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Abstract

To explore the value of right ventricular (RV) parameters detected by three-dimensional echocardiography (3DE) in risk
stratification in pulmonary arterial hypertension (PAH) patients. We prospectively recruited 130 pulmonary hypertension
patients from National Center for Cardiovascular Diseases, Fuwai Hospital. Each participant was performed a transtho-
racic echocardiography and 3DE parameters were measured using an off-line software (4D RV Function 2.0, TomTec).
Patients were classified into low, intermediate-high risk group based on 2015 ESC Guidelines. A total of 91 PAH patients
(34 + 12 years old, 25 males) were enrolled, among which, 42 were classified into low risk group, while 49 were interme-
diate-high risk group. Compared with low-risk patients, those with intermediate-high risk had significantly larger 3DE-RV
volumes, worse ejection fraction (EF) and tricuspid annular plane systolic excursion, and decreased longitudinal strain
(LS). Receive operating characteristic curves illustrated all the 3DE parameters were able to predict intermediate-high risk
stratification, especially 3D-RVEEF (area under curve, 0.82, 95% CI 0.73-0.91, P <0.001). And 3D-RVEF <26.39% had a
81.6% sensibility and 73.8% specificity to predict intermediate-high risk stratification. Univariate and multivariate Logistic
regression analyses identified 3D-RV end-diastolic (OR 1.02, 95% CI 1.01-1.03, P=0.002) and end-systolic (OR 1.03, 95%
CI 1.01-1.04, P<0.001) volumes, 3D-RVEF (OR 0.82, 95% CI 0.75-0.90, P <0.001) and LS of free wall (OR 1.17, 95%
CI 1.05-1.31, P=0.005) as independent predictors of intermediate-high risk stratification. In conclusion, RV volumes, EF
and free wall strain detected by 3DE were independent predictors of intermediate-high risk stratification in PAH patients,
among which, RVEF showed the best predictive capacity.
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function - Disease severity

Introduction

Pulmonary hypertension (PH) describes a group of disease
characterized as an increased pressure of pulmonary circula-
tion, and they often have poor prognosis because the volume
and pressure overload inevitably result in right heart dys-
function [1]. According to 2015 European Society of Car-
diology (ESC) Guidelines for the diagnosis and treatment of
pulmonary hypertension, pulmonary arterial hypertension
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(PAH) is a subgroup of PH sharing similar hemodynamic
characteristics [2]. Comprehensive risk stratification is rec-
ommended to evaluate disease severity at baseline and each
follow-up, through which, PAH patients are divided into low,
intermediate and high risk, corresponding to an estimated
1-year mortality of <5%, 5-10%, > 10%, respectively. Based
on the risk assessment, we consider low risk as therapeutic
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goal. However, the recommended risk stratification shares
some deficits, it includes indices of symptoms, clinical signs,
exercise capacity, imaging and haemodynamics, which are
complex and some of them are obtained from invasive exam-
ination, such as right heart catheterization (RHC). There-
fore, further investigation is still needed to explore simple
and convenient ways to evaluate disease severity of PAH
patients.

As arecent developed technique, three-dimensional echo-
cardiography (3DE) is able to determine cardiac chamber
anatomy and function rapidly and accurately, independent
of angle and without making geometric assumption [3, 4].
Right ventricular (RV) volumes and ejection fraction (EF)
detected by 3DE have been reported to be associated with
clinical indices, such as WHO functional class (WHO-FC)
[5], hemodynamic status [6] and clinical outcomes [7-9] in
PH patients. Consider that most of these clinical indices are
included in the comprehensive risk stratification, we hypoth-
esized that 3DE parameters approaching RV function maybe
associated with risk stratification in PAH patients. Accord-
ingly, we aimed to explore the value of 3DE RV parameters
in risk stratification based on 2015 ESC Guidelines in PAH
patients.

Methods
Study population

From March 2017 to May 2018, we prospectively recruited
130 PH patients from National Center for Cardiovascular
Diseases, Fuwai Hospital. The exclusion criteria included
intra-cardiac shunts, arrhythmia, acute heart failure, renal or
hepatic failure, and under these conditions, 5 patients were
excluded. Moreover, 12 patients were excluded due to poor
image quality, and 22 patients diagnosed as chronic throm-
boembolic PH (CTEPH) or PH due to hypoxia were also
excluded. Finally, 91 patients diagnosed as PAH by RHC
were recruited in our study (Fig. 1).

Written informed consents were obtained from all the
participants or their legal representatives. The present study
was approved by the Ethics Committee of Fuwai Hospital
(No. 2018-1063). All procedures performed in our study
involving human participants were in accordance with the
1964 Helsinki declaration and its later amendments.

Acquisition and analysis of three-dimensional
echocardiography

Every participant recruited in the present study was per-
formed a transthoracic echocardiography. At least three
cine-loops of 3DE images were acquired from the apical
RV-focused four-chamber view, using a Vivid S6 equipment
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Fig. 1 Recruitment and distribution of the study population. PH pul-
monary hypertension, PAH pulmonary arterial hypertension, CTEPH
chronic thromboembolic PH

(GE Medical Systems). We used the off-line software (4D
RV Function 2.0, TomTec Imaging Systems GmbH, Ger-
many) to analyze 3DE parameters. As showed in Fig. 2,
three orthogonal planes and various landmarks were
selected to define the end-diastolic and end-systolic frames.
On the basis of the initial view adjustment, the program
automatically supplied four-chamber, sagittal, and coronal
RV views. RV end-diastolic volume (EDV), end-systolic
volume (ESV), RVEF, RV longitudinal strain (RVLS) of
septum (S) and free wall (FW) and tricuspid annular plane
systolic excursion (TAPSE) were automatically generated
by the software. All the measurements were performed by
a trained technician blinded to clinical data, according to
the guidelines of the American Association of Echocardi-
ography [10]. Inter-operator variability was assessed in a
randomly selected group of 15 PAH patients, respectively.

Clinical data

Clinical data were obtained by reviewing medical records.
Demographic characteristics (age, gender and body mass
index, BMI, calculated as weight/height?), N-terminal pro-
brain natriuretic peptide (NT-proBNP) levels, WHO-FC,
6-min walk distance (6MWD), peak oxygen consump-
tion (PVO,) detected by cardiopulmonary exercise testing
(CPET), as well as targeted drugs were obtained from all
participants. In addition, hemodynamic parameters includ-
ing right atrial pressure (RAP), mean pulmonary arterial
pressure (mPAP), pulmonary artery wedge pressure (PAWP)
and mixed venous oxygen saturation (SvO,) were recorded
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Fig.2 End-systolic verification and editing of endocardial RV bor-
ders using TomTec 4D RV function 2.0. RV right ventricular, EDV
end-diastolic volume, ESV end-systolic volume, EF ejection frac-

during RHC. Cardiac output (CO) was measured by the ther-
modilution method and body surface area (BSA) was calcu-
lated according to the DuBois formula; Cardiac index (Ci)
was calculated as CO/BSA. Pulmonary vascular resistance
(PVR) was calculated as (mPAP-PAWP)/CO. The intervals
between 3DE and RHC were less than 24 h in 77 out of 91
participants. For other 14 patients, the RHC were not per-
formed simultaneously with 3DE, therefore, their hemody-
namic indices were not used for analysis in the present study.

Risk stratification

Patients were classified into low, intermediate and high
risk group based on 2015 ESC Guidelines [2] and other
two previous reports [11, 12]. WHO-FC, NT-pro BNP,
exercise capacity (6MWD or PVO2) and hemodynamic
parameters detected by RHC (RAP, Ci, SvO2) were used
to assess risk stratification, as described in Table 1. Each
variable was scored from 1 to 3, corresponding to low risk,
intermediate risk and high risk, respectively. We divided
the sum of all scores by the number of available variables
for each patient, and the mean grade was rounded off to
the nearest integer, which was used to define the patient’s
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tion, LS longitudinal strain, S septum, FW free wall, TAPSE tricuspid
annular plane systolic excursion

risk group [12]. We classified patients into low and inter-
mediate-high risk groups for analysis in the present study.

Statistical analysis

Continuous variables were described as mean + standard
deviation (SD) and compared using two-tailed ¢ tests if
they were normally distributed, while those with skewed
distribution were described as median (interquartile range,
IQR) and compared using Mann—Whitney U tests; cat-
egorical data were expressed as counts and percentages,
and compared using Chi-squared tests. Additionally,
receive operating characteristic (ROC) curves were used to
investigate and compare the predictive capability of 3DE
parameters for the detection of intermediate-high risk.
Finally, univariate and multivariate Logistic regression
analyses were performed to further identify independent
variables associated with the intermediate-high risk strati-
fication, and the results were expressed as odd ratio (OR)
and 95% confidence interval (CI). Intra-class Correlation
Coefficient (ICC) was used to assess inter-observer vari-
ability of 3DE measurements.

@ Springer



580

The International Journal of Cardiovascular Imaging (2020) 36:577-584

Table 1 Included variables from the risk assessment instrument from
the ESC/ERS 2015 guidelines for the diagnosis and treatment of pul-
monary hypertension and their cut-off values

Variables Low risk Intermediate High risk
risk
WHO-FC LI 111 v
NT-proBNP <300 ng/L 300-1400 ng/L > 1400 ng/L
levels
Exercise capacity (6MWD or PVO,)
6MWD >440 m 165-440 m <165 m
PVO, >15 ml/min/kg 11-15 ml/min/ <11 ml/min/kg
kg
Haemodynamics
RAP <8 mmHg 8-14 mmHg >14 mmHg
CI >2.5 L/min/m* 2.0-2.4 L/min/  <2.0 L/min/m’
m2
SvO, >65% 60-65% <60%

Adopted from the risk assessment instrument from the 2015 ESC/
ERS guidelines for the diagnosis and treatment of PH. Reaching a
low-risk profile is recommended to be a treatment goal.

6MWD 6-min walking distance, PVO, peak oxygen consumption, C/
cardiac index, NT-proBNP N-terminal prohormone of brain natriu-
retic peptide, RA right atrium, RAP right atrial pressure, SvO, mixed
venous oxygen saturation, WHO-FC World Health Organization func-
tional class

P <0.05 was considered as statistically significant. SPSS
software (version 19.0, IBM) and GraphPad Prim software
(version 6.01) were used for analysis.

Results

As showed in Table 2, a total of 91 PAH patients
(34 + 12 years old, 25 males) were finally enrolled in our
study. Approximately 98% of the patients shared WHO-FCI-
III. Additionally, hemodynamic characteristics detected by
RHC were available in 77 patients, and exercise capacity
parameters were available in 81 patients. All participants
received treatments as 2015ESC Guidelines recommended,
and 74 (81.3%) of them took phosphodiesterase-5 inhibitors.

Based on the risk stratification mentioned above, 42
PAH patients were classified into low risk group, while
49 were into intermediate-high risk group. Table 3
described the demographics and 3DE characteristics
of PAH patients in different risk groups. There were
no significant differences in demographic characteris-
tics between two risk groups. Compared with patients
from low risk group, those from intermediate-high
risk group shared significantly larger RV end-diastolic
[117.6 ml (89.0, 136.5) ml vs 155.7 ml (108.5, 186.1)
ml, P < 0.001] and end-systolic [85.3 ml (59.5, 94.2)
ml vs 119.0 ml (80.1, 150.9) ml, P < 0.001] volumes,
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Table 2 Clinical characteristics of the 91 patients with pulmonary
arterial hypertension

3DE RV characteristics

Variables PAH patients
Age (years) 34+ 12
Gender (male) 25 (27.5%)
BMI (kg/m?) 22.11 + 4.00
WHO-FC
I-1I 42 (46.2%)
1 47 (51.6%)
v 2 (2.2%)
NT-proBNP (pg/ml) 956.90 (324.20, 2511.00)
Hemodynamics (n = 77)
RAP (mmHg) 427
mPAP (mmHg) 56 + 14
CI (L/min/m?) 2.92 (2.35,3.46)
PAWP (mmHg) 7+3
PVR (dyn s cm™) 846.56 (614.42, 1176.61)
SvO, (%) 69.51 +6.24
Exercise capacity
PVO, (ml/min/kg) (n = 75) 13.48 +3.54
6MWD (m) (n = 81) 412 + 103
Treatments
PDE-5i 74 (81.3%)
ERA 50 (54.9%)
PGI 13 (14.3%)
CCB 5(5.5%)

EDV (ml) 129.55 (98.33, 170.35)
ESV (ml) 93.05 (70.73, 132.68)

EF (%) 26.04 + 7.47

RVLS(S) (%) —6.20 (- 8.59, — 4.85)
RVLS(FW) (%) —10.28 (- 14.30, — 7.57)
TAPSE (mm) 11.3 (8.68, 14.03)

Continuous variables were described as mean + standard deviation if
they were normally distributed, while those with skewed distribution
were described as median (interquartile range); Categorical data were
described as counts (proportions)

PAH pulmonary arterial hypertension, BMI body mass index, WHO-
FC World Health Organization functional class, NT-proBNP N-ter-
minal pro-brain natriuretic peptide, RAP right atrial pressure, mPAP
mean pulmonary arterial pressure, CI cardiac index, PAWP pulmo-
nary artery wedge pressure, PVR pulmonary vascular resistance,
Sv0O, mixed venous oxygen saturation, PVO, peak oxygen consump-
tion, 6MWD 6-min walking distance, PDE-5i phosphodiesterase-5
inhibitors, ERA endothelin-receptor antagonist, PGI prostacyclin,
CCB calcium channel blockers, RV right ventricular, 3DE three-
dimensional echocardiography, EDV end diastolic volume, ESV end
systolic volume, EF ejection fraction, LS longitudinal strain, S inter-
ventricular septum, F'W free wall, TAPSE tricuspid annular plane sys-
tolic excursion

worse EF (30.35 £ 6.78% vs 22.45 + 6.01, P < 0.001),
decreased longitudinal strain either in septum [— 6.91%
(—8.97, —5.56)% vs —5.87% (—6.94, —4.50)%, P=0.03]
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Table 3 Demographic and .3DE Variables Low risk Intermediate-high risk P value
characteristics for PAH patients N=42 N=49
in different risk groups
Age (years) 3613 33+11 0.28
Gender (male) 9 (21.4%) 16 (32.7%) 0.23
BMI (kg/m?) 22.13 (19.32, 24.29) 21.76 (19.53, 24.79) 0.63
3DE RV characteristics
EDV (ml) 117.6 (89.0, 136.5) 155.7 (108.5, 186.1) <0.001%*
ESV (ml) 85.3(59.5,94.2) 119.0 (80.1, 150.9) <0.001%*
EF (%) 30.35+6.78 22.45+6.01 <0.001%*
RVLS(S) (%) -6.91 (—8.97, —5.56) —5.87 (—6.94, —4.50) 0.03*
RVLS(FW) (%) —12.67 (- 15.78, —9.56) -9.2(-11.22,-6.43) <0.001°*
TAPSE (mm) 11.8 (9.5, 14.6) 10.3 (6.9, 12.8) 0.05%

Continuous variables were described as mean =+ standard deviation and compared using two-tailed ¢ tests if
they were normally distributed, while those with skewed distribution were described as median (interquar-
tile range), and compared using Mann—Whitney U tests; Categorical data were described as counts (propor-
tions), and compared using Chi-squared tests

PAH pulmonary arterial hypertension, BMI body mass index, RV right ventricular, 3DE three-dimensional
echocardiography, EDV end diastolic volume, ESV end systolic volume, EF ejection fraction, LS longitudi-
nal strain, S interventricular septum, FW free wall, TAPSE tricuspid annular plane systolic excursion

*P <0.05 was level of significance

or in free wall [—12.67% (— 15.78, —9.56)% vs —9.2%
(—11.22, —6.43)%, P <0.001], and its TAPSE tended to
be worse [11.8 mm (9.5, 14.6) mm vs 10.3 mm (6.9, 12.8)
mm, P=0.05].

ROC curves (Fig. 3) illustrated that all the six 3DE
parameters had the potential to predict intermediate-
high risk stratification, especially the 3DE-RVEF (area
under curve, AUC 0.82, 95% CI 0.73-0.91, P <0.001),
which showed the best predictive capacity. To be specific,
EF <26.39% had a 81.6% sensibility and 73.8% specificity
to predict intermediate-high risk stratification.

Table 4 showed the results of univariate and multi-
variate Logistic regression analyses for risk stratification.
3D-RV-EDV (OR 1.02, 95% CI 1.01-1.03, P=0.002),
3D-RV-ESV (OR 1.03,95% CI 1.01-1.04, P<0.001) and
3D-RVEF (OR 0.82, 95% CI 0.75-0.90, P <0.001) were
identified as independent predictors of intermediate-high
risk stratification in PAH patients. After adjusted by age,
gender and BMI, they still had the capacity to predict risk
stratification independently. However, the predictive value
of 3D-TAPSE (OR 1.00, 95% CI 0.95-1.05, P=0.90) was
not observed in our study, even after adjusted by age, gen-
der, and BMI. With respect to strain analysis, LS(FW) (OR
1.17, 95% CI 1.05-1.31, P=0.005) had the potential to
predict intermediate-high risk stratification, while LS(S)
(OR 1.05,95% CI 0.94-1.18, P=0.39) did not; the results
remained the same after adjustment.

ICC for inter-observer variability were 0.88 (95% CI
0.70-0.94) for 3DE-RV-EDV, 0.91 (95% CI 0.74-0.97) for
3DE-RV-ESV, 0.91 (95% CI 0.75-0.97) for 3DE-RVEEF,
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o 95%Cl,0.73-0.91;P<0.001
n 404 ESV, AUC=0.77
95%Cl,0.67-0.86;P<0.001
EDV, AUC=0.71
959%CI,0.61-0.82;P<0.001
20 LS(FW), AUC=0.74
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Fig.3 Receiver operating characteristics curves and area under
curves of 3DE-RV indices for prediction of intermediate-high risk
stratification in PAH patients. PAH pulmonary arterial hypertension,
RV right ventricular, EDV end-diastolic volume, ESV end-systolic
volume, EF ejection fraction, LS longitudinal strain, S septum, FW
free wall, TAPSE tricuspid annular plane systolic excursion, AUC
area under curves

0.72 (95% CI 0.55-0.94) for 3DE-RVLS(S), 0.70 (95% CI
0.52-0.92) for 3DE-RVLS(FW), 0.71 (95% CI 0.50-0.95)
for 3DE-TAPSE, respectively.
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Table 4 Univariate and

S o . Variables Univariate Multivariate
multivariate logistic regression
analyses for risk stratification OR 95% CI P value OR 95% CI P value
in 91 patients with pulmonary
arterial hypertension Age (year) 0.98 0.95-1.02 0.28
Gender (M) 1.78 0.69-4.59 0.23
BMI (kg/m?) 0.96 0.85-1.07 0.44
3DE RV characteristics
EDV (ml) 1.02 1.01-1.03 0.002* 1.02 1.01-1.03 0.002*
ESV (ml) 1.03 1.01-1.04 <0.001* 1.03 1.02-1.05 <0.001*
EF (%) 0.82 0.75-0.90 <0.001* 0.81 0.74-0.89 <0.001*
RVLS(S) (%) 1.05 0.94-1.18 0.39 1.04 0.92-1.17 0.52
RVLS(FW) (%) 1.17 1.05-1.31 0.005* 1.21 1.07-1.36 0.003*
TAPSE (mm) 1.00 0.95-1.05 0.90 0.99 0.94-1.04 0.62

CI confidence interval, OR odd ratio, BMI body mass index, RV right ventricular, 3DE three-dimensional
echocardiography, EDV end diastolic volume, ESV end systolic volume, EF ejection fraction, LS longitudi-
nal strain, S interventricular septum, FW free wall, TAPSE tricuspid annular plane systolic excursion

*P <0.05 was level of significance

Discussion

Several researches have focused on the value of 3DE in PH
patients previously, however, to the best of our knowledge,
this is the first time to investigate the value of 3DE param-
eters for predicting the comprehensive risk stratification in
PAH patients. We found that RV volumes, EF and free wall
strain detected by 3DE had the potential to independently
predict intermediate-high risk stratification in PAH patients,
and the predictive capacity retained after adjusted by demo-
graphic data. However, the predictive value of 3DE detected
TAPSE and septum strain were not observed in our study.

The current risk assessment strategy is recommended by
2015 ESC Guidelines [2]. The most obvious problem is its
complexity, it includes indices of symptoms, clinical signs,
exercise capacity, imaging and haemodynamics. The symp-
toms and WHO-FC have certain subjectivity; both 6\ WMT
and CPET have some contraindications, such as leg disease,
or intolerance in critically ill patients; moreover, haemody-
namics detected by RHC is an invasive examanition which
may expose patients to operational risks. Hence, we have
dedicated to explore easier and safer ways to evaluate dis-
ease severity in PH patients. We previously illustrated that
2DE-RV global strain and strain rate had predictive capac-
ity for high risk assessed using PVO, in pre-capillary PH
patients [13]. In the present study, we focused on the 3DE
RV parameters, and found their predictive capacity for inter-
mediate-high risk stratification in PAH patients.

It is well established that RV remodeling due to pressure
and volume overload includes RV dilatation and hypertrophy
[14], which subsequently result in RV failure. Ultimately,
RV failure is the primary cause of death in PAH patients
[15]. RVEF is one of the most important indices to evaluate
RV function, but it is very difficult to measure by traditional
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two-dimensional echocardiography (2DE). A previous study
reported that 3DE-RVEF moderately correlated (Pearson
correlation coefficient ranged from —0.51 to —0.64) with
hemodynamic indices detected by RHC, moreover, com-
pared with other 3DE parameters, 3D-RVEF had the high-
est area under the curve (0.89, P <0.05) in detecting hemo-
dynamic signs of RV failure (a composite of Ci <2 L/min/
m? and RA P> 15 mmHg) [16]. Another study suggested
that RVEF measured by cardiac magnetic resonance imag-
ing (CMRI) was a better predictor of mortality than PVR
(area under the ROC curve: 0.749 vs 0.628) [15]. Similar
results were reported by Murata, in whose study, receiver
operating characteristic analysis revealed that 3DE-RVEF
had a greater AUC (0.78) than other hemodynamic measure-
ments, such as mPAP, in predicting cardiac events including
death, hospitalization, and intervention [17]. In the present
study, we first illustrated that 3DE-RVEF had predictive
value in detecting intermediate-high risk stratification in
PAH patients (OR 1.02,95% CI 1.01-1.03, P=0.002). Fur-
thermore, 3DE-RVEF showed the best (AUC=0.82, 95%
CI 0.73-0.91, P<0.001) predictive capacity among all of
the 3DE parameters.

The accurate measurement of RV volumes by 3DE in
PH patients has been validated by CMRI [18, 19], which
was considered as the “gold-standard” technique for quan-
tification of RV volume. A previous study showed that
PH patients with RV mass/volume ratio > 0.46 had more
suitable systolic function and mechanical efficiency than
those with RV mass/volume ratio <0.46, suggesting that
an increased RV volume might be a symptom of malad-
aptation. This is one of the possible explanations for that
the increased RV volume was closely associated with dis-
ease severity in PH patients in our study. In the report by
Keiko Ryo, PH patients were divided into RV adapted,
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adapted-remodeled and adverse-remodeled groups by the
cutoffs of RV-3D-ESV index (ESVi), and Cox proportional
hazards regression analysis identified RV adverse-remodeled
patients (ESVi> 114 mL/m?) as an independent predictor
for clinical outcome (hazard ratio, HR 2.2; 95% CI, 0.91 to
5.39; P=0.04) [8]. Similar results were reported by Pei-Ni
Jone recently [20].

As an angle-independent sensitive measure of global and
regional myocardial contractility, strain analysis has the
advantage of distinguishing true contractility of RV better
than translational motion of tricuspid annulus [21]. With
regard to 3D longitudinal strain, we found that rather than
RVLS(S) (OR 1.05,95% C10.94-1.18, P=0.39) and TAPSE
(OR 1.00, 95% CI 0.95-1.05, P=0.90), 3D-RVLS(FW)
(OR 1.17,95% CI 1.05-1.31, P=0.005) had the potential
to independently predict intermediate-high risk stratification
in PAH patients. Several previous studies focusing on 2DE
RV global or free wall strain supported our results, illus-
trating correlations between RV strain and 6MWD, PVO,,
NT-proBNP, hemodynamic characteristics detected by RHC,
clinical deterioration and mortality in PH patients [13, 22,
23]. Study by Benjamin Smith also showed that 3DE-RVLS
of free wall (HR 7.63,95% CI 1.76 -10.27, P<0.001) was a
significant determinant of all-cause mortality [7].

In clinical practice, as a safe and convenient approach,
3DE may contribute to risk assessment in PAH patients,
which solved the limitations and use difficulties of current
risk assessment strategy recommended by 2015 ESC Guide-
lines [2]. In the future, we are looking forward that 3DE
could be a routine examination to evaluate disease severity
of PH patients in clinical practice, especially for patients
with contraindications to RHC or intolerance to CPET.

Limitations

We acknowledged several limitations of our study. First, as
this is a single center study, a referral bias is difficult to
avoid. However, we shared a relatively larger sample size
among similar studies. Second, for part of the participants,
the hemodynamic parameters were not used for risk strati-
fication because RHC were not performed simultaneously
with 3DE. But this may have little influence on our results
because we used a mean score of available indices for risk
stratification. Additionally, imaging parameters, such as RA
area, were not used in the risk stratification in our study,
because there are limitations to the quantification of RA size
by 2-dimensional echocardiography [10], and the simpli-
fied risk assessment tools without RA area were shown to
have prognostic value [11, 12]. Finally, in the future, it still
needs further investigation to compare the predictive capac-
ity between 2 and 3DE parameters for disease severity in
PH patients.

Conclusions

In conclusion, RV volumes, EF and free wall strain
detected by 3DE were independent predictors for inter-
mediate-high risk stratification in PAH patients, among
which, RVEF showed the best predictive capacity.
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