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Impact of BMPR2 mutation on the severity D
of pulmonary arterial hypertension:
a systematic review and meta-analysis
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Abstract

Objective To evaluate the association between PAH severity in patients with and without BMPR2 mutation.
Additionally, subgroup analyses were also performed to investigate whether differences existed among different
ethnicities.

Methods A literature search of the PubMed-MEDLINE, EMBASE, Web of Science, Scopus, and Cochrane Central
Register of Controlled Trials databases was conducted from inception through June, 2024, to identify eligible studies.
Analyses were performed using Stata.

Results Seventeen nonrandomized studies comprising a total of 2,190 patients were included in the analysis.

Among the hemodynamic variables, the mPAP (WMD=6.41, 95% Cl: 5.07 ~7.76, P=0.000), PVR (WMD =3.66, 95%

Cl: 2.79~4.53, P=0.000), Cl (WMD=-0.38, 95% Cl: -0.45 ~ -0.32, P=0.000), and CO (WMD=-0.60, 95% Cl: -0.99 ~ -0.21,
P=0.003) were significantly different at diagnosis between patients with and without BMPR2 mutations. No significant
differences were found in RAP and PAWP. Furthermore, subgroup analysis was conducted on data showing significant
differences, revealing no significant differences in mPAP and PVR between Asian and Caucasian patients with BMPR2
mutations. However, significant differences in Cl and CO were observed between these two ethnic groups, with Cl
and CO in Caucasians being more affected by BMPR2 mutations and decreasing more than in Asians.

Conclusion There is a statistically significant difference in the hemodynamic variables of PAH between BMPR2
mutation carriers and non-carriers, highlighting the mutation’s impact on PAH severity. This influence is not associated
with ethnicity in mPAP and PVR; however, it is associated with ethnicity in Cl and CO, with Caucasians being more
affected by BMPR2 mutations than Asians. This suggests that Caucasians may be more sensitive to BMPR2 mutations.
These findings underscore the necessity of genetic testing for PAH patients, particularly among the Caucasian
population. Given the poorer clinical phenotype and prognosis of BMPR2 mutation carriers, closer follow-up may be
required.
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Introduction

Pulmonary hypertension (PH) is a potentially fatal dis-
ease caused by progressive remodeling of peripheral pul-
monary arteries, resulting in elevated mean pulmonary
arterial pressure (mPAP) [1]. These pathophysiological
changes lead to right heart failure, premature death, and
affect all age groups [2]. Despite treatment advances, PH
remains a global issue with poor survival, high mortal-
ity, and economic burden [3, 4]. The WHO classifies PH
into five subtypes, with pulmonary arterial hypertension
(PAH) as the first [2]. PAH is rare, with an estimated inci-
dence of 15 to 50 cases per million annually in Europe
and the United States [5]. However, reliable data on its
incidence in China is lacking [6]. Moreover, ethnicity may
influence PAH occurrence and characteristics [7].

The pathogenesis of PAH is complex and not fully
understood. The link between bone morphogenetic pro-
tein receptor 2 (BMPR2) mutations and PAH has sig-
nificantly advanced our understanding [5, 8]. BMPR2
deficiencies have been linked to inflammation and pul-
monary vascular remodeling [9], although the exact
mechanisms remain unknown. BMPR2 mutations
account for 20-30% of all PAH patients, their prevalence
is approximately 70-80% in heritable PAH (HPAH) and
10-40% in idiopathic PAH (IPAH) patients [5, 10, 11].
Studies have reported that PAH patients with BMPR2
mutations often present at a younger age and exhibit
poorer clinical conditions [12, 13].

The clinical condition of PAH can be assessed using
hemodynamic variables such as mPAP, pulmonary vas-
cular resistance (PVR), cardiac index (CI), cardiac output
(CO), right atrial pressure (RAP), and pulmonary artery
wedge pressure (PAWP) [14-16]. These variables are
critical for prognosis assessment, survival prediction, and
evaluating the efficacy of therapeutic regimens [17, 18].
However, the associations and differences in these vari-
ables between patients with and without BMPR2 muta-
tions remain inconsistent. Changes in hemodynamic
parameters are closely related to the progression and
duration of PAH. Moreover, these individual studies usu-
ally have small cohorts as PAH is rare, and BMPR2 muta-
tions do not occur in every patient, leading to limited
statistical power.

To confirm this further on a larger scale, we conducted
a meta-analysis to assess the association between BMPR2
mutations and PAH severity using hemodynamic vari-
ables. Subgroup analyses were performed to examine dif-
ferences across ethnicities.

Methods

Search strategy

For this analysis, the PubMed-MEDLINE, EMBASE,
Web of Science, Scopus, and Cochrane Central Regis-
ter of Controlled Trials databases were searched from
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inception through June, 2024 for peer-reviewed pub-
lications in English. The following search strategy and
Medical Subject Heading terms were used: “pulmo-
nary hypertension” AND ““bone morphogenetic pro-
tein receptor type 2” OR “BMPR2”. Reference lists of
meta-analyses, systematic reviews, and original studies
detected by the database search were also reviewed to
find other studies of interest. This study was conducted
following the PRISMA guidelines [19, 20].

Literature inclusion and exclusion criteria

Studies conforming to the following inclusion crite-
ria were selected: language limited to English; patients
sequenced for BMPR2 mutations; recorded data on
demographics and hemodynamics at initial diagnosis;
and studies that reported the difference in PAH with
and without BMPR2 mutation carriers. The following
exclusion criteria were applied: duplicate publications;
research not available in full text; unable to conduct data
extraction or incomplete information; research based on
animal experiments; specific publication types, includ-
ing reviews, systematic reviews, case reports, letters; and
studies in languages other than English.

Literature screening and data extraction

The extracted data included the following baseline char-
acteristics: author(s), publication year, research type,
study area, number of cases, age, and gender, along with
outcome indicators, including mPAP, PVR, CI, CO, RAP,
and PAWP.

Quality assessment

The overall quality of the included cohort studies was
assessed with the Newcastle-Ottawa Scale (NOS) in an
independent manner [19, 20]. The NOS consists of 4
items (maximum of 4 points) for “Research Subject Selec-
tion’, 1 item (maximum of 2 points) for “Comparability
between Groups’, and 3 items (maximum of 3 points) for
“Result Measurement” A maximum score of 9 and >7
points is considered as high-quality literature, while<7
points is considered as literature of lower-quality.

Statistical analysis

Statistical analysis was conducted with the software
STATA (version 16; StataCorp, College Station, TX,
USA). Continuous variables, included weighted mean
difference (WMD) with a 95% confidence interval (CI)
and combined effect sizes. Odds ratio (OR, 95% CI) was
used as the binary variable. The Cochran’s Q statistic and
I? statistic were applied to determine whether heteroge-
neity existed among included studies. If the heteroge-
neity test results were p>0.1 and *<50%, no evidence
of heterogeneity between the studies was indicated, in
which case the fixed effects model was used in combined
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analysis. If the results showed p<0.1 and I*>50%, it indi-
cated that the study was heterogeneous. If the results
show other situations, specific analysis is required. The
random effects model or descriptive analysis was applied
in case the heterogeneity remained large. We conducted
subgroup analysis according to ethnicity (Asians vs. Cau-
casians). Furthermore, sensitivity analysis was conducted
by each time eliminating one study to evaluate the sta-
bility of the results. The potential publication bias was
analyzed by funnel plot and Egger’s bias test. Statistically
significant differences in the article are indicated by a
P<0.05.

Results

Literature search

According to the search strategy, 1,363 studies in total
were identified in the various databases. After removing
duplicates, 679 studies were left. After reading the full
titles and abstracts, 40 potentially eligible studies were
found. Of these studies, 23 were excluded after evalua-
tion as they did not include the data of interest. Finally,
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following full-text reading, a total of 17 relevant studies
were included in the meta-analysis (Fig. 1).

Baseline characteristics and quality assessment of the
included studies

Overall, 17 studies were included in this meta-analysis.
The cohort sizes varied from 44 to 382 between stud-
ies, and totaled a number of 2,190 patients who were
included in the analysis. The included patients of 8
studies were of Asian descent, while the patients of the
remaining studies were Caucasians. Table 1 shows that
the studies included IPAH, FPAH and HPAH patients in
general with varying severities of disease, usually selected
in an unbiased manner. Moreover, the NOS scores of all
the studies were above 7, which indicates that they are of
high quality.

Publication bias

The funnel plot was symmetrical upon visual inspection.
The quantitative evaluation by Egger’s test (P=0.809)
according to the funnel plot indicated that no significant
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Fig. 1 Flow chart of literature selection
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Table 1 Main characteristics of included studies and quality evaluation

Study Study area Number of patients Gender (Female/Male) Age Diagnosis Study NOS
Mean+SD period score
BMPR2 BMPR2 BMPR2 BMPR2 BMPR2 BMPR2
mutation  non-mutation mutation non-mutation mutation non-mutation

Theo- Germany 23 56 17/6 41/15 509+147 51.7+£166 IPAH 2019-2020 7

bald HPAH

[21]

Theo- Germany 23 56 17/6 41/15 509+147 51.7+£166 IPAH 2019-2020 7

bald HPAH

[22]

[23] China 8 37 5/3 31/6 300+11.0 49.0+£13.0 IPAH 2021-2022 7
HPAH

Zhang China 28 105 15/13 79/26 28 39(29-53) IPAH 2010-2013 7

[24] (22-34)

[25] Korea 16 57 12/4 42/15 272+11.1 466+196 IPAH 2010-2015 8

Yang China 56 129 38/18 99/30 272499 316£105 IPAH 2016-2017 8

[26] HPAH

Zhang China 19 85 11/8 65/20 27 41 (29-51) IPAH 2009-2010 7

[27] (21-35)

Brug- Netherlands 28 67 22/6 50/17 420+14.0 49.0+16.0 IPAH 1995-2014 8

gen HPAH

[28]

Isobe  Japan 23 36 19/4 23/13 350+13.0 340£11.0 IPAH 2000- 7

[29] HPAH 2015

Ghig-  France 23 21 14/9 14/7 286+127 285+104 IPAH 2005-2014 7

na HPAH

[30]

Tio Netherlands 18 31 / / 506+153 508+14.6 IPAH 1989-2011 7

[31] HPAH

[32] Japan 19 30 13/6 19/11 374+£127 259+£113 IPAH 1999-2007 7
FPAH

[33] China 50 255 28/22 190/65 28 32 (24-47) IPAH 2006-2010 7

(25-31) HPAH

[13] Germany 49 179 32/17 134/45 385+124 458+113 IPAH 2006-2009 7
HPAH

[34] Britain 12 46 7/5 34/12 326+105 524+13.7 IPAH 2001-2007 7
HPAH

[35] France 115 267 81/34 188/79 / / IPAH 2004-2010 7
FPAH

[36] France 68 155 45/23 112/43 3651145 46.0+16.1 IPAH 2004-2007 7
FPAH

Note: IPAH: idiopathic pulmonary arterial hypertension; FPAH: familial pulmonary arterial hypertension; HPAH: hereditary pulmonary arterial hypertension; PAH:

pulmonary arterial hypertension

publication bias was present in the included studies
(Fig. 2).

Results of the meta-analysis

mPAP (Mean Pulmonary arterial pressure)

Seventeen studies, including 2,190 patients, reported the
mPAP in patients with and without BMPR2 mutations.
Since no significant heterogeneity was present, a fixed
effects model was applied (*=15.3%, p=0.274>0.1).
The pooled results indicated that mPAP was significantly
higher in BMPR2 mutation carriers compared to PAH
patients without the mutation (WMD=6.41, 95% CI:
5.07 ~7.76, P=0.000 < 0.05) (Fig. 3).

PVR (pulmonary vascular resistance)

Fourteen studies reported the PVR of 1,536 patients
in total with and without BMPR2 mutation. Due to the
lack of significant heterogeneity, a fixed effects model
was used (*=5.7%, p=0.389>0.1). The results indi-
cated that the PVR of BMPR2 mutation carriers was sig-
nificantly higher compared to that of PAH patients with
no BMPR2 mutation (WMD=3.66, 95% CI: 2.79 ~4.53,
P=0.000<0.05) (Fig. 4).

Cl (cardiac index)
A total of thirteen studies, encompassing a total of 1,944
patients, reported the CI for both BMPR2 mutation
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Funnel plot with pseudo 95% confidence limits
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Fig. 2 Funnel plot for assessing publication bias. Se: standard error; WMD: weighted mean difference
Study %
D WMD (95% Cl) Weight
P
Theobald 2023 — 6.70 (0.50, 12.90) 471
Theobald 2022 —_— 8.30 (0.95, 15.65) 3.35
Liang 2022 : - 10.00 (-3.82,23.82)  0.95
Zhang 2020 _—t 9.00 (1.78, 16.22) 3.47
Jang 2020 ———® ——— 1320(385,2255) 207
Yang 2018 — 5.30 (0.56, 10.04) 8.05
Zhang 2016 —i—o— 8.00 (-0.80, 16.80) 2.34
Bruggen 2016 — 1.00 (-3.90, 5.90) 7.54
Isobe 2016 ——o—i— 2.00 (-5.71, 9.71) 3.05
Ghigna 2016 : . -1.00 (-10.98,8.98)  1.82
Tio 2013 E—i— 0.90 (-7.34, 9.14) 2.67
Kabata 2013 —_— 2.00 (-6.15, 10.15) 2.73
Liu 2012 —_— 7.00 (2.13, 11.87) 7.64
Pfarr 2011 4 9.19 (5.31, 13.07) 12.06
Soon 2010 : 11.90 (3.88,19.92) 281
Girerd 2010 — 6.00 (3.10, 8.90) 21.53
Sztrymf 2008 —_ 8.00 (4.29, 11.71) 13.19
Overall (I-squared = 15.3%, p = 0.274) <> 6.41(5.07, 7.76) 100.00
i
1
* T

I
-23.8

Fig. 3 mPAP in PAH patients with and without BMPR2 mutation
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Study %
D WMD (95% Cl) Weight
7
Theobald 2023 T + 5.86 (1.91, 9.81) 4.85
Theobald 2022 +;— 5.60 (1.92, 9.28) 5.57
Liang 2022 E 2.00 (-4.41, 8.41) 1.84
Zhang 2020 ——L‘—E— 2.00 (-1.09, 5.09) 7.92
Jang 2020 : 1.60 (-3.63, 6.83) 2.76
Yang 2018 —E-.— 4.30 (2.02, 6.58) 14.48
Zhang 2016 —:.— 4.00 (0.68, 7.32) 6.87
Bruggen 2016 T 2.20 (-0.46, 4.86) 10.65
Isobe 2016 =2 E 2.20 (-1.99, 6.39) 4.31
Ghigna 2016 ——‘—E— 2.00 (-1.50, 5.50) 6.16
Tio 2013 : : 4.06 (0.03, 8.09) 465
Liu 2012 — 2.50 (0.15, 4.85) 13.67
Pfarr 2011 E ——+——  6.50(4.14,8.86) 13.52
Soon 2010 r 2.40 (-2.84, 7.64) 2.75
Overall (l-squared = 5.7%, p = 0.389) <E> 3.66 (2.79, 4.53) 100.00
i
i
I : I
-9.81 0 9.81

Fig. 4 PVRin PAH patients with and without BMPR2 mutation

carriers and non-carriers. A fixed-effects model was used
for the analysis due to the absence of significant hetero-
geneity (?=33.7%, p=0.113>0.1). The pooled results
indicated that the CI in BMPR2 mutation carriers was
significantly lower compared to non-carriers (WMD-=-
0.38, 95% CI: -0.45 ~ -0.32, P=0.000<0.05) (Fig. 5).

CO (cardiac output)

Eight studies, involving 611 patients, reported the CO
of patients with BMPR2 mutation and those without.
Given the presence of heterogeneity, a random-effects
model was applied in the meta-analysis (P*=47.2%,
p=0.066>0.1). The pooled results indicated that the
CO in BMPR2 mutation carriers was significantly lower
compared to non-carriers (WMD=-0.60, 95% CI: -0.99 ~
-0.21, P=0.003 <0.05) (Fig. 6).

RAP (right atrial pressure)

Nine studies that included 1,531 patients, reported the
RAP for both BMPR2 mutation carriers and non-car-
riers. Since heterogeneity was found, a random effects
model was applied in the meta-analysis (P*=58.6%,
p=0.013<0.1). The analysis showed that the difference
in RAP between carriers and non-carriers of the BMPR2
mutation was not statistically significant (WMD=0.13,
95% CI: -0.73 ~ 1.00, P=0.762) (Fig. 7).

PAWP (pulmonary artery wedge pressure)

Thirteen studies with a total of 1,729 patients, included
the PAWP of patients with BMPR2 mutation and those
without. Because significant heterogeneity was found,
a random-effects model was applied in the meta-anal-
ysis (*=71.0%, p=0.000<0.1). The combined results
revealed that the difference in PAWP values between
BMPR2 mutation carriers and non-carriers was not sta-
tistically significant (WMD=-0.55, 95% CI: -1.21~0.12,
P=0.107) (Fig. 8).

Subgroup analysis

mPAP

We further investigated whether different ethnici-
ties were associated with differences in mPAP between
patients with and without BMPR2 mutations. The pooled
results indicated that mPAP was significantly higher in
BMPR2 mutation carriers compared to both Asian and
Caucasian patients without the mutation. The differ-
ence in mPAP between Asian patients (WMD =6.42, 95%
CL: 3.97~8.86, P=0.000; I*=0.0%, p=0.593>0.1) and
Caucasian patients (WMD=6.41, 95% CI: 4.80~8.02,
P=0.000; I*=40.0%, p=0.101>0.1) was not statistically
significant (P=0.994) (Fig. 9).

PVR

We also examined whether ethnicity influenced PVR dif-
ferences between BMPR2 mutation carriers and non-car-
riers. The overall results showed significantly higher PVR
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Study %
D WMD (95% Cl) Weight
I
Theobald 2022 —_— -0.50 (-0.77, -0.23) 5.77
1
Zhang 2020 y — 0.10 (-0.20, 0.40) 465
1
Yang 2018 —_— -0.40 (-0.68,-0.12)  5.35
1
Zhang 2016 3 -0.40 (-0.93, 0.13) 1.53
1
Bruggen 2016 —_— -0.50 (-0.76, -0.24) 6.23
1
Isobe 2016 —_— -0.30 (-0.69, 0.09) 2.87
1
Ghigna 2016 _— -0.39 (-0.81, 0.03) 2.40
1
Tio 2013 . -0.73 (-1.22,-0.24)  1.76
1
Liu 2012 + -0.30 (-0.55, -0.05) 6.63
Pfarr 2011 +‘— -0.43 (-0.56, -0.30) 25.91
i
Soon 2010 JI—O—— -0.10 (-0.40, 0.20) 4.63
Girerd 2010 - 043 (:0.57,-029) 2143
,|
Sztrymf 2008 — -0.37 (-0.57,-0.17)  10.84
Overall (I-squared = 33.7%, p = 0.113) @ -0.38 (-0.45, -0.32) 100.00
1
1
1
| :
-1.22 0 1.22
Fig. 5 Clin PAH patients with and without BMPR2 mutation
Study %
D WMD (95% Cl) Weight
1
,
Theobald 2023 : -1.11 (-2.53, 0.31) 5.95
|
Theobald 2022 —o—E— -1.00 (-1.58, -0.42) 17.21
1
Liang 2022 : 0.30 (-0.80, 1.40) 8.67
!
Zhang 2020 —i—?—— -0.20 (-0.78, 0.38) 17.31
1
Jang 2020 —-}—— -0.60 (-1.46, 0.26) 11.87
1
Zhang 2016 ——%-?—— -0.50 (-1.34, 0.34) 12.07
1
Tio 2013 —_————— E -1.56 (-2.38, -0.74) 12.40
!
Kabata 2013 —E—z—— -0.20 (-0.91, 0.51) 14.52
.
Overall (I-squared = 47.2%, p = 0.066) <> -0.60 (-0.99, -0.21) 100.00
'
1
NOTE: Weights are from random effects analysis H

T
-2.53 0

Fig. 6 CO in PAH patients with and without BMPR2 mutation

in mutation carriers among both Asian and Caucasian
patients. Although the difference in PVR between Asian
patients (WMD=3.03, 95% CI: 1.83~4.24, P=0.000;
F=0.0%, p=0848>0.1) and Caucasian patients
(WMD=4.33, 95% CI: 3.08~5.59, P=0.000; I*=33.1%,
p=0.176 >0.1) was not statistically significant (P=0.143),
the PVR of Asians was still relatively lower than that of
Caucasians (Fig. 10).

cl
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We evaluated whether ethnicity influenced CI differ-
ences between BMPR2 mutation carriers and non-carri-
ers, and found that carriers had notably lower CI in both
Asian and Caucasian groups. Furthermore, CI in Asian
patients (WMD=-0.24, 95% CI: -0.39 ~ -0.10, P=0.001;
P=40.7%, p=0.150>0.1) was statistically significant
higher (P=0.033<0.05) than in Caucasian patients
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Study %
ID WMD (95% Cl) Weight
i
Liang 2022 : 1.00 (-1.63, 3.63) 6.99
1
Zhang 2020 —_—— -2.00 (-3.69, -0.31) 11.30
!
!
Yang 2018 —_— 0.00 (-1.36, 1.36) 13.35
1
1
Zhang 2016 ' — & 4.00(1.54, 6.46) 7.60
]
Bruggen 2016 : 0.00 (-1.97, 1.97) 9.77
1
Isobe 2016 —_— -1.30 (-3.19, 0.59) 10.20
i
i
Liu 2012 —_— 1.00 (-0.61, 2.61) 11.77
1
1
Girerd 2010 — 0.00 (-1.14, 1.14) 14.84
!
Sztrymf 2008 —:— 0.00 (-1.23, 1.23) 14.19
1
Overall (l-squared = 58.6%, p = 0.013) <> 0.13 (-0.73, 1.00) 100.00
i
1
NOTE: Weights are from random effects analysis '
T ! T
-6.46 0 6.46
Fig. 7 RAP in PAH patients with and without BMPR2 mutation
Study %
D WMD (95% Cl) Weight
il
Theobald 2023 —_—— 0.08 (-1.48, 1.64) 7.12
1
Theobald 2022 —_— -0.50 (-2.30, 1.30) 6.28
1
Liang 2022 —_— -2.00 (-4.13, 0.13) 5.32
1
Zhang 2020 —_— 0.00 (-1.23, 1.23) 8.33
1
Jang 2020 —_— . -4.00 (-5.41, -2.59) 7.65
1
Yang 2018 L -0.30 (-1.40, 0.80) 8.86
1
Zhang 2016 —_— 0.00 (-1.47, 1.47) 7.42
1
Bruggen 2016 —_— -1.00 (-2.53, 0.53) 7.22
1
Isobe 2016 —_— 0.10 (-1.17, 1.37) 8.20
1
Ghigna 2016 H ——%——— 3.10(0.99, 5.21) 5.35
1
Pfarr 2011 e -0.67 (-1.99, 0.65) 7.99
1
Girerd 2010 —=— -0.30 (-0.96, 0.36) 10.49
1
Sztrymf 2008 — -1.00 (-1.86, -0.14) 9.79
Overall (I-squared = 71.0%, p = 0.000) ®> -0.55 (-1.21, 0.12) 100.00
i
NOTE: Weights are from random effects analysis i
L
T

T
-5.41 0

Fig. 8 PAWP in PAH patients with and without BMPR2 mutation

(WMD=-0.42, 95% CI: -0.49 ~ -0.35, P=0.000; I*=0.0%,
p=0.451>0.1) (Fig. 11).

co

We also assessed whether ethnicity influenced CO dif-
ferences between BMPR2 mutation carriers and non-
carriers, finding that carriers had notably lower CO in

both Asian and Caucasian groups, despite the presence
of slight heterogeneity. After subgroup analyses, the het-
erogeneity disappeared. The difference in CO between
Asian patients (WMD=-0.26, 95% CI: -0.60~0.08,
P=0.129; I*=0.0%, p=0.739>0.1) and Caucasian
patients (WMD=-1.18, 95% CI: -1.63 ~ -0.73, P=0.000;
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Study %
ID WMD (95% Cl) Weight
Asian '
Liang 2022 — 10.00 (-3.82,23.82) 0.95
Zhang 2020 —:—0— 9.00 (1.78, 16.22) 3.47
Jang 2020 ———+— 13.20(3.85,22.55) 2.07
Yang 2018 — e 5.30 (0.56, 10.04) 8.05
Zhang 2016 '_i"— 8.00 (-0.80, 16.80) 2.34
Isobe 2016 —_— 2.00 (-5.71, 9.71) 3.05
Kabata 2013 ——0—:— 2.00 (-6.15, 10.15)  2.73
Liu 2012 + 7.00 (2.13, 11.87) 7.64
Subtotal (I-squared = 0.0%, p = 0.593) <> 6.42 (3.97, 8.86) 30.31
1
1
Caucasian '
Theobald 2023 —_— 6.70 (0.50, 12.90) 4.71
Theobald 2022 —:—0— 8.30 (0.95, 15.65) 3.35
Bruggen 2016 —— 1.00 (-3.90,5.90)  7.54
Ghigna 2016 : -1.00 (-10.98, 8.98) 1.82
Tio 2013 — = 0.90 (-7.34, 9.14) 2.67
Pfarr 2011 —:—0— 9.19 (5.31, 13.07) 12.06
Soon 2010 11.90 (3.88, 19.92) 2.81
Girerd 2010 — 6.00 (3.10, 8.90) 21.53
Sztrymf 2008 B 8.00 (4.29, 11.71) 13.19
Subtotal (I-squared = 40.0%, p = 0.101) <> 6.41 (4.80, 8.02) 69.69
1
1
Heterogeneity between groups: p = 0.994 '
Overall (I-squared = 15.3%, p = 0.274) 6.41 (5.07, 7.76) 100.00
I
T ! |
-23.8 0 23.8

Fig. 9 Impact of ethnicity on mPAP differences among BMPR2 mutation carriers and non-carriers

P=0.0%, p=0550>0.1) was statistically significant
(P=0.001<0.05) (Fig. 12).

Sensitivity analysis

A sensitivity analysis was performed to evaluate whether
any single study had a disproportionate impact on the
overall meta-analysis results. In this analysis, each
included study was removed one by one, followed by a
summary analysis of the remaining studies to further
validate our findings. The results indicated that remov-
ing individual studies did not significantly affect the
meta-analysis outcomes, suggesting that the results of the
remaining studies were both consistent and robust (Fig-
ure S1-S6).

Discussion

This study utilized databases including PubMed-MED-
LINE, EMBASE, Web of Science, Scopus, and the
Cochrane Central Register of Controlled Trials. A total of
1,363 studies were retrieved from inception through June,
2024. After removing duplicates, 679 studies remained.
Following a review of titles and abstracts, 639 stud-
ies were excluded, leaving 40 for full-text review. Ulti-
mately, 17 studies, comprising a total of 2,190 patients,
were selected for meta-analysis (Fig. 1). The study results

did not indicate any publication bias (Fig. 1). Among the
hemodynamic variables, patients with BMPR2 mutations
exhibited significantly differences in mPAP, PVR, CI,
and CO at diagnosis compared to those without BMPR2
mutations, while there were no significant differences in
RAP and PAWP (Figs. 3, 4, 5, 6, 7 and 8). Furthermore,
subgroup analysis was conducted on data showing sig-
nificant differences, revealing no significant differences
in mPAP and PVR between Asian and Caucasian patients
with BMPR2 mutations, however, the PVR of Asians was
still relatively lower than that of Caucasians (Figs. 9 and
10). Last but not least, significant differences in CI and
CO were observed between these two ethnic groups,
with CI and CO in Caucasians being more affected by
BMPR2 mutations and decreasing more than in Asians
(Figs. 11 and 12). Sensitivity analysis confirmed that the
meta-analysis results remained consistent and robust
even when individual studies were removed (Fig. S1-6).
In summary, there is a statistically significant difference
in the hemodynamic variables of PAH between BMPR2
mutation carriers and non-carriers, highlighting the
mutation’s impact on PAH severity. This influence is not
associated with ethnicity in mPAP and PVR; however,
it is associated with ethnicity in CI and CO, with Cau-
casians being more affected by BMPR2 mutations than
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Study %
ID WMD (95% CI) Weight
T
Asian '
Liang 2022 . 2.00(-4.41,8.41) 1.84
Zhang 2020 — 2.00 (-1.09, 5.09)  7.92
Jang 2020 — 1.60 (-3.63,6.83) 2.76
Yang 2018 _— 4.30(2.02,6.58)  14.48
Zhang 2016 —:0]— 4.00 (0.68, 7.32) 6.87
Isobe 2016 e X 2.20 (-1.99,6.39) 4.31
Liu 2012 —{o—:— 2.50 (0.15,4.85)  13.67
Subtotal (I-squared = 0.0%, p = 0.848) < 3.03(1.83,4.24) 51.84
1
1
Caucasian :
Theobald 2023 — 5.86(1.91,9.81)  4.85
Theobald 2022 —:—10— 5.60 (1.92, 9.28) 5.57
Bruggen 2016 ——M—i— 2.20 (-0.46, 4.86)  10.65
Ghigna 2016 ——[3—:— 2.00 (-1.50, 5.50) 6.16
Tio 2013 :fl 4.06 (0.03, 8.09) 4.65
Pfarr 2011 l—+——  6.50(4.14,8.86) 1352
Soon 2010 - 2.40 (-2.84,7.64) 275
Subtotal (l-squared = 33.1%, p = 0.176) <> 4.33(3.08,5.59)  48.16
1
1
Heterogeneity between groups: p = 0.143 i
Overall (l-squared =5.7%, p = 0.389) <> 3.66 (2.79, 4.53) 100.00
|
T ! T
-9.81 0 9.81
Fig. 10 Impact of ethnicity on PVR differences among BMPR2 mutation carriers and non-carriers
Study %
D WMD (95% Cl) Weight
Asian i
Zhang 2020 i —_— 0.10 (-0.20,0.40) 4.65
Yang 2018 — -0.40 (-0.68, -0.12) 5.35
Zhang 2016 . -0.40 (-0.93,0.13) 1.53
Isobe 2016 —_— -0.30 (-0.69, 0.09) 2.87
Liu 2012 _— -0.30 (-0.55, -0.05) 6.63
Subtotal (I-squared =40.7%, p = 0.150) E<> -0.24 (-0.39, -0.10) 21.03
1
Caucasian i
Theobald 2022 —Z—:— -0.50 (-0.77,-0.23) 5.77
Bruggen 2016 _— -0.50 (-0.76, -0.24) 6.23
Ghigna 2016 —;:— -0.39 (-0.81,0.03) 2.40
Tio 2013 L -0.73 (-1.22,-0.24) 1.76
Pfarr 2011 — -0.43 (-0.56, -0.30) 25.91
Soon 2010 o -0.10 (-0.40, 0.20) 4.63
Girerd 2010 — -0.43 (-0.57,-0.20) 21.43
Sztrymf 2008 — -0.37 (-0.57,-0.17) 10.84
Subtotal (l-squared = 0.0%, p=0.451) <> -0.42 (-0.49, -0.35) 78.97
1
1
Heterogeneity between groups: p = 0.033 :
Overall (I-squared = 33.7%, p = 0.113) Q -0.38 (-0.45, -0.32) 100.00
|
T ! T
-1.22 0 1.22

Fig. 11 Impact of ethnicity on Cl differences among BMPR2 mutation carriers and non-carriers
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Study %
ID WMD (95% Cl) Weight
1
Asian H
Liang 2022 : 0.30 (-0.80, 1.40) 6.1
Zhang 2020 —_ -0.20 (-0.78,0.38)  22.29
1
Jang 2020 —_— -0.60 (-1.46,0.26)  10.05
1
Zhang 2016 —:—0—— -0.50 (-1.34,0.34) 10.35
Kabata 2013 —:—0—— -0.20 (-0.91,0.51) 14.75
1
Subtotal (I-squared = 0.0%, p = 0.739) <>> -0.26 (-0.60, 0.08)  63.54
1
‘
1
Caucasian '
Theobald 2023 T -1.11(-2.53,0.31)  3.67
1
Theobald 2022 — s -1.00 (-1.58, -0.42) 21.92
Tio 2013 —_— E -1.56 (-2.38, -0.74) 10.86
Subtotal (I-squared = 0.0%, p = 0.550) O ' -1.18 (-1.63,-0.73) 36.46
1
'
1
Heterogeneity between groups: p = 0.001 '
Overall (I-squared = 47.2%, p = 0.066) <> -0.60 (-0.87,-0.33)  100.00
:
1
L
T T

-2.53 0

Fig. 12 Impact of ethnicity on CO differences among BMPR2 mutation carriers and non-carriers

Asians. This suggests that Caucasians may be more sensi-
tive to BMPR2 mutations. These findings underscore the
necessity of genetic testing for PAH patients, particularly
among the Caucasian population. Given the poorer clini-
cal phenotype and prognosis of BMPR2 mutation carri-
ers, closer follow-up may be required.

PAH is a serious, progressive vascular disease with a
poor prognosis, and its exact cause and pathogenesis are
not yet fully understood. However, the past decades have
seen remarkable progress in understanding its heredi-
tary background, pathophysiology and treatment options
[10, 37, 38]. The discovery of the link between BMPR2
gene mutations and various forms of PAH represents
a significant breakthrough in our understanding of the
disease. This research searched a total of 1,363 studies
from inception through June 2024, ultimately screening
17 for inclusion (Fig. 1). No publication bias was found
in this study (Fig. 2). Key information from these studies
was extracted and summarized in Table 1. Through our
review of the literature, we found that the BMPR2 muta-
tion is the most extensively studied mutation in PAH and
the first mutation identified within the BMPR family.
BMPR2 gene mutations have been identified in 70-80%
of patients with familial PAH (FPAH). Other studies have
also found that approximately 10-40% of IPAH patients
also carry this mutation [5, 10, 11]. Furthermore, the
same mutations have also been discovered in 10-26% of
patients with sporadic PAH [9]. Although BMPR2 muta-
tions appear to play a crucial role in the pathogenesis of

PAH, their functional consequences remain to be fully
elucidated.

Many studies have suggested that PAH patients with
BMPR2 mutations tend to be in poorer clinical condi-
tion and may develop symptoms at a younger age com-
pared to those without the mutation [13, 23, 25, 32, 35,
36]. However, these studies typically involve relatively
small cohorts. To further validate the clinical conditions
of these patients on a larger scale, a meta-analysis was
conducted to assess the relationship between PAH sever-
ity and BMPR2 mutation status, based on hemodynamic
variables. Furthermore, changes in hemodynamic param-
eters are closely linked to the progression and duration
of PAH. Theoretically, the mPAP is typically the earliest
change in PAH development. As the disease progresses,
pulmonary vascular remodeling increases PVR, a key
feature of PAH. In the early stages, the heart compen-
sates for rising mPAP and PVR to maintain CI and CO.
However, as PVR exceeds the right ventricle’s capacity,
it loses the ability to sustain normal CI and CO, signal-
ing a decline in right heart function. Increased RAP usu-
ally appears later and indicates right ventricular failure.
While the trend of PAWP is unclear, its rise suggests left
heart disease or mixed pulmonary hypertension.

The results of this meta-analysis revealed that patients
with BMPR2 mutations had significantly higher mPAP,
PVR, CI, and CO, compared to those without mutations
(Figs. 3, 4, 5 and 6). Other studies have validated these
parameters as survival predictors and incorporated them
into a survival probability model, which can be directly
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used for prognosis determination [14, 39, 40]. Our results
demonstrate that BMPR2 mutations in PAH are associ-
ated with less favorable hemodynamic profiles, which
could potentially infer poorer prognosis [12, 35, 41]. In
the present meta-analysis, other hemodynamic variables,
including RAP and PAWP, did not exhibit statistically
significant differences between BMPR2 mutation carri-
ers and non-carriers (Figs. 7 and 8). Multiple studies have
demonstrated consistent results [12, 13, 33].

Furthermore, subgroup analyses were conducted to
investigate whether differences existed between patients
with and without BMPR2 mutations across different eth-
nicities. The subgroup analysis in this study primarily
explored whether differences in hemodynamic param-
eters at diagnosis existed between mutation carriers and
non-carriers in Asian and Caucasian populations. The
results indicated that there were no significant differences
in mPAP and PVR between Asian and Caucasian patients
with BMPR2 mutations (Figs. 9 and 10). However, there
were significant differences in CI and CO between Asian
patients and Caucasian patients (Figs. 11 and 12).

The mPAP and PVR reflect pulmonary vascular
changes, primarily due to remodeling and stenosis, and
these changes are similar across different races in PAH
patients according to our study. The absence of statistical
differences in these indicators between the two groups
suggests that the pathological process of pulmonary vas-
culature is highly consistent across ethnic groups. While
patients with BMPR2 mutations typically show more
severe vascular remodeling, the mutation’s effects may
follow similar pathophysiological mechanisms regardless
of ethnicity, explaining the lack of significant differences
in mPAP and PVR. Overall, both BMPR2 mutation car-
riers and non-carriers exhibit similar pulmonary vascu-
lar changes, resulting in no significant differences in the
trends of increasing mPAP and PVR.

However, the CI and CO reflect the ventricle’s response
to the pathological load of PAH, with right ventricu-
lar function playing a critical role in PAH progression.
Although there are no reports on racial differences in
mPAP and PVR, racial variations may affect the compen-
satory capacity of the ventricle and, consequently, CI and
CO. Studies suggest structural and functional differences
in the heart between different races [42—44]. This could
explain the more significant drop in CI and CO in Cauca-
sians. Beyond anatomical differences, environmental fac-
tors and genetic backgrounds, such as BMPR2 mutations,
may also affect the right heart’s compensatory processes.
These mutations may have a more pronounced nega-
tive impact on right ventricular function in Caucasians,
leading to a greater decline in CI and CO. Our research
indicates that Caucasians may experience more rapid or
severe declines in RV function in response to BMPR2
mutations in PAH. These differences could be related to
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variations in RV remodeling, suggesting that the impact
of BMPR2 mutations is greater in Caucasians than
in Asians. Consequently, Caucasians may experience
quicker right heart decline due to BMPR2 mutations.

BMPR2 mutation carriers are at an increased risk of
developing pulmonary arterial hypertension (PAH), and
recent studies suggest that these mutations may have an
impact even before clinical PAH manifests. Bogaard et
al. [45] report that BMPR2 mutation carriers can exhibit
subclinical cardiac and pulmonary vascular changes,
including reduced cardiac output and altered right ven-
tricular function, prior to PAH onset. Similarly, Montani
et al. [46] identify subclinical manifestations in BMPR2
carriers, including reduced pulmonary vascular disten-
sibility and impaired exercise hemodynamics, detectable
through advanced diagnostic tools. These findings indi-
cate a preclinical phase in BMPR2 carriers, emphasizing
the importance of early screening and monitoring, and
reinforcing the value of genetic screening and early inter-
vention in high-risk populations.

Overall, this meta-analysis further confirms the asso-
ciation between BMPR2 mutations and disease severity.
These hemodynamic variables are valuable for assessing
the response to PAH-targeted treatment and guiding
clinical decisions. There is a statistically significant dif-
ference in the hemodynamic variables of PAH between
BMPR2 mutation carriers and non-carriers. However,
this effect is not linked to ethnicity in mPAP and PVR,
but it is associated with ethnicity in CI and CO, with
Caucasians being more affected by BMPR2 mutations
than Asians. This underscores the clinical importance of
genetic testing for PAH patients. Given the poorer ven-
tricular compensatory function in Caucasian BMPR2
mutation carriers compared to Asians, closer follow-up
may be necessary for Caucasian patients.

The current meta-analysis has several limitations that
should be acknowledged. First, as it includes only non-
randomized studies, it inherits the typical limitations of
observational research, such as confounding and selec-
tion bias. However, our meta-analysis offers greater sta-
tistical power compared to a single retrospective study.
Second, the studies used varying methods for recruit-
ment and data collection, with differing ratios of familial
and sporadic BMPR2 mutation cases, potentially con-
tributing to heterogeneity, though it was generally lim-
ited and acceptable. Third, most included studies lacked
detailed therapy data, including triple therapy informa-
tion, and did not consistently report correlations with
hemodynamic parameters. This limits our ability to
assess the impact of advanced therapies, highlighting the
need for standardized data in future studies. Addition-
ally, further studies with larger sample sizes and extended
follow-up are needed to evaluate the causal mechanisms
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underlying the association between BMPR2 mutations,
disease severity, and prognosis.
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