriminatory power of the risk stratification models.

Sample size calculation was based on the principles
reported by Riley et al.30 The difference between
apparent and adjusted R2 was assumed to be 0.05, with
a shrinkage factor of 0.9 and a margin of error in the
estimation of the overall risk of 0.05. Event rate and
adjusted Cox‐Snell R2 statistic was calculated based on
the previous external validation of the French non-
invasive risk prediction method, in terms of the
equations reported by Riley et al.31 Accordingly,
regarding new model development, the present study
with 6 candidate parameters (WHO FC, 6MWD, NT‐
proBNP, peak VO2 %predicted, TAPSE, and TAPSE/
PASP) required minimum sample size of 570 PAH
patients.

RESULTS

Baseline characteristics

A total of 580 patients with PAH were enrolled in the
current study (Figure 1). The mean age of the cohort
was 34 ± 10 years, and 76.6% of the patients were
females. The most common etiology was idiopathic
pulmonary arterial, accounting for 57.9% of the
participants. At the time of enrollment, 50.9% of the

patients were in WHO FC III or IV, with a mean
6MWD of 419 ± 98 m. Regarding hemodynamics, the
mean value of mPAP was 58.46 ± 17.09 mmHg, with
5.57 ± 4.55 mmHg for RAP, 3.00 ± 1.03 L/min/m2 for
CI, and 974.91 ± 455.2 dyn s cm−5 for PVR. A mean
value of 32.72 ± 7.11 mm for RVAPD, 15.44 ± 3.34 mm
for TAPSE, and 0.18 ± 0.07 mm/Hg for TAPSE/PASP
were determined by echocardiography. By CPET, the
mean peak VO2 of the cohort was 13.46 ± 3.65 ml/min/
kg (40.17 ± 11.61 %predicted). At baseline, 90.7%
of the patients received at least one PAH‐targeted
drug, and 29.8% received combination‐targeted ther-
apy (Table 1).

Longitudinal changes from baseline to the
first follow‐up reevaluation

The enrolled patients received their first reevaluations
at a median follow‐up time of 4 (3, 8) months. At
reevaluation, there tended to be an improvement in
exercise capacity, indicated by a higher percentage of
patients in WHO FC Ⅰ/Ⅱ (69.3% at follow‐up vs. 49.1% at
baseline, p< 0.001), an increased 6MWD (446.13 ± 95.46
vs. 419.11 ± 98.00 m, p< 0.001), and peak VO2 (absolute

FIGURE 1 Flowchart of the study population. Among all
PAH patients enrolled at Fuwai Hospital in the registry, a total
of 580 patients with PAH who had sufficient data on the
required evaluations were enrolled in the current study.
*Referred to the national prospective multicenter observational
registry study in China (Identifier: NCT01417338). #Patients
should have data on at least three kinds of the following
noninvasive evaluations (including at least one out of the latter
two) both at baseline and at the first follow‐up visit: (1) WHO
FC; (2) NT‐proBNP measurement; (3) 6MWD; (4) transthoracic
echocardiography including the measurement of TAPSE; and
(5) cardiopulmonary exercise test. 6MWD, 6‐min walking
distance; NT‐proBNP, N‐terminal pro‐b‐type natriuretic
peptide; PAH, pulmonary arterial hypertension; WHO FC,
World Health Organization functional class.
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TABLE 1 Baseline and follow‐up characteristics of the overall analyzed cohort

Baseline Follow‐up p Valuea

Age (years) 34 ± 10 – –

Females, n (%) 444 (76.6) – –

PAH etiology, n (%)

IPAH 336 (57.9) – –

CHD‐PAH 173 (29.8) – –

CTD‐PAH 42 (7.2) – –

Othersb 29 (5.0) – –

WHO FC, n (%) <0.001

Ⅰ/Ⅱ 285 (49.1) 402 (69.3)

Ⅲ 268 (46.2) 158 (27.2)

Ⅳ 27 (4.7) 20 (3.4)

6MWD (m) 419.11 ± 98.00 446.13 ± 95.46 <0.001

Hemodynamics (available in 81 patients at follow‐up)

HR (beats) 81.45 ± 13.73 82.70 ± 14.70 0.268

SBP (mmHg) 111.00 ± 15.10 113.08 ± 16.91 0.883

DBP (mmHg) 74.55 ± 12.08 67.70 ± 6.91 <0.001

SvO2 (%) 70.32 ± 7.51 68.20 ± 9.97 0.333

RAP (mmHg) 5.57 ± 4.55 6.94 ± 4.61 0.042

mPAP (mmHg) 58.46 ± 17.09 56.73 ± 16.79 0.046

CI (L/min/m2) 3.00 ± 1.03 2.98 ± 1.13 0.113

PAWP (mmHg) 7.10 ± 3.20 8.72 ± 3.26 0.669

PVR (dyn s cm−5) 974.91 ± 455.2 1007.03 ± 538.39 0.972

Laboratory test

NT‐proBNP (pg/ml)c 1406.00 [443.30, 5442.98] 496.75 [155.90, 1365.98] <0.001

Echocardiography

LVEF (%) 64.18 ± 6.46 65.55 ± 6.76 <0.001

LAAPD (mm) 30.1 ± 5.19 31.06 ± 5.23 <0.001

LVEDD (mm) 36.99 ± 6.59 38.47 ± 7.05 <0.001

RVAPD (mm) 32.72 ± 7.11 32.54 ± 8.32 0.586

TAPSE (mm) 15.44 ± 3.34 16.74 ± 4.02 <0.001

PASP (mmHg) 92.8 ± 22.36 89.03 ± 24.16 <0.001

TAPSE/PASP (mm/mmHg) 0.18 ± 0.07 0.21 ± 0.09 <0.001

Pericardial effusion, n (%) 78 (13.4) 70 (12.1) 0.484

Cardiopulmonary exercise testing

Peak VO2 (ml/min/kg) 13.46 ± 3.65 14.95 ± 3.7 <0.001

Peak VO2 (%predicted) 40.17 ± 11.61 45.24 ± 12.21 <0.001

Targeted drugs, n (%) 526 (90.7) 532 (91.7) 0.361

Phosphodiesterase type 5 inhibitors 396 (68.3) 455 (78.4) <0.001

Endothelin receptor antagonists 233 (40.2) 289 (49.8) <0.001

(Continues)
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value: 14.95 ± 3.7 vs. 13.46 ± 3.65ml/min/kg, p< 0.001;
percentage of predicted: 45.24 ± 12.21 vs. 40.17 ± 11.61%,
p< 0.001). Additionally, better indices of RV function
were observed, including lower NT‐proBNP levels
(median: 496.75 vs. 1406.00 pg/ml, p< 0.001) and higher
TAPSE (16.74 ± 4.02 vs. 15.44 ± 3.34mm, p< 0.001) and
TAPSE/PASP (0.21 ± 0.09 vs. 0.18 ± 0.07, p< 0.001).
Although hemodynamics was only available for 81
patients at the follow‐up reevaluation, better hemo-
dynamics was demonstrated (Table 1).

Survival

During a median follow‐up time of 47.0 months
(IQR: 29.5, 72.8), 112 patients (19.3%) died. The
survival estimates at 1, 3, and 5 years were 98.3%
(95% CI: 97.2%–99.3%), 90.9% (88.4%–93.4%), and
79.8% (75.9%–83.9%), respectively.

At baseline, compared to survivors, deceased
patients tended to have worse exercise capacity, with
lower peak VO2 (absolute value: 12.23 ± 3.48 vs.
13.76 ± 3.64 ml/min/kg, p < 0.001; percentage of pre-
dicted: 36.43 ± 11.55 vs. 41.07 ± 11.45, p < 0.001), and
higher percentages of patients in WHO III/IV (64.3%
vs. 47.7%, p = 0.013). Nonsurvivors also demonstrated
lower TAPSE (14.35 ± 3.01 vs. 15.71 ± 3.37 mm,
p < 0.001), higher NT‐proBNP levels (median:
7019.73 vs. 1049.5 pg/ml, p < 0.001), and worse hemo-
dynamics, indicating more severely compromised RV
function (Supporting Information: Table S1).

When comparing survivors and non‐survivors using
follow‐up information, in addition to the abovementioned

parameters, differences were also observed in the values of
6MWD (410.49± 103.45 vs. 454.65 ± 91.53m, p<0.001),
TAPSE/PASP (0.16 ± 0.06 vs. 0.22 ± 0.09mm/mmHg,
p<0.001), and RVAPD (36.84 ± 8.65 vs. 31.52 ± 7.91mm,
p<0.001) (Table 2).

Outcome correlates

Utilizing baseline data, the variables of PAH etiology,
6MWD, RAP, cardiac index, mixed venous oxygen
saturation (SvO2), peak VO2, and TAPSE were signifi-
cant prognostic predictors for survival (Supporting
Information: Table S2). When analyzed using follow‐
up data, the significance of the above variables was
maintained, and RVAPD and TAPSE/PASP also
showed significant prognostic value. The changes of
the above parameters except 6MWD were also signifi-
cant predictors for survival (Supporting Information:
Table S3).

By multivariate Cox analyses, after adjusting for
age, sex, PAH etiology, and DLCO, RVAPD [HR (95%
CI) for per 1 mm increase: 1.032 (1.002–1.062) and
1.072 (1.051–1.094) for baseline and follow‐up data,
respectively], TAPSE [per 1 mm increase: 0.885
(0.821–0.954); 0.847 (0.800–0.898)], TAPSE/PASP
[per 0.01 mm/mmHg increase: 0.945 (0.906–0.985);
0.899 (0.869–0.931)], and peak VO2 [absolute value
per 1 ml/min/kg increase: 0.873 (0.818–0.931); 0.835
(0.783–0.890); percentage of predicted per 5%
increase: 0.823 (0.739–0.917); 0.679 (0.610–0.755)]
remained independent predictors for survival at both
baseline and follow‐up visits (Table 3).

TABLE 1 (Continued)

Baseline Follow‐up p Valuea

Prostacyclin analogues 74 (12.8) 84 (14.5) 0.268

IP receptor agonists 0 1 (0.2) –

Guanylate cyclase stimulators 2 (0.3) 4 (0.7) 0.500

Combination therapy 173 (29.8) 281 (48.4) <0.001

Note: Bold values are statistically significant at P < 0.05.

Abbreviations: 6MWD, 6‐min walking distance; CHD, congenital heart disease; CI, cardiac index; CTD, connective tissue disease; DBP, diastolic blood
pressure; HR, heart rate; IPAH, idiopathic pulmonary arterial; LAAPD, left atrial anteroposterior diameter; LVEDD, left ventricular end‐diastolic diameter;
LVEF, left ventricular ejection fraction; mPAP, mean pulmonary artery pressure; NT‐proBNP, N‐terminal pro‐b‐type natriuretic peptide; PASP, pulmonary
arterial systolic pressure; PAWP, pulmonary arterial wedge pressure; PVR, pulmonary vascular resistance; RAP, right atrial pressure; RVAPD, right ventricular
anteroposterior diameter; SBP, systolic blood pressure; SvO2, mixed venous oxygen saturation; TAPSE, tricuspid annular plane systolic excursion; VO2, oxygen
consumption; WHO FC, World Health Organization functional class
aComparison between baseline and follow‐up.
bOthers subtypes of PAH were combined because of the small sample sizes, including heritable PAH, drugs and toxins induced PAH, HIV‐related PAH, and
PVOD/PCH.
cMedian (interquartile range).
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TABLE 2 Follow‐up characteristics of survivors and nonsurvivors

Survivors Nonsurvivors p Valuea

Subjects, n (%) 468 (80.7) 112 (19.3) –

WHO FC, n (%) <0.001

Ⅰ/Ⅱ 361 (77.1) 41 (36.6)

Ⅲ 101 (21.6) 57 (50.9)

Ⅳ 6 (1.3) 14 (12.5)

6MWD (m) 454.65 ± 91.53 410.49 ± 103.45 <0.001

Hemodynamics

HR (beats) 83.25 ± 14.24 79.92 ± 17.25 0.477

SBP (mmHg) 111.56 ± 17.52 120.92 ± 11.94 0.081

DBP (mmHg) 66.86 ± 11.08 72.08 ± 9.81 0.132

SvO2 (%) 70.38 ± 8.26 59.14 ± 11.59 <0.001

RAP (mmHg) 6.45 ± 3.89 9.21 ± 6.82 0.041

mPAP (mmHg) 57.64 ± 17.33 52.36 ± 13.64 0.287

CI (L/min/m2) 3.17 ± 1.11 2.21 ± 0.85 0.005

PAWP (mm Hg) 8.46 ± 3.22 10.25 ± 3.24 0.153

PVR (dyn s cm−5) 942.26 ± 505.95 1719.47 ± 382.5 0.014

Laboratory test

NT‐proBNP (pg/ml)b 361.75 [118.25, 913.65] 1591.35 [765.93, 2850.70] <0.001

Echocardiography

LVEF (%) 65.7 ± 6.55 64.96 ± 7.58 0.343

LAAPD (mm) 31.3 ± 5.23 30.07 ± 5.14 0.026

LVEDD (mm) 39.54 ± 6.49 33.99 ± 7.54 <0.001

RVAPD (mm) 31.52 ± 7.91 36.84 ± 8.65 <0.001

TAPSE (mm) 17.24 ± 3.95 14.66 ± 3.67 <0.001

PASP (mmHg) 87.33 ± 24.25 96.15 ± 22.53 <0.001

TAPSE/PASP
(mm/mmHg)

0.22 ± 0.09 0.16 ± 0.06 <0.001

Pericardial effusion,
n (%)

41 (8.8) 29 (25.9) <0.001

Cardiopulmonary
exercise testing

Peak VO2 (ml/min/kg) 15.41 ± 3.63 13.04 ± 3.42 <0.001

Peak VO2 (%predicted) 46.71 ± 12.13 39.09 ± 10.5 <0.001

Targeted drugs, n (%) 432 (92.3) 100 (89.3) 0.297

Phosphodiesterase
type 5 inhibitors

379 (81.0) 76 (67.9) 0.002

Endothelin receptor
antagonists

244 (52.1) 45 (40.2) 0.023

Prostacyclin analogues 58 (12.4) 26 (23.2) 0.003

IP receptor agonists 1 (0.2) 0 0.624

(Continues)
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Incorporation of noninvasive variables in
risk prediction

Applied in the current cohort, the French Registry
noninvasive risk stratification approach showed signifi-
cant discrimination power for predicting survival
[C‐index (95% CI): 0.634 (0.581–0.687) for baseline data
and 0.743 (0.702–0.784) for follow‐up data]. Regarding
the noninvasive independent variables explored above,
patients with fewer low‐risk criteria showed lower values
of peak VO2 %predicted, TAPSE, and TAPSE/PASP at
both visits (Figure 2).

We thereafter incorporated peak VO2 %predicted,
TAPSE, and TAPSE/PASP with the French noninvasive
approach to explore their relationships. For better
clinical utility, the three variables were all classified into
three categories: ≥44, 34–43, and ≤33 %predicted for peak
VO2; ≥17, 12–16, and <12mm for TAPSE; >0.17,
0.12–0.17, and ≤0.12mm/mmHg for TAPSE/PASP.

When categorizing the analyzed cohort in terms of
the cutoff values of 6MWD according to the guidelines,2

54.5% of the patients were in intermediate risk, while
only seven patients (1.2%) were in a high‐risk stratum. In
patients with an intermediate risk of 6MWD, 15.6% were
reclassified as high‐risk according to the categories of
peak VO2. Regarding NT‐proBNP, 50.2% of the patients
were in the high‐risk stratum, while lower percentages

were observed in the high‐risk category of TAPSE (10.5%)
or TAPSE/PASP (15.9%) (Table 4).

Incremental prognostic value of
noninvasive variables

We further explored the incremental prognostic value of
peak VO2 %predicted, TAPSE, and TAPSE/PASP on the
basis of the French Registry noninvasive risk prediction
method.

As individual categorical variables, the survival of
patients with different strata of peak VO2, TAPSE, or
TAPSE/PASP varied significantly, with patients who met
low‐risk strata showing better survival than the other
patients (p value for the three subgroup comparisons:
p< 0.0001 for the peak VO2 subgroups, p< 0.0001 for the
TAPSE subgroups, and p= 0.009 for the TAPSE/PASP
subgroups, Supporting Information: Figure S1). When
applied at follow‐up, patients with different strata of the
three noninvasive variables showed consistent differ-
ences in survival (all p< 0.001, Supporting Information:
Figure S1).

When adding the three newly derived low‐risk
criteria of a peak VO2 ≥ 44 %predicted, a TAPSE ≥ 17
mm, and a TAPSE/PASP > 0.17mm/mmHg to the
original French noninvasive risk prediction method,

TABLE 2 (Continued)

Survivors Nonsurvivors p Valuea

Guanylate cyclase
stimulators

4 (0.9) 0 0.326

Combination therapy 239 (51.1) 42 (37.5) 0.010

Note: Abbreviations are the same as Table 1. Bold values are statistically significant at P < 0.05.
aComparison between survivors and nonsurvivors.
bMedian (interquartile range).

TABLE 3 Adjusted Cox analyses for variables measured at baseline and at follow‐up

Variables

Baseline Follow‐up
Adjusted HR (95% CI)a p Value Adjusted HR (95% CI)a p Value

RVAPD (per 1 mm increase) 1.032 (1.002–1.062) 0.035 1.072 (1.051–1.094) <0.001

TAPSE (per 1 mm increase) 0.885 (0.821–0.954) 0.001 0.847 (0.800–0.898) <0.001

TAPSE/PASP (per 0.01mm/mmHg increase) 0.945 (0.906–0.985) 0.007 0.899 (0.869–0.931) <0.001

Peak VO2 (per 1 ml/min/kg increase) 0.873 (0.818–0.931) <0.001 0.835 (0.783–0.890) <0.001

Peak VO2 %predicted (per 5% increase) 0.823 (0.739–0.917) <0.001 0.679 (0.610–0.755) <0.001

Abbreviations: CI, confidence interval; DLCO, diffusing capacity of the lung for carbon monoxide; PASP, pulmonary arterial systolic pressure; RVAPD, right
ventricular anteroposterior diameter; TAPSE, tricuspid annular plane systolic excursion; VO2, oxygen consumption.
aAdjusted for age, sex, PAH etiology, and DLCO.
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better discrimination power was demonstrated. When
utilized at follow‐up, the C‐index further improved [C‐
index (95% CI) for the original method plus TAPSE at
follow‐up: 0.750 (0.707–0.793); for the original method
plus TAPSE/PASP at follow‐up: 0.760 (0.719–0.801); and
for the original method plus peak VO2 at follow‐up: 0.773
(0.732–0.814)] (Table 5).

When substituting the criteria of 6MWD > 440 m
with peak VO2 ≥ 44 %predicted, the discrimination
power was maintained at both visits [baseline: 0.646
(0.597–0.695); follow‐up: 0.778 (0.739–0.817)]. We
further substituted NT‐proBNP <300 ng/L with
TAPSE ≥ 17 mm or TAPSE/PASP > 0.17 mm/mmHg,
and the risk prediction models also maintained their
significance. When recombining the abovementioned
low‐risk criteria, we found that the combination of
WHO FC, TAPSE, and peak VO2 at baseline, and the
combination of WHO FC, NT‐proBNP, and peak VO2

at follow‐up, showed better discriminative ability than
the other combination groups [0.660 (0.613–0.707) and
0.778 (0.739–0.817), respectively] (Table 5). The sur-
vival was significantly different between patients with

different numbers of low‐risk criteria defined by the
new combinations mentioned above (Figure 3).

DISCUSSION

The present study not only sufficiently confirmed the
prognostic value of TAPSE, TAPSE/PASP and PeakVO2

in PAH with the largest sample size including CPET
and echocardiography data to date, but also illustrated
the utility of flexible combinations of different non-
invasive variables for more accessible and applicable
clinical usage.

The ESC/ERS guidelines for pulmonary hypertension
recommend a goal‐oriented treatment strategy for PAH
management, where therapeutic decisions depend on the
severity assessed by risk stratification strategies.2–4 As a
single variable could unlikely be sufficient for accurate
prognosis prediction, a multidimensional approach is
recommended by the guidelines.2–4 However, in real‐
world clinical practice, not all patients could undergo
tests for all the measurements required in the established

FIGURE 2 Values of peak %predicted VO2 (a, d), TAPSE (b, e), and TAPSE/PASP (c, f) in patients meeting different numbers of the
French noninvasive low‐risk criteria at baseline (a–c) or at follow‐up (d–f). *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001. ns,
nonsignificant; PASP, pulmonary arterial systolic pressure; TAPSE, tricuspid annular plane systolic excursion; VO2, oxygen consumption.
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risk stratifications. Therefore, the lack of data could be
one of the barriers to the clinical implementation of
comprehensive risk assessments. Notably, although
RHC is critical for risk assessment, it could be
extremely hard to repeat at follow‐up visits due
to patients’ unwillingness or other socioeconomic
reasons, especially in developing countries.5,32 In our
cohort, among the patients who had comprehensive
baseline and follow‐up evaluations, only 81 patients
(14.0% of the study cohort) underwent RHC at follow‐
up. Therefore, taking full advantage of available
prognostic variables, especially noninvasive variables,
is essential for expediting the application of compre-
hensive evaluations in daily practice. In addition, it
could also be beneficial if we can take advantage of
different combinations of various accessible parameters
and confirm their predictive power.

To this end, we focused our study on noninvasive
evaluations and found that several noninvasive variables,
including peak VO2 derived by CPET, RVAPD, TAPSE,
and TAPSE/PASP obtained by echocardiography, were
significant predictors for the survival of patients with
PAH. Furthermore, we thereafter confirmed that low‐
risk criteria defined as a peak VO2 ≥ 44 %predicted, a

TAPSE ≥ 17mm and a TAPSE/PASP > 0.17mm/mmHg
could serve as significant components to incorporate
with the French noninvasive approach for risk predic-
tion. In other words, the discriminative power of the
models was maintained or even improved when adding
the three newly derived low‐risk criteria to the original
French model, or substituting the NT‐proBNP level,
which is regarded as an index of RV function, with
TAPSE or TAPSE/PASP, or alternating 6MWD, the
measurement for exercise capacity, with peak VO2.
Additionally, we found that although the different
combinations all illustrated tolerable discriminative
power, the combination of WHO FC, TAPSE, and peak
VO2 at baseline, and the combination of WHO FC, NT‐
proBNP, and peak VO2 at follow‐up showed better
discriminative ability than the other combination groups.
These findings support that WHO FC should be included
as a basic variable, and at least one measurement of
exercise capacity and some information on RV function
should be considered.2 The results also indicate a better
prognostic value of peak VO2 than 6MWD, which was
consistent with the previous report.12

Peak VO2, as a measure of functional capacity,
integrates the cardiovascular, pulmonary, and skeletal
muscle systems.9 Its prognostic relevance has been
reported in patients with PAH and other cardiovascular
diseases, and the guidelines have recommended it as one
of the predictive variables for risk assessment.2–4,12–16

Nevertheless, regarding assessment for exercise capacity,
6MWD is utilized more widely because of its conve-
nience. However, as shown in the present study, only a
few patients could be categorized into a high‐risk stratum
of 6MWD, leaving most patients in an intermediate risk.
Similarly, the newly derived four‐strata method still
retains the high cutoff value of 165m for 6MWD. As the
results of 6MWD are shown in absolute values and can
be influenced by common clinical characteristics such as
age, sex, and comorbidities, in a cohort consisting of
young and stable patients, CPET can be more sensitive
and accurate to reflect the functional state. Furthermore,
at follow‐up evaluations, we found that the increase of
peak VO2, instead of the changes of 6MWD, was
significantly associated with survival, also indicating
peak VO2 is a more sensitive predictor of survival.
Although its experience is still limited in some medical
centers, we believe it would be helpful if we could
recognize its prognostic value and interpret it appropri-
ately. To utilize it easily, the optimal cutoff value is
another remaining question. The thresholds for low‐ and
high‐risk groups used in the guidelines are >65%
and <35%predicted, respectively. Nevertheless, Wensel
et al.12 reported that the prognosis of PAH patients was
still acceptable if the peak VO2 > 46 %predicted. Similar

TABLE 4 Agreement between noninvasive variables, n (%)

Category

Peak VO2

Low Intermediate High

6MWD

Low 125 (48.6) 88 (34.2) 44 (17.1)

Intermediate 81 (25.6) 120 (38.0) 115 (36.4)

High 1 (14.3) 2 (28.6) 4 (57.1)

TAPSE/PASP

Low Intermediate High

NT‐proBNP

Low 77 (70.6) 27 (24.8) 5 (4.6)

Intermediate 84 (46.7) 68 (37.8) 28 (15.6)

High 117 (40.2) 115 (39.5) 59 (20.3)

TAPSE

Low Intermediate High

NT‐proBNP

Low 81 (74.3) 24 (22.0) 4 (3.7)

Intermediate 65 (36.1) 95 (52.8) 20 (11.1)

High 78 (26.8) 176 (60.5) 37 (12.7)

Abbreviations: 6MWD, 6‐min walking distance; NT‐proBNP, N‐terminal
pro‐b‐type natriuretic peptide; PASP, pulmonary arterial systolic
pressure; TAPSE, tricuspid annular plane systolic excursion; VO2, oxygen
consumption.
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to the cutoffs reported by Wensel et al.12 (i.e., 65, 46, and
34 %predicted), we defined the best discriminative cutoffs
of peak VO2 at 33 and 44 %predicted. Notably, we found
that only a few patients met the criteria of a peak
VO2 > 65 %predicted, accounting for only 3.4% of the
cohort at baseline and 6.0% of the cohort at follow‐up,
leading to the insignificant prognostic value of these
thresholds. Therefore, it may indicate that lower cutoff
values should be utilized for peak VO2 assessment.

RV function is the main determinant of the outcomes
in PAH patients.33 Echocardiography, as an important
noninvasive modality for assessing RV function, tends to
be more involved in risk assessment.2–4 TAPSE, an easily
obtainable measure of RV longitudinal function, shows
good correlations with parameters estimating RV global
systolic function.25 Furthermore, the prognostic value of
TAPSE has been confirmed in PAH patients, and it has
also been used as a marker to document therapeutic

efficacy.17,20 TAPSE/PASP has been introduced as a
noninvasive, easy‐to‐use surrogate of RV‐pulmonary
arterial (PA) coupling, which reflects the progressive
course of RV dysfunction from adaption to RV‐PA
uncoupling and right heart failure.18,19,21 TAPSE/PASP
has been validated as a marker of disease severity and a
predictor of outcomes in heart failure and PAH
patients.18,19,21,34 In the present study, TAPSE and
TAPSE/PASP show comparable predictive power to
NT‐proBNP. Because of the great variability of NT‐
proBNP among different patient groups, TAPSE and
TAPSE/PASP could serve as great surrogates for risk
prediction in some scenarios. The cutoffs of the two
variables varied in different studies, with a range of
15–17mm for TAPSE and 0.184–0.32 mm/mmHg for
TAPSE/PASP.18,19,21,34,35 The upper threshold derived in
our study (17mm for TAPSE and 0.17mm/mmHg for
TAPSE/PASP) resembles previous reports, but we also

TABLE 5 C‐index (95% CI) of
different risk modelsa

Model description Baseline Follow‐up

Based on the original three variables in the French noninvasive risk prediction method

WHO FC+NT‐proBNP+ 6MWD 0.634 (0.581–0.687) 0.743 (0.702–0.784)

WHO FC+NT‐
proBNP+ 6MWD+TAPSE

0.651 (0.600–0.702) 0.750 (0.707–0.793)

WHO FC+NT‐
proBNP+ 6MWD+TAPSE/PASP

0.651 (0.596–0.706) 0.760 (0.719–0.801)

WHO FC+NT‐proBNP+ 6MWD+ peak
VO2 %predicted

0.658 (0.605–0.711) 0.773 (0.732–0.814)

Based on at least two variables in the French noninvasive risk prediction method

WHO FC+NT‐proBNP 0.610 (0.559–0.661) 0.739 (0.698–0.780)

WHO FC+NT‐proBNP+ peak VO2 %
predicted

0.646 (0.597–0.695) 0.778 (0.739–0.817)

WHO FC+ 6MWD 0.620 (0.565–0.675) 0.703 (0.658–0.748)

WHO FC+ 6MWD+TAPSE 0.647 (0.596–0.698) 0.724 (0.679–0.769)

WHO FC+ 6MWD+TAPSE/PASP 0.643 (0.586–0.700) 0.737 (0.694–0.780)

New combinations of the variables

TAPSE+ peak VO2 %predicted

WHO FC+ TAPSE + peak VO2 %
predicted

0.660 (0.613–0.707) 0.762 (0.719–0.805)

TAPSE/PASP + peak VO2 %predicted 0.629 (0.580–0.678) 0.716 (0.673–0.759)

WHO FC+ TAPSE/PASP + peak VO2 %
predicted

0.658 (0.609–0.707) 0.770 (0.731–0.809)

Note: Bold values indicate the highest C‐index at baseline or at follow‐up.
Abbreviations: 6MWD, 6‐min walking distance; CI, confidence interval; NT‐proBNP, N‐terminal pro‐b‐
type natriuretic peptide; PASP, pulmonary arterial systolic pressure; TAPSE, tricuspid annular plane
systolic excursion; VO2, oxygen consumption; WHO FC, World Health Organization functional class.
aModels counted the number of low‐risk criteria as follows: WHO FC I/II, 6MWD> 440m, NT‐proBNP
<300 ng L−1, peak VO2 ≥ 44 %predicted, TAPSE ≥ 17 mm, or TAPSE/PASP > 0.17mm/mmHg.
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defined a lower cutoff value (12mm for TAPSE and
0.12mm/mmHg for TAPSE/PASP) to identify patients
with worse survival, which requires further validation for
its applicability in another independent cohort.

There are several limitations to be acknowledged.
First, the main limitation is associated with the registry‐
based observational study design, with common missing
data. As the current study focused on exploring the
prognostic value of noninvasive measurements, only
patients who underwent comprehensive evaluations both
at baseline and at follow‐up were enrolled. Nevertheless,
when comparing included (n= 580) and excluded
(n= 170) patients, their characteristics were comparable,
indicating unlikely selection bias (Supporting Informa-
tion: Table S4). Also, the reason why the current study
tried several combinations of noninvasive variables was
to help the utilization of risk assessment in more clinical

scenarios, with better‐investigated cutoff values and
more circumstances of missing data, which could be
more practical in real‐world settings. Second, the present
study only explored the incremental value in addition to
the French noninvasive risk prediction strategy, how
those variables could be better corporated with other risk
assessment methods with optimally weighted scores
needs to be further explored. Third, during the relatively
long enrollment period, progress in the diagnosis and
treatment of PAH, to some extent, could influence the
interpretation of our data. PAH treatment strategies have
been more aggressive since the 2015 ESC/ERS guidelines
for pulmonary hypertension were released, where
the importance of initial combination therapy was
addressed.2 Thus, although the patients enrolled in the
registry were treated in accordance with contemporane-
ous guidelines, the combination rate, especially the

FIGURE 3 Comparison of Kaplan–Meier survival curves according to the number of noninvasive low‐risk criteria met at follow‐up.
(a) Defined by the original three noninvasive low‐risk criteria in the French Registry approach (i.e., WHO FC I/II, 6MWD> 440m, and NT‐
proBNP <300 ng/L). (b) Defined by the presence of the following low‐risk criteria: (1) WHO FC I/II; (2) peak VO2 ≥ 44 %predicted; and
(3) TAPSE ≥ 17mm. (c) Defined by the presence of the following low‐risk criteria: (1) WHO FC I/II; (2) peak VO2 ≥ 44 %predicted; and (3)
TAPSE/PASP > 0.17mm/mmHg. (d) Defined by the presence of the following low‐risk criteria: 1) WHO FC I/II; 2) NT‐proBNP <300 ng/L;
and (3) peak VO2 ≥ 44 %predicted; (e) defined by the presence of the following low‐risk criteria: 1) WHO FC I/II; (2) 6MWD> 440m; and
(3) TAPSE ≥ 17mm; (f) defined by the presence of the following low‐risk criteria: (1) WHO FC I/II; (2) 6MWD> 440m; and (3) TAPSE/
PASP > 0.17mm/mmHg. 6MWD, 6‐min walking distance; NT‐proBNP, N‐terminal pro‐b‐type natriuretic peptide; PASP, pulmonary arterial
systolic pressure; TAPSE, tricuspid annular plane systolic excursion; VO2, oxygen consumption; WHO FC, World Health Organization
functional class.
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initial combination rate (29.8%), was relatively low in the
current cohort, with more patients tending to receive
sequential treatments.2,22 In addition, the lack of
accessibility to some PAH‐targeted drugs, high costs,
poor economic status, and inadequate coverage by the
medical insurance system could also be alternative
reasons for the low combination rate, which could
be common clinical scenarios in developing countries.

CONCLUSIONS

Peak VO2, TAPSE, and TAPSE/PASP are significant
prognostic predictors for survival in PAH. Incorporating
the newly derived noninvasive low‐risk criteria of a peak
VO2 ≥ 44 %predicted, a TAPSE ≥ 17mm, or a TAPSE/
PASP > 0.17mm/mmHg with the French noninvasive
risk prediction approach can provide incremental prog-
nostic value for predicting survival, especially when
utilized at follow‐up reevaluations. For better risk
prediction, WHO FC, at least one measurement of
exercise capacity and one measurement of RV function
should be considered.

AUTHOR CONTRIBUTIONS
Contributing to the conception and design: Ruilin Quan,
Qing Gu, and Jianguo He. Patient enrollment and data
collection: Ruilin Quan, Xiaoxi Chen, Tao Yang, Wen Li,
Yuling Qian, and Yangyi Lin. Data analysis and interpre-
tation: Ruilin Quan, Xiaoxi Chen, and Guangliang Shan.
Drafting the article: Ruilin Quan. Revising the article:
Ruilin Quan, Xiaoxi Chen, Qing Gu, and Jianguo He. All
authors read and approved the final manuscript.

ACKNOWLEDGMENT
The authors thank all the study individuals for their
participation and thank all the staff members for their
contributions to data collection, data entry, and monitor-
ing as part of this study. The study was supported by the
National Key Research and Development Program of
China (No. 2016YFC1304400), the China Key Research
Projects of the 11th National Five‐Year Development
Plan (project number: 2006BAI01A07), and the China
Key Research Projects of the 12th National Five‐Year
Development Plan (No. 2011BA11B17).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ETHICS STATEMENT
The study protocol, which was approved by the Institu-
tional Review Board (IRB) of Fuwai Hospital (Approval

No. 2009‐208). Written informed consent was obtained
from all enrolled patients.

ORCID
Ruilin Quan https://orcid.org/0000-0001-5194-0420
Tao Yang http://orcid.org/0000-0002-5627-2457
Yangyi Lin http://orcid.org/0000-0002-9096-5070

REFERENCES
1. Humbert M, Guignabert C, Bonnet S, Dorfmüller P,

Klinger JR, Nicolls MR, Olschewski AJ, Pullamsetti SS,
Schermuly RT, Stenmark KR, Rabinovitch M. Pathology
and pathobiology of pulmonary hypertension: state of the
art and research perspectives. Eur Respir J. 2019;53(1):
1801887.

2. Galie N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki A,
Simonneau G, Peacock A, Noordegraaf, AV, Beghetti M,
Ghofrani A, Sanchez MAG, Hansmann G, Klepetko W,
Lancellotti P, Matucci M, McDonagh T, Pierard LA,
Trindade PT, Zompatori M, Hoeper M, ESC Scientific
Document Group. 2015 ESC/ERS guidelines for the diagnosis
and treatment of pulmonary hypertension: the joint task force
for the diagnosis and treatment of pulmonary hypertension of
the European Society of Cardiology (ESC) and the European
Respiratory Society (ERS): endorsed by: Association for
European paediatric and congenital cardiology (AEPC), the
international society for heart and lung transplantation
(ISHLT). Eur Heart J. 2016;37:67–119.

3. Humbert M, Kovacs G, Hoeper MM, Badagliacca R,
Berger RMF, Brida M, Carlsen J, Coats AJS, Escribano‐Subias
P, Ferrari P, Ferreira DS, Ghofrani HA, Giannakoulas G,
Kiely DG, Mayer E, Meszaros G, Nagavci B, Olsson KM, Pepke‐
Zaba J, Quint JK, Rådegran G, Simonneau G, Sitbon O,
Tonia T, Toshner M, Vachiery JL, Noordegraaf AV, Delcroix M,
Rosenkranz S, Rosenkranz, ESC/ERS Scientific Document
Group. 2022 ESC/ERS guidelines for the diagnosis and
treatment of pulmonary hypertension. Eur Respir J. 2022;43:
3618–731.

4. Galiè N, Channick RN, Frantz RP, Grünig E, Jing ZC,
Moiseeva O, Preston IR, Pulido T, Safdar Z, Tamura Y,
McLaughlin VV. Risk stratification and medical therapy of
pulmonary arterial hypertension. Eur Respir J. 2019;53(1):
1801889.

5. Benza RL, Kanwar MK, Raina A, Scott JV, Zhao CL, Selej M,
Elliott CG, Farber HW. Development and validation of an
abridged version of the reveal 2.0 risk score calculator, reveal
lite 2, for use in patients with pulmonary arterial hyper-
tension. Chest. 2021;159:337–46.

6. Benza RL, Gomberg‐Maitland M, Elliott CG, Farber HW,
Foreman AJ, Frost AE, McGoon MD, Pasta DJ, Selej M,
Burger CD, Frantz RP. Predicting survival in patients with
pulmonary arterial hypertension. Chest. 2019;156:323–37.

7. Kylhammar D, Kjellström B, Hjalmarsson C, Jansson K,
Nisell M, Söderberg S, Wikström G, Rådegran G. A
comprehensive risk stratification at early follow‐up deter-
mines prognosis in pulmonary arterial hypertension. Eur
Heart J. 2018;39:4175–81.

PULMONARY CIRCULATION | 13 of 15

https://orcid.org/0000-0001-5194-0420
http://orcid.org/0000-0002-5627-2457
http://orcid.org/0000-0002-9096-5070


8. Hoeper MM, Kramer T, Pan Z, Eichstaedt CA, Spiesshoefer J,
Benjamin N, Olsson KM, Meyer K, Vizza CD, Vonk‐
Noordegraaf A, Distler O, Opitz C, Gibbs JSR, Delcroix M,
Ghofrani HA, Huscher D, Pittrow D, Rosenkranz S, Grünig E.
Mortality in pulmonary arterial hypertension: prediction by
the 2015 European pulmonary hypertension guidelines risk
stratification model. Eur Respir J. 2017;50(2):1700740.

9. Boucly A, Weatherald J, Savale L, Jaïs X, Cottin V, Prevot G,
Picard F, de Groote P, Jevnikar M, Bergot E, Chaouat A,
Chabanne C, Bourdin A, Parent F, Montani D, Simonneau G,
Humbert M, Sitbon O. Risk assessment, prognosis and
guideline implementation in pulmonary arterial hypertension.
Eur Respir J. 2017;50(2):1700889.

10. Hoeper MM, Pausch C, Olsson KM, Huscher D, Pittrow D,
Grünig E, Staehler G, Vizza CD, Gall H, Distler O, Opitz C,
Gibbs JSR, Delcroix M, Ghofrani HA, Park DH, Ewert R,
Kaemmerer H, Kabitz HJ, Skowasch D, Behr J, Milger K,
Halank M, Wilkens H, Seyfarth HJ, Held M, Dumitrescu D,
Tsangaris I, Vonk‐Noordegraaf A, Ulrich S, Klose H,
Claussen M, Lange TJ, Rosenkranz S. COMPERA 2.0: a
refined four‐stratum risk assessment model for pulmonary
arterial hypertension. Eur Respir J. 2021;60:2102311. https://
doi.org/10.1183/13993003.02311-2021

11. Boucly A, Weatherald J, Savale L, de Groote P, Cottin V,
Prévot G, Chaouat A, Picard F, Horeau‐Langlard D, Bourdin A,
Jutant EM, Beurnier A, Jevnikar M, Jaïs X, Simonneau G,
Montani D, Sitbon O, Humbert M. External validation of a
refined four‐stratum risk assessment score from the French
pulmonary hypertension registry. Eur Respir J. 2021;59:
2102419. https://doi.org/10.1183/13993003.02419-2021

12. Wensel R, Francis DP, Meyer FJ, Opitz CF, Bruch L,
Halank M, Winkler J, Seyfarth HJ, Gläser S, Blumberg F,
Obst A, Dandel M, Hetzer R, Ewert R. Incremental prognostic
value of cardiopulmonary exercise testing and resting
haemodynamics in pulmonary arterial hypertension. Int
J Cardiol. 2013;167:1193–98.

13. Wensel R, Opitz CF, Anker SD, Winkler J, Höffken G,
Kleber FX, Sharma R, Hummel M, Hetzer R, Ewert R.
Assessment of survival in patients with primary pulmonary
hypertension: importance of cardiopulmonary exercise testing.
Circulation. 2002;106:319–24.

14. Sayegh ALC, Silva BM, Ferreira EVM, Ramos RP, Fisher JP,
Nery LE, Ota‐Arakaki JS, Oliveira R. Clinical utility of
ventilatory and gas exchange evaluation during low‐intensity
exercise for risk stratification and prognostication in pulmo-
nary arterial hypertension. Respirology. 2021;26:264–72.

15. Badagliacca R, Papa S, Valli G, Pezzuto B, Poscia R, Manzi G,
Giannetta E, Sciomer S, Palange P, Naeije R, Fedele F,
Vizza CD. Echocardiography combined with cardiopulmonary
exercise testing for the prediction of outcome in idiopathic
pulmonary arterial hypertension. Chest. 2016;150:1313–22.
https://doi.org/10.1016/j.chest.2016.07.036

16. Badagliacca R, Rischard F, Giudice FL, Howard L, Papa S,
Valli G, Manzi G, Sciomer S, Palange P, Garcia JGN,
Vanderpool R, Rinaldo R, Vigo B, Insel M, Fedele F,
Vizza CD. Incremental value of cardiopulmonary exercise
testing in intermediate‐risk pulmonary arterial hypertension.
J Heart Lung Transplant. 2022;41:780–90. https://doi.org/10.
1016/j.healun.2022.02.021

17. Wright LM, Dwyer N, Celermajer D, Kritharides L,
Marwick TH. Follow‐up of pulmonary hypertension with
echocardiography. JACC Cardiovasc Imaging. 2016;9:733–46.

18. Tello K, Wan J, Dalmer A, Vanderpool R, Ghofrani HA,
Naeije R, Roller F, Mohajerani E, Seeger W, Herberg U,
Sommer N, Gall H, Richter MJ. Validation of the tricuspid
annular plane systolic excursion/systolic pulmonary artery
pressure ratio for the assessment of right ventricular‐arterial
coupling in severe pulmonary hypertension. Circ Cardiovasc
Imaging. 2019;12:e009047.

19. Tello K, Axmann J, Ghofrani HA, Naeije R, Narcin N, Rieth A,
Seeger W, Gall H, Richter MJ. Relevance of the TAPSE/PASP
ratio in pulmonary arterial hypertension. Int J Cardiol.
2018;266:229–35.

20. Shelburne NJ, Parikh KS, Chiswell K, Shaw LK, Sivak J,
Arges K, Tomfohr J, Velazquez EJ, Kisslo J, Samad Z,
Rajagopal S. Echocardiographic assessment of right ventricu-
lar function and response to therapy in pulmonary arterial
hypertension. Am J Cardiol. 2019;124:1298–304.

21. Guo X, Lai J, Wang H, Tian Z, Wang Q, Zhao J, Li M, Fang Q,
Fang L, Liu Y, Zeng X. Predictive value of non‐invasive right
ventricle to pulmonary circulation coupling in systemic lupus
erythematosus patients with pulmonary arterial hypertension.
Eur Heart J Cardiovasc Imaging. 2021;22:111–8.

22. Galiè N, Hoeper MM, Humbert M, Torbicki A, Vachiery JL,
Barbera JA, Beghetti M, Corris P, Gaine S, Gibbs JS, Gomez‐
Sanchez MA, Jondeau G, Klepetko W, Opitz C, Peacock A,
Rubin L, Zellweger M, Simonneau G, ESC Committee for
Practice Guidelines (CPG). Guidelines for the diagnosis and
treatment of pulmonary hypertension: the Task Force for the
Diagnosis and Treatment of Pulmonary Hypertension of the
European Society of Cardiology (ESC) and the European
Respiratory Society (ERS), endorsed by the International
Society of Heart and Lung Transplantation (ISHLT). Eur
Heart J. 2009;30:2493–537.

23. Quan R, Zhang G, Yu Z, Zhang C, Yang Z, Tian H, Yang Y,
Wu W, Chen Y, Liu Y, Zhu X, Li S, Shen J, Zheng Z, Zhu X,
Wang G, Wang Q, Zhou D, Ji Y, Yang T, Li W, Chen X,
Qian Y, Lin Y, Gu Q, Xiong C, Shan G, He J. Characteristics,
goal‐oriented treatments and survival of pulmonary arterial
hypertension in China: insights from a national multicentre
prospective registry. Respirology. 2022;27(7):517–28.

24. Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD,
Chandrasekaran K, Solomon SD, Louie EK, Schiller NB.
Guidelines for the echocardiographic assessment of the right
heart in adults: a report from the American society of
echocardiography endorsed by the European association of
echocardiography, a registered branch of the European Society
of Cardiology, and the Canadian society of echocardiography.
J Am Soc Echocardiogr. 2010;23:685–713.

25. Lang RM, Badano LP, Mor‐Avi V, Afilalo J, Armstrong A,
Ernande L, Flachskampf FA, Foster E, Goldstein SA,
Kuznetsova T, Lancellotti P, Muraru D, Picard MH,
Rietzschel ER, Rudski L, Spencer KT, Tsang W, Voigt JU.
Recommendations for cardiac chamber quantification by
echocardiography in adults: an update from the American
society of echocardiography and the European association
of cardiovascular imaging. J Am Soc Echocardiogr. 2015;28:
1–39.

14 of 15 | QUAN ET AL.

https://doi.org/10.1183/13993003.02311-2021
https://doi.org/10.1183/13993003.02311-2021
https://doi.org/10.1183/13993003.02419-2021
https://doi.org/10.1016/j.chest.2016.07.036
https://doi.org/10.1016/j.healun.2022.02.021
https://doi.org/10.1016/j.healun.2022.02.021


26. Luo Q, Yu X, Zhao Z, Zhao Q, Ma X, Jin Q, Yan L, Zhang Y,
Liu Z. The value of cardiopulmonary exercise testing in the
diagnosis of pulmonary hypertension. J Thorac Dis. 2021;13:
178–88.

27. Wasserman KHJ, Stringer W, Sue DY, Stringer WW,
Sietsema KE, Sun X‐G, Whipp BJ. Principles of exercise
testing and interpretation. 4th ed. Philadelphia: Lippincott
Williams and Wilkins; 2004.

28. Arena R, Lavie CJ, Milani RV, Myers J, Guazzi M. Cardio-
pulmonary exercise testing in patients with pulmonary arterial
hypertension: an evidence‐based review. J Heart Lung
Transplant. 2010;29:159–73.

29. Weatherald J, Farina S, Bruno N, Laveneziana P. Cardio-
pulmonary exercise testing in pulmonary hypertension. Ann
Am Thorac Soc. 2017;14:S84–92.

30. Riley RD, Ensor J, Snell KIE, Harrell FE Jr, Martin GP,
Reitsma JB, Moons KGM, Collins G, van Smeden M.
Calculating the sample size required for developing a clinical
prediction model. BMJ. 2020;368:m441.

31. Riley RD, Snell KI, Ensor J, Burke DL, Harrell FE Jr,
Moons KG, Collins GS. Minimum sample size for developing a
multivariable prediction model: PART II ‐ binary and time‐to‐
event outcomes. Stat Med. 2019;38:1276–96.

32. Hasan B, Hansmann G, Budts W, Heath A, Hoodbhoy Z,
Jing ZC, Koestenberger M, Meinel K, Mocumbi AO,
Radchenko GD, Sallmon H, Sliwa K, Kumar RK. Challenges
and special aspects of pulmonary hypertension in middle‐ to
low‐income regions. J Am Coll Cardiol. 2020;75:2463–77.

33. Vonk Noordegraaf A, Chin KM, Haddad F, Hassoun PM,
Hemnes AR, Hopkins SR, Kawut SM, Langleben D, Lumens J,

Naeije R. Pathophysiology of the right ventricle and of the
pulmonary circulation in pulmonary hypertension: an update.
Eur Respir J. 2019;53(1):1801900.

34. Guazzi M, Dixon D, Labate V, Beussink‐Nelson L, Bandera F,
Cuttica MJ, Shah SJ. RV contractile function and its coupling
to pulmonary circulation in heart failure with preserved
ejection fraction. JACC Cardiovasc Imaging. 2017;10:1211–21.

35. Tello K, Ghofrani HA, Heinze C, Krueger K, Naeije R,
Raubach C, Seeger W, Sommer N, Gall H, Richter MJ. A
simple echocardiographic estimate of right ventricular‐
arterial coupling to assess severity and outcome in pulmo-
nary hypertension on chronic lung disease. Eur Respir J.
2019;54(3):1802435.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Quan R, Chen X, Yang
T, Li W, Qian Y, Lin Y, Xiong C, Shan G, Gu Q,
He J. Incorporation of noninvasive assessments
in risk prediction for pulmonary arterial
hypertension. Pulm Circ. 2022;e12158.
https://doi.org/10.1002/pul2.12158

PULMONARY CIRCULATION | 15 of 15

https://doi.org/10.1002/pul2.12158



