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Abstract

Aims The Registry to Evaluate Early and Long-Term PAH Disease Management (REVEAL) risk scores differentiate
survivals in patients with pulmonary arterial hypertension (PAH). However, measurements of N-terminal pro B-type
natriuretic peptide (NT-proBNP) in the peripheral blood may not adequately reflect early-stage decompensated heart
failure (HF). Given that right heart catheterization (RHC) can facilitate measurements of intracardiac NT-proBNP, in
this study our aim was to evaluate the predictive role of right ventricular (RV) NT-proBNP measurements in patients
with PAH.
Methods and results We prospectively collected intracardiac blood samples for NT-proBNP measurements from patients
diagnosed with World Health Organization Group I PAH during RHC. Clinical information including the aetiology of PAH
(idiopathic, connective tissue disease, or congenital heart disease) and REVEAL scores were recorded. The primary
endpoint was hospitalization for decompensated HF; median duration of follow-up was 28 months. Among the 62 patients
evaluated, 12 reached the designated endpoint. REVEAL risk scores were higher among patients hospitalized for HF. We
detected no significant differences in plasma NT-proBNP levels in peripheral circulation, in the right atrium, or in
pulmonary arterial blood; however, significantly higher levels of NT-proBNP were detected in the RV in patients diagnosed
with PAH. RV NT-proBNP was a sensitive predictor (cut-off value 1500 pg/mL) of subsequent hospitalization for HF. Our
findings indicate that RV NT-proBNP levels add predictive value to REVEAL scores with respect to future hospitalization
due to HF.
Conclusions Right ventricular NT-proBNP levels combined with REVEAL 2.0 could predict the development of subsequent HF
in patients with PAH and may be a potential biomarker.
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Introduction

Numerous strategies for risk stratification can be used for the
management of patients with pulmonary arterial hyperten-
sion (PAH).1,2 Among them, the Registry to Evaluate Early

and Long-Term PAH Disease Management (REVEAL) risk score
is applied frequently in clinical practice.1 Using parameters in-
cluding the New York Heart Association functional class (NYHA
Fc), the 6 min walk test (6MWT), cardiopulmonary capacity,
echocardiographic and haemodynamic parameters, as well
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as levels of N-terminal pro B-type natriuretic peptide
(NT-proBNP) in peripheral circulation, the REVEAL risk score
is a well-known and reliable marker for patient follow-up
and prognosis of disease.1 As determined by a receiver
operating characteristic (ROC) curve, the REVEAL 2.0 score
demonstrated a greater area under curve (c-statistic 0.76)
than any of the other commonly-used strategies for risk
assessment.1 Also, given the need for timely and regular risk
assessment in PAH, Benza et al. declared a modified REVEAL
Lite 2, which uses only six modifiable and non-invasive
variables.3 Reveal 2.0 is often underutilized due to the need
for heart catheterization unlike REVEAL Lite 2 now derived
and validatedwith all non-invasivemeasures. It could also pro-
vide discrimination between patients at low, intermediate,
and high risk of 1 year mortality. No matter which versions of
risk stratifications, NT-proBNP remains a pivotal biomarker
and has been reported to correlate tightly with exercise
capacity, haemodynamics, right ventricular (RV) function,
and survival in most types of PAH.4–9 Also, when combined
with haemodynamic variations, sequential changes in circulat-
ing BNP levels have been associated with the likelihood of
positive responses to therapy. Nevertheless, measurements
of NT-proBNP, which was mainly secreted from ventricular
cardiomyocytes, in the peripheral blood may not reflect
decompensated heart failure (HF) at its earliest stages with
sufficient sensitivity.4–6 Given that circulating levels of
NT-proBNP are influenced by age, renal function and coexis-
tence of systemic disease, this value may not be an optimal,
timely, or reliable indicator of disease prognosis with respect
to PAH.7–9

Right heart catheterization (RHC) is part of the routine
evaluation for PAH10,11; this procedure facilitates intracardiac
measurements of critical biomarkers, such as NT-proBNP.6,12

Intracardiac NT-proBNP levels have been used to investigate
mechanisms associated with elevated pulmonary vascular re-
sistance (PVR) in patients with left HF secondary to
pre-existing pulmonary hypertension.12 Intracardiac sampling
may facilitate a more precise measurement of NT-proBNP
synthesis and secretion from cardiomyocytes with limited in-
terference from other tissues.12 Although the reproducibility
and comparability of intracardiac BNP has been previously
described, blood samples used for NT-proBNP measurement
in those studies have never been taken directly from the right
ventricle but from the pulmonary artery (PA) and from the
PA-wedge position.4–6 Given that NT-proBNP is mainly
secreted from the cardiomyocytes in ventricles,4–6 we
hypothesized that, among patients undergoing RHC for
evaluation PAH evaluation, the intracardiac measurements
of NT-proBNP may provide an earlier and more reliable pre-
diction of subsequent decompensation due to HF. Here, our
goal was to determine whether the intracardiac evaluation
of NT-proBNP could enhance the sensitivity and specificity
of the REVEAL risk score assessment over that provided by
peripheral circulating levels of this mediator.

Methods

Patients

In this longitudinal prospective study conducted from 2014 to
2019, we enrolled patients with World Health Organization
classified Group I (pre-capillary) PAH including idiopathic
PAH (IPAH), PAH associated with connective tissue disease
(CTD), and PAH secondary to congenital heart disease (CHD).
According to European Society of Cardiology/European Respi-
ratory Society guidelines, the diagnosis is defined by findings
on RHC, including pulmonary arterial pressure ≥ 25 mmHg,
pulmonary capillary wedge pressure (PCWP) ≤ 15 mmHg,
and peripheral vascular resistance (PVR) > 3 Wood units in
the absence of other aetiologies such as primary lung disease
or chronic thromboembolic pulmonary hypertension.11 Pa-
tients who were hospitalized for right HF were defined as
acute RV decompensation and were excluded.

Among the 62 subjects enrolled in this study, 28 were diag-
nosed with IPAH, 21 were diagnosed with CTD, and 13 were
diagnosed with CHD-related PAH. Patients of CHD-related
PAH had received surgical or catheter-based occlusion for
more than 1 year. Each patient provided informed consent.
This study was conducted according to the recommendations
of the 1975 Declaration of Helsinki on Biomedical Research
involving human subjects and was approved by the local
ethics committee (IRB: B-ER-106-056). We collected periph-
eral, right atrial (RA), RV, and main pulmonary arterial blood
samples during RHC for NT-proBNP measurements. RHC
and echocardiography were conducted at diagnosis; no
PAH-specific therapies including prostacyclin, endothelin re-
ceptor antagonist, or phosphodiesterase type 5 inhibitor
were prescribed at that time. Tests for functional capacity, in-
cluding the 6MWT and diffusing capacity of the lung for car-
bon monoxide, were performed prior to RHC. Clinical
information including REVEAL risk scores were recorded.
Scores above 8, from 6 to 8, and lower than 6 points were
defined as high, intermediate, and low risk, respectively.

Blood sampling and analysis

Blood sampling was performed during diagnostic RHC in
treatment-naïve patients with PAH. Ten millilitres of blood
was collected in EDTA tubes and then centrifuged at 1300 g
for 15 min at 4°C. NT-proBNP levels were measured using a
Quidel Triage kit (BIOSITE, San Diego, CA, USA) according to
the manufacturer’s instructions.

Haemodynamic studies

In addition to heart rate and blood pressure, data collected
from the RHC study included RA pressure, systolic, mean
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and diastolic RV pressures, pulmonary arterial pressure,
PCWP, and cardiac output, which was calculated by the
Fick method. PVR was calculated using the formula of
(mPAP-PCWP)/cardiac output.

Echocardiography

Standard echocardiography was performed (iE33, Philips)
using a 3.5 MHz multiphase-array probe in accordance
with the recommendations of the American Society of
Echocardiography.13 Left ventricular ejection fraction was
measured using the biplane Simpson’s method. RA area was
determined from the apical four-chamber view. PA pressure
was calculated according to the combination of RA and RV
pressures and the trans-tricuspid flow velocity using the
Bernoulli equation. Tricuspid annular plane systolic excursion
represents the distance of systolic excursion of the RV annu-
lar plane toward the apex. In addition, S0 velocity was mea-
sured from the lateral side of tricuspid annulus using tissue
Doppler imaging. All the analysed images were acquired
in three consecutive cardiac cycles and stored digitally at
50–90 frames per second.

Statistical analysis

Continuous data were presented as the means ± standard
deviations or as the medians and interquartile ranges, de-
pending on the nature of the distribution. Dichotomous
data were presented as numbers and percentages. Compar-
isons were evaluated using Student’s t-tests and non-para-
metric tests (Wilcoxon signed-rank test) for continuous
variables that were and were not normally distributed, re-
spectively. χ2 tests or Fisher’s exact tests were used for
the categorical variables as appropriate. ROC curve analysis
was used to compare RV NT-proBNP and REVEAL with re-
spect to hospitalization for HF. Cox regression analyses
were performed to identify the factors that were associ-
ated with hospitalization for HF. Due to small sample sizes,
Cox regression with Firth’s penalized likelihood approach
was used to reduce the bias of parameter estimates.14

The incremental prognostic values of significant factors
were assessed on the basis of the log-likelihood χ2 method.
Using the age and gender adjusted hazard ratio (HR), the
subgroups analysis was represented as Forest plots. The
reliabilities of NT-proBNP measurements were assessed on
the basis of 20 randomly selected subjects via the linear
regression. The Statistical Package for the Social Sciences
(SPSS) software (Version 22.0, IBM SPSS Inc., Chicago, IL,
USA) and R (i384, 3.6.1) was used for the statistical
analyses.

Results

Demographic characteristics of the enrolled
pulmonary arterial hypertension patients

Among the 62 patients enrolled in our study, 12 reached the
designated endpoint (Table 1). The median follow-up dura-
tion was 28 months while the time to event duration was
10 months (interquartile range: 6 to 12 months). There were
no significant differences in age, gender, comorbidities in-
cluding systemic hypertension and diabetes between those
that did or did not require hospitalization, although we did
identify significantly lower body weights and estimated glo-
merular filtration rates among patients who developed HF
and ultimately required hospitalization. Both groups included
patients diagnosed with IPAH, CTD, and CHD; among 28 pa-
tients diagnosed with IPAH, only 4 progressed to HF, while
among those with CTD, there was a greater tendency (5 out
of 21) toward requiring hospitalization for HF. A 48.3% of
the patients remained at NYHA Fc II during the entire period
of enrolment; we detected no differences with respect to the
6MWT or diffusing capacity of the lung for carbon monoxide
between the two groups. With respect to echocardiographic
and RHC parameters, there were no significant differences
between groups except for lower blood pressure in the
cohort of patients that required hospitalization for HF. The
median REVEAL scores for patients who did and did not re-
quire hospitalization for HF were 2 and 8, respectively.
Among patients who required hospitalization for HF, 50%
were those identified as high risk (≥9). Likewise, in REVEAL
Lite 2, the median REVEAL scores for patients with and with-
out hospitalization for HF were 2 and 6, respectively. Fifty per
cent of patients who developed HF were REVEAL Lite 2.0 high
risk at baseline (Supporting Information, Table S1).

Central measurements of N-terminal pro B-type
natriuretic peptide

Notably, levels of NT-proBNP detected in peripheral circula-
tion, in the right atrium, and in the PA were not significantly
different from one another, but in contrast, we detected sig-
nificant higher levels of NT-proBNP in blood sampled from
the RVs of patients who required hospitalization for HF com-
pared with those who did not [1726 (1515–4052) pg/mL vs.
214(80–426) pg/mL, P < 0.01], respectively (Figure 1). To in-
vestigate the power of REVEAL scores together with RV
NT-proBNP levels with respect to differentiating the risk of
HF in this patient cohort, we generated an ROC curve for
comparison and determined the area under curve to be
0.56 for peripheral NT-proBNP, 0.91 for RV NT-proBNP, and
0.82 for the REVEAL risk score (Figure 2). The determined
area under curve of RV NT-proBNP was the maximum value
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Table 1 The baseline clinical, echocardiographic, functional, and haemodynamic parameters of patients with World Health Organization
Group I pulmonary arterial hypertension (PAH)

Parameter HF hospitalization (�) N = 50 HF hospitalization (+) N = 12 P value

Clinical parameters
Age (y/o) 50 (41–61) 51 (40.5–59) 0.94
Gender, N (%) 11 (22) 3 (25) 0.70
Body height (cm) 151 (147–162) 152 (147.5–164.5) 0.82
Body weight (kg) 60 (51–72) 50.5 (38.5–58) 0.01
Systemic hypertension, N (%) 6 (12) 2 (16.6) 0.65
Diabetes, N (%) 5 (10) 1 (8.3) 1.00

Aetiologies
IPAH, N (%) 24 (48) 4 (33.3) 0.52
CHD, N (%) 10 (20) 3 (25) 0.70
CTD, N (%) 16 (32) 5 (41.6) 0.74

Functional capacity
NYHA Fc I, N (%) 12 (24) 2 (16.6) 0.72
NYHA Fc II, N (%) 25 (50) 5 (41.6) 0.75
NYHA Fc III, N (%) 11 (22) 3 (25) 1.00
NYHA Fc IV, N (%) 2 (4) 2 (16.6) 0.17
6MWT (m) 409.5 (385.0–450.0) 372.5 (340.5–448.5) 0.17
%Predicted DLCO 57.5 (48.0–69.0) 50.5 (38.0–62.0) 0.15

Serologic markers (peripheral blood)
Haemoglobin (mg/dL) 11.9 (10.9–13.0) 11.5 (10.6–13.5) 0.89
Creatinine (mg/dL) 0.9 (0.8–1.0) 0.9 (0.7–1.3) 0.38
eGFR (mL/min/1.73 m2) 78.9 (67.9–113.8) 62.0 (54.9–69.0) <0.01
ALT (IU/L) 24 (15–30) 20.5 (19–26) 0.58
Bilirubin (mg/dL) 0.8 (0.6–1.1) 0.8 (0.7–0.9) 0.68
Na (mmol/L) 135 (130–139) 132 (123–137.5) 0.21
NT-proBNP (pg/mL) 320 (184–480) 316 (192–902.5) 0.50

Echocardiographic parameters
LVEF (%) 70.0 (68.0–71.0) 71.5 (67.5–76.5) 0.24
RA area (cm2) 13.95 (12.0–18.0) 15.0 (14.3–15.9) 0.38
TAPSE (cm) 1.7 (1.5–2.1) 2.0 (1.7–2.2) 0.36

S0 (cm/s) 11.0 (10.0–12.5) 11.5 (8.5–13.4) 0.73
PAP (mmHg) 50 (40–72) 61.9 (54–68) 0.17
Pericardial effusion, N (%) 18 (36) 5 (41.6) 0.75

Right heart catheterization
Heart rate (bpm) 81.5 (78–92) 89 (74–96) 0.47
Systolic blood pressure (mmHg) 118.5 (108–128) 117 (105.5–120.5) 0.25
Diastolic blood pressure (mmHg) 71 (66–78) 71 (66.5–75.5) 0.92
RA pressure (mmHg) 10 (7–13) 9 (6.5–10.5) 0.20
mRV pressure (mmHg) 29 (25–33) 34.335 (30–37) 0.04
mPA pressure (mmHg) 33 (29–55) 38 (30.5–57) 0.52
Wedge (mmHg) 11 (10–14) 12 (11–13.1) 0.51
Cardiac index (L/m2) 3.5 (3–4.2) 3.1 (2.7–4.1) 0.45
PVR (woods) 6.5 (5.6–8) 7.8 (7.075–9.95) 0.07
RA NT-proBNP (pg/mL) 294.5 (164–429) 362.5 (102–901) 0.64
RV NT-proBNP (pg/mL) 214 (80–426) 1726(1515–4052) <0.01
PA NT-proBNP (pg/mL) 104 (55–335) 105.5(39.5–516.5) 0.97

Medications
Diuretics, N (%) 36 (72) 10 (83) 0.71
Digoxin, N (%) 7 (14) 4 (33.3) 0.20
CCB, N (%) 3 (6) 1 (8.3) 1.00
Anti-coagulants, N (%) 6 (12) 2 (16.6) 0.65

REVEAL risk score
Median 2 8 <0.01
Range 1 to 9 4 to 12 0.01
High risk (≥9) 10 (20) 6 (50) 0.06
Intermediate risk (7 to 8) 26 (52) 4 (33.3) 0.34
Low risk (≤6) 14 (28) 2 (16.6) 0.71

6MWT, 6 min walk test; ALT, alanine aminotransferase; CCB, calcium channel blocker; CHD, congenital heart disease; CTD, connective
tissue disease; DLCO, diffusing capacity for carbon monoxide; eGFR, estimated glomerular filtration rate; IPAH, idiopathic PAH; LVEF, left
ventricular ejection fraction; NT-proBNP, N-terminal pro-brain natriuretic peptide; PA, pulmonary arterial; PVR, pulmonary vascular resis-
tance; RA, right atrial; RV, right ventricular; S0, peak systolic tricuspid annular velocity derived by Tissue Doppler imaging; TAPSE, tricuspid
annular plane systolic excursion.
Data are expressed as mean ± SD or as number (percentage) for normal distribution. Non-normally distributed variables are presented as
median and interquartile range (IQR).
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of all but without statistical significant difference between
REVEAL risk score, P = 0.349.

Cox regression to identify the predictors of
hospitalization for heart failure

Using Cox regression analyses, the REVEAL scores and RV
NT-proBNP levels were significantly associated with hospital-
ization for HF as the designated endpoint [HR = 1.54, confi-
dence interval (CI), 1.22–1.94, P < 0.001 vs. HR = 1.06, CI,
1.03–1.09, P < 0.001, respectively; Table 2]. In contrast,
age, gender, systolic blood pressure, estimated glomerular fil-
tration rates, haemodynamic variables, and 6MWT failed to
differentiate the subsequent hospitalization for HF. Also,
without the functional and RHC derived parameters, REVEAL
Lite 2 failed to discriminate the subsequent development of
HF in patients with PAH in this cohort (HR: 1.39; CI:0.94–
2.06, P = 0.103, listed in Table 2). Given that REVEAL scores
and RV NT-proBNP levels were found to be independently as-
sociated with hospitalization for HF, we attempted to deter-
mine whether combining REVEAL scores and RV NT-proBNP
levels would provide superior prognostic predictions. A �2
log-likelihood test revealed that adding RV NT-proBNP
levels, notably those >1500 pg/mL to clinical REVEAL scores

provided additional predictive value with respect to
hospitalization for HF (Figure 3).

The predictive impact of right ventricular
N-terminal pro B-type natriuretic peptide in
special populations

To determine whether RV NT-proBNP levels are associated
with equal predictive values in patients with specific charac-
teristics, we performed a subgroup analysis. Interestingly,
although elevated RV NT-proBNP levels were associated with
the likelihood of hospitalization for HF among patients with
Group I PAH, its predictive value was mainly observed in pa-
tients diagnosed with IPAH or CTD. We also determined that
predictions based on elevated levels of RV NT-proBNP were
most significant in the younger female patients. We also
found that the HR increased dramatically in patients with
lower NYHA Fc status at baseline and, interestingly, among
those with a higher REVEAL risk scores (Figure 4).

Reproducibility of N-terminal pro B-type
natriuretic peptide measures

To determine the reproducibility of NT-proBNP measure-
ments in the peripheral, RA, RV, and PA, blood sample from

Figure 1 (A) Peripheral, (B) right atrial, (C) right ventricular, and (D) pulmonary arterial expressions of NT-proBNP in Group I PAH patients with (N = 12)
or without (N = 50) hospitalization for heart failure. HF, heart failure; NT-proBNP, N-terminal pro B-type natriuretic peptide; PAH, pulmonary arterial
hypertension; RV, right ventricular.
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Figure 2 Receiver operating characteristic curve showed area under curve to be 0.56 for peripheral NT-proBNP, 0.91 for RV NT-proBNP, and 0.82 for
the REVEAL risk score to differentiate hospitalization for heat failure in patients with Group I PAH. NT-proBNP, N-terminal pro B-type natriuretic
peptide; RV, right ventricular.

Table 2 Univariate predictors of hospitalization for heart failure

Parameter

Univariate

HR P

Age 1.001 (0.956–1.048) 0.968
Gender 0.714 (0.199–2.557) 0.605
Body weight 0.929 (0.877–0.983) 0.011
Systolic blood pressure 1.008 (0.968–1.049) 0.702
eGFR 0.977 (0.954–1.000) 0.050
6MWT 0.996 (0.989–1.004) 0.358
RA pressure (RHC) 0.897 (0.751–1.071) 0.228
RV pressure (RHC) 1.045 (0.990–1.104) 0.111
mPA pressure (RHC) 1.012 (0.982–1.043) 0.451
Cardiac index (RHC) 0.966 (0.627–1.489) 0.876
PVR (RHC) 1.148 (0.942–1.400) 0.171
REVEAL risk score 1.538 (1.220–1.940) <0.001
REVEAL Lite 2 risk score 1.390 (0.936–2.063) 0.1025
REVEAL risk score > 8 8.427 (2.346–30.274) 0.001
Peripheral NT-proBNP 1.001 (1.000–1.003) 0.082
RV NT-proBNP (per 100) 1.060 (1.034–1.086) <0.001
RV NT-proBNP > 1500 7.924 (2.206–28.468) 0.002

6MWT, 6 min walk test; eGFR, estimated glomerular filtration rate; HR, hazard ratio; NT-proBNP, N-terminal pro-brain natriuretic peptide;
PVR, pulmonary vascular resistance; RA, right atrial; RHC, right heart catheterization; RV, right ventricular.
Compared with REVEAL risk scores, REVEAL Lite 2 risk scores applies only six modifiable and non-invasive variables including renal insuf-
ficiency, NYHA or WHO functional class, systolic blood pressure, heart rate, 6 min walk disease, and BNP/NT-proBNP.3 Firth’s penalized
likelihood approach was used to reduce the bias of parameter estimates because of small sample sizes.
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20 randomly selected subjects were measured twice, and the
results showed high reproducibility and reliability (0.9 to
0.969) (Figure S1), suggesting robust measure that was highly
reproducible.

Discussion

Several potential biomarkers have been considered with re-
spect to the potential to contribute to risk stratification

among patients diagnosed with PAH; these include pro-atrial
natriuretic peptide, interleukin-6, CT-proET-1, and growth dif-
ferentiation factor 15.9,15–18 However, to date, only BNP and
NT-proBNP have been included in clinical guidelines.11

NT-proBNP, a cleavage product of BNP, is secreted from
membrane granules of ventricular cardiomyocytes and is an
established biomarker for the diagnosis of HF. NT-proBNP
levels have also been associated with clinical outcomes in
patients with pre-capillary and post-capillary pulmonary
hypertension.19,20 In response to a pressure or volume over-
load, NT-proBNP levels are an immediate reflection of RV

Figure 3 Incremental prognostic value of right ventricular NT-proBNP dichotomized by 1500 pg/mL in predicting hospitalization for heart failure in
patients with Group I PAH. NT-proBNP, N-terminal pro B-type natriuretic peptide; ROC, receiver operating characteristic curve; RV, right ventricular.

Figure 4 The subgroup analysis of the risks of right ventricular N-terminal pro B-type natriuretic peptide ≥ 1500 pg/mL on hospitalization for heart
failure in patients with Group I PAH. CI, confidence interval; CTD, connective tissue disease; HR, hazard ratio; IPAH, idiopathic pulmonary arterial
hypertension; NYHA Fc, New York Heart Association functional class.
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dilatation and deterioration of systolic function.21 Parallel to
the changes in pulmonary haemodynamics, NT-proBNP levels
also correlate with functional parameters, including 6MWT,
and are indicators of treatment efficacy.20,22

Right heart catheterization remains the gold standard for
official diagnosis of PAH, as this methodology permits accu-
rate measurements of PA pressures, PVR, and PCWPs.10,11

Simultaneous collection of BNP at the time of RHC confirmed
the correlation of these values with right heart
haemodynamics in patients diagnosed with Group 1 PAH.23

Despite the ready access to intracardiac and transpulmonary
blood samples during RHC, there are no studies that have di-
rectly compared intracardiac vs. peripheral levels of NT-
proBNP. In patients with high PVR due to left HF, Melenovsky
et al. reported preserved uptake of transpulmonary BNP, but
diminished cyclic guanosine monophosphate release in asso-
ciation with stiffening of both the pulmonary and systemic
arteries.12 Likewise, another study documented the repro-
ducibility of intracardiac and transpulmonary BNP and cyclic
guanosine monophosphate measurements in patients with
varying types of pulmonary hypertension.6 Nevertheless,
blood samples used in those studies were from the PA
and from the PA-wedge position for measurements of
NT-proBNP gradients.6 Given that NT-proBNP were secreted
mainly from cardiomyocytes in ventricles, the measurement
of NT-proBNP at the RV chamber is speculated to be the most
representative marker for timely reflecting the changes of
the heart in response to stresses.1–3 Also, the high pulmonary
arterial pressures and con-existing pulmonary regurgitation
may attenuate the levels of NT-proBNP measured in the PA.

Most importantly, there is only limited evidence regarding
the applicability of central NT-proBNP measurements and
their association with clinical prognosis. In this study, we
identified significantly higher levels of RV NT-proBNP in pa-
tients with Group I PAH who subsequently developed decom-
pensated HF. Using Cox regression analysis, the REVEAL
scores and levels of RV NT-proBNP were significantly
associated with the likelihood of hospitalization for HF as
the designated endpoint; measurements of RV NT-proBNP
in association with REVEAL scores provided additional predic-
tive power. Although levels of NT-proBNP in peripheral circu-
lation are currently included in risk assessments, our findings
indicate the superiority of NT-proBNP measured in the RV
chamber for risk stratification of patients diagnosed with
PAH (Figure 5).

Registry to Evaluate Early and Long-Term PAH Disease
Management is a multicentre and observational registry that
was originally designed to characterize and to predict risk in a
contemporary PAH patient population.1,24 Using up to 12
clinically relevant variables, REVEAL scores predict survival
in diverse PAH populations and provide useful serial survival
assessments. Recently, Benza et al. reported that the revised
REVEAL 2.0 demonstrates better risk discrimination than can
be obtained using any of the other risk assessment tools,
including the Swedish Pulmonary Arterial Hypertension Reg-
ister and the Comparative, Prospective Registry of Newly Ini-
tiated Therapies for Pulmonary Hypertension.1 Although
REVEAL score is mainly designed for the prediction of mortal-
ity, Burger et al. also reported that PAH-related hospitaliza-
tion was associated with relatively more re-hospitalizations

Figure 5 The summary of right ventricular N-terminal pro B-type natriuretic peptide in combination of REVEAL score in predicting hospitalization for
heart failure in patients with World Health Organization Group I pulmonary arterial hypertension. HF, heart failure; NT-proBNP, N-terminal pro B-type
natriuretic peptide; PA, pulmonary artery; PAH, pulmonary arterial hypertension; RA, right atrial; RV, right ventricular.
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at 3 years in the REVEAL registry.25 REVEAL Lite 2 is only val-
idated to predict survival at 1 year and has not been validated
for risk of hospitalization.3 Nevertheless, in this study, with-
out the functional and RHC-derived parameters, REVEAL Lite
2 failed to discriminate hospitalization for HF for a longer
follow-up duration.

According to 2015 European Society of Cardiology/
European Respiratory Society guidelines, the cut-off values
for NT-proBNP levels for low and high risk are <300 ng/L
and >1100 ng/L, respectively.11 Different cut-off values have
been evaluated for various types of pulmonary hypertension;
however, there is still insufficient information with respect to
optimal values for intracardiac and transpulmonary measure-
ments of NT-proBNP. In this study, we used the median value
of RV NT-proBNP (1500 pg/mL) as the cut-off value; this value
specifically differentiated patients and was a strong predictor
for the likelihood of decompensated HF. Furthermore,
when considered in combination with REVEAL scores, RV
NT-proBNP levels >1500 pg/mL provided additional predic-
tive values for identifying patients at risk of hospitalization
for HF.

In subgroup analyses, values of NT-proBNP are influenced
by age, gender, and renal function7,8; as such, subgroup anal-
yses were performed to evaluate its significance of risk strat-
ification in specific populations. According to our findings, the
discriminating power of RV NT-proBNP levels was most signif-
icant in younger patients as well as those who are female.
Also, echoing previous reports, we observed increasing risk
among patients with higher levels of REVEAL scores and
higher levels of RV NT-proBNP. Given the limited number of
patients who presented with high grade of NYHA Fc (III/VI),
we were unable to generate strong predictions regarding
RV NT-proBNP levels among patients in this specific
subgroup.

Limitations

There are several limitations with respect to this study. First,
only 12 of the 62 enrolled patients developed decompen-
sated HF; this factor contributed to a decrease in the statisti-
cal power associated with these findings. Second, given that
the intracardiac blood flow is not steady but dynamic; the
NT-proBNP was speculated to be secreted from the chamber
that we measured. Although these intracardiac NT-proBNP
levels are possibly mixed with the peripheral blood, the high
expression of NT-proBNP at RV implies an increasing RV
production or an increased peripheral clearance. Echoing
our findings, intracardiac and transpulmonary expressions of
biomarkers have been reported to significantly correlate
to the haemodynamics in patients with pulmonary
hypertension.12,26 Also, as there are no reference values for
RV NT-proBNP, the cut-off value identified here may not be

applicable to all patients diagnosed with PAH. This may ex-
plain why our results differ from those reported in a previous
study which revealed an association between elevated pe-
ripheral NT-proBNP levels and an increased risk of mortality.
By contrast, in our relatively small patient cohort, peripheral
measurements of NT-proBNP failed to differentiate among
patients who did or did not develop decompensated HF,
but NT-proBNP measurements in the RV chamber strength-
ened the sensitivity provided by the REVEAL scores. Third,
the related peptide, BNP, which functions in natriuresis and
vasodilation, has been regarded as a potential therapeutic
target. Conversely, despite the fact that it can be measured
in circulation, NT-proBNP may only serve as a biomarker.
We do not yet know whether central measurements of
BNP, as opposed to NT-proBNP, will be superior with respect
to risk assessment. Forth, because all the enrolled patients
were treatment-naïve, it remains uncertain whether mea-
surements of RV NT-proBNP can contribute to risk stratifica-
tion during follow-up and/or in response to PAH-specific
therapies. Fifth, although we found that RV NT-proBNP is
superior to the peripheral NT-proBNP in predicting the subse-
quent HF hospitalization, whether RV NT-proBNP could
replace REVEAL 2 scores requires more validation. Given that
monitoring clinical and haemodynamic parameters remains
crucial in patients with PAH, we suggested to improve the
sensitivity and specificity of REVEAL 2 score by adding RV
NT-proBNP. Finally, given the health policy and insurance in
Taiwan, the criteria for hospitalization here might not be as
strict as that in the other countries. The rate of hospitaliza-
tion may be slightly higher in Taiwan compared with the
others.27

Conclusions

Collectively, we report that the NT-proBNP measurement in
the RV chamber is additional to that measured in peripheral
circulation with respect to predictions associated with hospi-
talization for HF; hence, RV NT-proBNP may be a superior bio-
marker for risk assessment of patients diagnosed with Group
I PAH. The RV NT-proBNP measurement also augments the
power of REVEAL scores with respect to differentiating the
risk for developing decompensated HF. As such, intracardiac
blood sampling should be considered as an integral part of
the RHC procedure used for the diagnosis of PAH.
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Figure S1. The reliabilities of the NT-proBNP measure-
ments. The linear regression between the first and second
measurements of NT-proBNP (A) in the peripheral blood
(NTBNPperi); (B) in the right atrium (NTBNPRA); (C) in
the right ventricle and (D) in the pulmonary artery
(NTBNPPA).
Table S1. The REVEAL Lite 2 risk scores of patients with WHO
Group I pulmonary arterial hypertension (PAH).
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