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Abstract

Background Heritable pulmonary arterial hypertension (PAH) is most commonly due to heterozygous
mutations of the BMPR2 gene. Based on expert consensus, guidelines recommend annual screening
echocardiography in asymptomatic BMPR2 mutation carriers. The main objectives of this study were to
evaluate the characteristics of asymptomatic BMPR2 mutation carriers, assess their risk of occurrence of
PAH and detect PAH at an early stage in this high-risk population.

Methods Asymptomatic BMPR2 mutation carriers underwent screening at baseline and annually for a
minimum of 2 years (DELPHI-2 study; ClinicalTrials.gov: NCT01600898). Annual screening included
clinical assessment, ECG, pulmonary function tests, 6-min walk distance, cardiopulmonary exercise
testing, chest radiography, echocardiography and brain natriuretic peptide (BNP) or N-terminal (NT)-
proBNP level. Right heart catheterisation (RHC) was performed based on predefined criteria. An optional
RHC at rest and exercise was proposed at baseline.

Results 55 subjects (26 males; median age 37 years) were included. At baseline, no PAH was suspected
based on echocardiography and NT-proBNP levels. All subjects accepted RHC at inclusion, which
identified two mild PAH cases (3.6%) and 12 subjects with exercise pulmonary hypertension (21.8%). At
long-term follow-up (118.8 patient-years of follow-up), three additional cases were diagnosed, yielding a
PAH incidence of 2.3% per year (0.99% per year in males and 3.5% per year in females). All PAH cases
remained at low-risk status on oral therapy at last follow-up.

Conclusions Asymptomatic BMPR2 mutation carriers have a significant risk of developing incident PAH.
International multicentre studies are needed to confirm that refined multimodal screening programmes with
regular follow-up allow early detection of PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is a rare condition with a prevalence of 15-60 per million,
affecting the small pulmonary arteries leading to right ventricular failure [1-3]. Due to its rarity and
nonspecific clinical presentation, PAH is usually diagnosed late in the course of the disease [1]. Despite
the recent approval of targeted drugs, PAH remains a disease associated with a poor prognosis with a
median survival of only 7 years in the current era [2, 4].

Mutations of the BMPR2 gene (encoding bone morphogenetic protein receptor type 2) have been identified
as the most common cause of heritable PAH. PAH due to BMPR2 mutation is an autosomal dominant
disorder with incomplete penetrance (estimated at 42% in females and 14% in males) [5] and has a worse
prognosis compared with idiopathic PAH [6-8]. Genetic counselling and testing has become an integral
part of PAH care, and allows screening for mutations in PAH-predisposing genes in patients as well as
carrier detection in asymptomatic relatives [6-8].

Studies have shown that PAH therapy instituted at an early stage translates to better long-term outcomes
[9-11]. Therefore, it seems essential to establish early diagnosis, particularly in high-risk populations such
as BMPR2 mutation carriers [2, 4]. In the absence of robust evidence, the European Society of Cardiology/
European Respiratory Society (ESC/ERS) guidelines recommend that asymptomatic BMPR2 mutation
carriers may be offered annual screening Doppler echocardiography for the early detection of PAH [2, 4].
However, this recommendation is based on expert consensus, since no screening strategy has ever been
evaluated for this population [2, 4]. Furthermore, no previous study has assessed the risk of incident PAH
in BMPR2 mutation carriers using a longitudinal follow-up design.

The main objectives of the present longitudinal study (DELPHI-2) were to 1) assess the risk of occurrence
of PAH in BMPR2 mutation carriers; 2) determine their clinical, functional, biological, echocardiographic
and haemodynamic characteristics; 3) determine predictive factors for the development of PAH; and
4) detect PAH at an early stage and offer timely management.

Methods

Subjects

Genetic counselling and screening of mutations in PAH-predisposing genes are offered to all patients with
idiopathic or familial PAH followed at the French Referral Centre for Pulmonary Hypertension and
subsequently to their at-risk relatives when a mutation has been identified [12]. The DELPHI-2 study
(Screening of PAH in BMPR2 mutation carriers; ClinicalTrials.gov: NCT01600898) was approved by the
Institutional Ethics Committee on 25 November 2011 (CPP-IDF-VII; approval 11-028). From March 2012
to October 2014, asymptomatic relatives carrying a BMPR2 mutation were offered inclusion in the
DELPHI-2 study with a minimum follow-up of 2 years (figure 1). Details of the relatives of heritable PAH
patients and methods of screening and genetic testing (confirmation on two independent tests of BMPR2
mutations) have been previously reported in the experience of genetic counselling in the French Referral
Centre for Pulmonary Hypertension [12]. Inclusion criteria were age >18 years and all subjects were
asymptomatic in New York Heart Association Functional Class (NYHA FC) I at inclusion. Subjects with
other known conditions associated with PAH (connective tissue disease, portal hypertension, HIV
infection, schistosomiasis and congenital heart disease with the exception of atrial septal defect) or
pulmonary hypertension (chronic respiratory disease, left heart disease, chronic thromboembolic disease
and sickle cell disease) at inclusion were excluded. The other exclusion criteria were adults under
guardianship, persons deprived of liberty, in emergency situations, persons who refused or were unable to
give informed consent and subjects without affiliation to a regime of social insurance. Females pregnant at
inclusion were not eligible.

Study design

Initial evaluation included medical and occupational history, and a questionnaire on prior exposure to
drugs and toxins. Assessment at initial and subsequent yearly visits included physical examination,
functional assessment by NYHA FC, ECG, chest radiography, nonencouraged 6-min walk distance
(6MWD), pulmonary function tests (PFTs), cardiopulmonary exercise testing (CPET), Doppler
echocardiography and brain natriuretic peptide (BNP) or N-terminal (NT)-proBNP plasma levels. RHC at
rest and exercise was proposed to each participant at inclusion as an optional investigation [1, 13, 14].
ECG, Doppler echocardiography, PFTs and CPET were reviewed by two experts blinded to the results of
RHC and other examinations. An investigational CPET probability score of pulmonary hypertension was
predefined based on five criteria adapted from data published by our group and others (supplementary
table S1) [15-20]. Complete methodological descriptions of all investigations are presented in the
supplementary methods.
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Genetic counselling offered in PAH patients
n=550

A 4

PAH patients carrying a BMPR2 mutation
n=157 from 130 families

v

Genetic counselling and testing in relatives of
PAH patients carrying a BMPR2 mutation
n=274 from 77 families

v

Relatives carrying a BMPRZ mutation
n=94 from 45 families

Three relatives developed PAH before
the beginning of the study

A 4

Relatives carrying a BMPRZ2 mutation invited to
participate in the study
n=91 from 44 families

36 patients declined to participate
No patients with known conditions
v associated with PH

Asymptomatic BMPR2 mutation carriers
included in the study
n=55 from 31 families

FIGURE 1 Flowchart of DELPHI-2. PAH: pulmonary arterial hypertension; PH: pulmonary hypertension.

During the study, subjects were asked to contact the study team for an urgent assessment in case of
unexplained dyspnoea, malaise or syncope. RHC was indicated if subjects presented with at least one of
the following criteria: 1) clinical signs suggestive of PAH (unexplained dyspnoea with worsened NYHA
FC, malaise or syncope), 2) tricuspid regurgitation velocity (TRV) >2.8m-s ' at Doppler
echocardiography, or 3) decrease in oxygen consumption at CPET corrected for body weight at peak
exercise (V'p,) >20% compared with reference value at inclusion or between two consecutive evaluations.
PAH was confirmed if RHC showed mean pulmonary arterial pressure (mPAP) >25 mmHg with
pulmonary arterial wedge pressure (PAWP) <15 mmHg and pulmonary vascular resistance (PVR) >3 WU
on RHC at rest. If pre-capillary pulmonary hypertension was diagnosed during the study, patients were
managed as recommended by ESC/ERS guidelines [2] with a complete work-up (including computed
tomography (CT) pulmonary angiography, high-resolution chest CT, ventilation/perfusion lung scan,
abdominal ultrasound, HIV serology and immunological tests) to exclude other causes of pulmonary
hypertension. Abnormal haemodynamics at exercise (“exercise pulmonary hypertension”) was defined by
mPAP >30 mmHg and total pulmonary resistance (TPR) >3 WU [1, 21].

At the end of the initial mandatory 2-year phase of DELPHI-2, an optional long-term extension follow-up
with the same design was proposed to all subjects. If subjects declined, an annual phone call was proposed
and subjects were informed to contact the study team urgently in case of dyspnoea, malaise or syncope. If
pregnancy occurred during follow-up, a specific follow-up was proposed with monthly Doppler
echocardiography during the second and third trimesters followed by a complete assessment within
3 months of delivery.

Subjects diagnosed with PAH were included in the French Pulmonary Hypertension Registry according to
the requirements of the Commission Nationale Informatique et Liberté (approval 842063) [22]. PAH
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patients were risk stratified using the REVEAL 2.0 score, the ESC/ERS guidelines risk stratification tool
and the simplified French PAH risk assessment [2, 22, 23].

Statistical analysis

Continuous data were presented as median (minimum-maximum range) and categorical data were
presented as number (percentage). We used the Mann—Whitney test to compare data between subjects with
or without PAH. The Chi-squared test with Yates correction if needed was used to compare categorical
data. We considered a p-value <0.05 as significant. Event-free survival (time to death or lung
transplantation) analysis for index cases of patients included in DELPHI-2 was performed from the time of
the first diagnosis of PAH confirmed by RHC and survival was estimated by the Kaplan—Meier method.
We performed statistical analysis with StatView version 5.0 (SAS Institute, Cary, NC, USA) and Prism
(GraphPad, La Jolla, CA, USA).

Results

Study population

At the end of the inclusion period (1 October 2014), genetic counselling had been offered to 550 PAH
patients, of whom 157 patients from 130 families carried a BMPR2 mutation (figure 1). Asymptomatic
carrier detection had been performed in 274 relatives of these 157 patients. 94 relatives from 45 families
carried a BMPR2 mutation. Three relatives (two females and one male) developed symptomatic PAH
before the beginning of the study. In total, 55 BMPR2 mutation carriers (from 31 families) were enrolled
in DELPHI-2 from 1 March 2012 to 1 October 2014, followed by a minimum follow-up of 2 years
(figure 2). During the 2-year mandatory follow-up period, 144 visits were performed as part of DELPHI-2
(100.9 patient-years of follow-up). The BMPR2 mutations from our cohort subjects are presented in
supplementary table S2, including 14 families with nonsense mutations, 10 families with missense
mutations and seven families with large rearrangements previously reported by Girerp et al. [12]. Median

Baslelirtw_e Asymptomatic BMPR2
evatuation mutation carriers
n=55
I
RHC at rest
|
No PAH PAH n=2
n=53 at inclusion
| No RHC at exercise '
' n=1 pToTTTTTTTTT T
RHC at exercise
n=52
[
No exercise PH Exercise PH#
n=40 n=12
2-year
follow-up No additional PAH
Long-term
follow-up = -
PAH n=1 PAH n=2
after 6 years after 6 years

FIGURE 2 Baseline evaluation and follow-up of the 55 asymptomatic BMPR2 mutation carriers. PAH:
pulmonary arterial hypertension; RHC: right heart catheterisation; PH: pulmonary hypertension. *: defined as
mean pulmonary arterial pressure >30 mmHg and total pulmonary resistance >3 WU.
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(range) age at inclusion was 37 (18-78) years and the sex ratio was 0.9 (26 males). 19 subjects (35%) had
a smoking history >5 pack-years, 11 (20%) had systemic hypertension, four (7%) had type 2 diabetes,
three (5%) had dyslipidaemia, two had a history of chemotherapy for breast cancer or lymphoma, one had
lumbar disc hernia and one had a past history of pacemaker implantation for sinus node dysfunction.
Clinical characteristics are presented in table 1 and supplementary table S3.

Evaluation at baseline

ECG, chest radiography and biological tests

ECG was normal or with no significant abnormalities in 44 subjects (80%), including one paced rhythm.
Two ECGs were inconclusive with isolated left axis deviation. Nine (16.3%) subjects had ECG with
incomplete right bundle branch block (n=5) or signs of right ventricular hypertrophy including inverted
T-waves in the right pre-cordial leads (n=4) and/or right axis deviation (n=1). No abnormalities were found
in chest radiography. BNP/NT-proBNP, creatinine and uricaemia were in the normal range in all subjects
(table 1 and supplementary table S3). Uricaemia was significantly associated with sex (p<0.0001) and
body mass index (p<0.05), but was not different between patients with or without PAH.

PFTs and CPET

At inclusion, all subjects were in NYHA FC I. Median (range) 6MWD was 533 (368-693) m. Results of
PFTs (n=55) and CPET (n=54, not performed in one relative because of lumbar disc herniation) were
expressed as percentage of predicted value. Median (range) FEV; was 105% (69-152%) and FVC was
108% (75-162%). Median (range) diffusing capacity of the lung for carbon monoxide (Dyco) and Dy co/
Va were 75.5% (39-126%) and 88% (49—-126%), respectively (table 1 and supplementary table S3).

During CPET (table 1), the median (range) workload was 120 (42-279) W. At peak exercise, median
(range) percentage predicted V'q, at peak was 81% (47-132%). Median (range) dead space fraction (Vp/
Vr) was 0.21 (0.06-0.39) (n=52). Based on the investigational CPET probability score of pulmonary
hypertension (table 1), 31 (57.4%) subjects were classified as “unlikely”, 21 (38.9%) subjects as
“possible”; one subject as “likely” and one as “very likely” (table 2).

Doppler echocardiography

Doppler echocardiography was performed with blinding of the results of RHC or other examinations at
inclusion and follow-up. A measurable TRV was obtained in 30 subjects (54.5%) and was <2.8 ms™ " in
all cases (median (range) 2.0 (1.5-2.75) m-s™ ). Median (range) right atrial surface area was 13.0 (7.7—
27.0) cm®. Median (range) diastolic right ventricle surface area was 16.9 (8.0-28.0) cm® and systolic right
ventricle surface area was 9.5 (3.7-15.0) cm?. Median (range) TAPSE was 23 (16-28) mm. No pericardial
effusion was reported. All results are presented in table 1 and supplementary table S3. PAH was not
suspected in any subjects based on Doppler echocardiography results at baseline. An atrial septal defect

(ostium secundum) of 10 mm was detected in one subject.

Haemodynamic evaluation at rest

All subjects (n=55) accepted the optional RHC at inclusion. This identified two asymptomatic subjects
with mild PAH (figure 2). Haemodynamic characteristics of the 53 subjects without PAH and of the two
PAH patients diagnosed at inclusion (patients 1 and 2) are presented in table 1. Distributions of mPAP and
PVR are presented in figure 3. One subject with uncontrolled systemic hypertension at inclusion had
post-capillary pulmonary hypertension. Repeat RHC after treatment of systemic hypertension demonstrated
haemodynamic normalisation.

Haemodynamic evaluation at exercise

52 out of the 53 subjects without PAH at inclusion performed RHC at exercise. 12 of them (23%) had
exercise pulmonary hypertension, as defined by mPAP >30 mmHg and TPR >3 WU (figure 2). Subjects
who experienced exercise pulmonary hypertension were significantly older (median 57.8 versus 26.9 years;
p<0.0001) and had significant differences in haemodynamics at rest (higher mPAP, PVR and TPR, and
lower cardiac index, PAWP and stroke volume index) compared with patients with normal haemodynamics
at exercise (table 3). Of note, one patient had an increased PVR >3 WU but normal mPAP 16 mmHg at
baseline. Exercise haemodynamics showed exercise pulmonary hypertension with mPAP 39 mmHg and
TPR 5.0 WU, associated with a decrease in PVR (2.3 WU) and an increase in PAWP (21 mmHg),
suggesting the absence of pulmonary vascular disease but possible heart failure with preserved ejection
fraction.
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TABLE 1 Characteristics of BMPR2 mutation carriers without pulmonary arterial hypertension (PAH) and patients diagnosed with PAH in DELPHI-2

and long-term follow-up

DELPHI-2 (n=55) Long-term follow-up (n=36)

No PAH at inclusion (n=53) Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
Demographic data
Age years 37.1 (18-67.5); (24.9-49.7) 25.5 78.1 49.9 72.5 46.8
Male/female 26/27 Female Female Female Female Male
Tobacco exposure >5 pack-years 18 (34) Yes No No No Yes
BMI kg:m™2 22.5 (16.8-32.2); (21.7-26.1) 22.0 25.2 22.9 21.3 24.9
Systemic hypertension 10 (19) No Yes No No No
Diabetes 3 (6) No Yes No No No
Dyslipidaemia 3(6) No No No No No
Delay between symptoms and NA NA NA 3 NA 3-6
diagnosis months
Potential additional risk factor NA Pregnancy None Chemotherapy  Chemotherapy None
Functional parameters
NYHA FC I-IV | | | 1] | 1l
6MWD m 539 (368-693); (486-599) 533 420 397 412 505
FEV; % pred 105 (69-141); (97-113) 86 152 91 119 91
FVC % pred 108 (75-140); (98-117) 89 162 103 144 9%
Dico % pred 76 (39-126); (69-87) 50 63 42 52 82
Dyco/Va % pred 89 (49-126); (74-100) 62 66 65 58 104
CPET
Vo, at peak % pred 81 (47-132); (65.5-91.5) 70 89 58 81 62
V'g at peak % pred 76.2 (37.8-156.8); (56.7-101.8) 74 53.9 63.3 63.5 72.4
Vo/Vr 0.21 (0.06-0.39); (0.12-0.24) 0.15 0.27 0.53 0.49 NA
V'g/V'co, at anaerobic threshold 33 (24-66); (23.5-45) 36 54 59 43 39
V’oz/HR % pred 88 (50-125); (77.5-101) 100 98 60 122 78
Pao, at rest mmHg 93 (75-118); (85-100) 99 70 70 94 63
Pao, at peak mmHg 106 (85-124); (97.5-114) NA 97 49 83 NA
P(a-a)o, MmHg 12.7 (—5.6-32.8); (7.7-19.8) 15.7 26 7 40 NA
CPET probability score 2 (0-6) 4 9 10 8 NA
Echocardiography
TRV m-s™* 2 (1.5-2.75)%; (1.85-2.3) 2 2.65 4.2 33 44
RA surface area cm? 13.0 (7.7-27.0); (10-15) 15 14 19 16 21
LA surface area cm? 4 (9.5-23); (12.5-17) 15 9 12 17 13
Diastolic RV surface area cm? 17.5 (8.0-28.0); (14-20) 15.6 16 22.9 15.8 25
Systolic RV surface area cm? 9.5 (3.7-15.0); (7-11) 11 8 14.8 8.2 12
RVEF % 45 (30-71); (40-50) 30 50 35 48 50
TAPSE mm 23 (16-28); (21-25) 25 16 23 19 21
RV Tei index 0.24 (0.06-0.77); (0.18-0.30) NA NA 0.2 NA 0.47
Haemodynamics
mPAP mmHg 14 (8-23); (13-17) 26 25 43 29 50
PAWP mmHg 8 (2-14); (6-10) 8 7 7 5 8
Cardiac output L-min~* 6.03 (3.77-10.33); (5.30-7.00) 7.27 4.05 3.93 3.27 4.57
Cardiac index L'min~*m™ 3.50 (2.20-5.44); (3.11-4.10) 4.38 2.8 231 1.94 2.36
SVI mL:m ™2 51.6 (33.7-79.2); (43.6-53.5) 55.4 35.0 46.8 323 31.9
TPR WU 2.5 (1.2-4.8); (1.9-3.0) 3.58 6.17 10.93 8.88 10.95
PVR WU 1.0 (0.2-3.7); (0.7-1.4) 2.5 4.4 9.2 7.3 9.2
Acute vasodilator test Not performed Negative Negative Negative Negative Negative
Biological tests
Uricaemia umol-L_1 (normal <357) 286 (170-528); (231-374) 250 465 306 270 603
BNP ng-L™* (normal <80) 11 (5-60); (8.8-15.5) 9 19 NA NA NA
NT-proBNP ng:L™* (normal <300) NA NA NA 484 252 437

All values are expressed as median (minimum-maximum range); (interquartile range), n or n (%). BMI: body mass index; NYHA FC: New York Heart
Association Functional Class; 6MWD: 6-min walk distance; FEV;: forced expiratory volume in 1s; FVC: forced vital capacity; D, co: diffusing capacity of
the lung for carbon monoxide; Vy: alveolar volume; CPET: cardiopulmonary exercise testing; V'o: oxygen consumption corrected for body weight;
V'e: minute ventilation; Vp/Vr: physiological dead space fraction; V'co : carbon dioxide production; HR: heart rate; P,q,: arterial oxygen tension;
P(a-a)o,: alveolar-arterial oxygen tension difference; TRV: tricuspid regurgitation velocity; RA; right atrium; LA: left atrium; RV: right ventricle; RVEF:
right ventricular ejection fraction; TAPSE: tricuspid annular plane systolic excursion; mPAP: mean pulmonary arterial pressure; PAWP: pulmonary
arterial wedge pressure; SVI: stroke volume index; TPR: total pulmonary resistance; PVR: pulmonary vascular resistance; BNP: brain natriuretic
peptide; NT-proBNP: N-terminal pro-BNP; NA: not available. *: n=28.
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TABLE 2 Baseline results of investigational cardiopulmonary exercise testing probability score of pulmonary

hypertension

Total score Likelihood Subjects No pulmonary Exercise pulmonary PAH
hypertension hypertension

0-2 Unlikely 31 28 (90.3) 3(9.7) 0

3-5 Possible 21 11 (52.4) 9 (42.9) 1(4.8)

6-8 Likely 1 1 (100) 0 0

9-10 Very likely 1 0 0 1 (100)

Data are presented as n or n (%). PAH: pulmonary arterial hypertension.

Description of the screened PAH cases

The first case was a 26-year-old female included 3 months post-partum. ECG showed right axis deviation
(QRS axis +100°) and inverted T-waves in the right pre-cordial leads. 6MWD was 533 m. PFTs were
normal except for a low Dy co (50% predicted). Based on the investigational CPET probability score, she
was considered as “possible” pulmonary hypertension. Doppler echocardiography showed normal TRV
(2m-s™"), absence of right atrial or ventricular dilatation and no other sign suggestive of pulmonary
hypertension. TAPSE was 25 mm. BNP was normal. RHC revealed pre-capillary pulmonary hypertension
at rest (mPAP 26 mmHg, PAWP 8 mmHg, cardiac output 7.27 L-min"", cardiac index 4.38 L-min~'-m™
and PVR 2.5 WU) (table 1) and exercise pulmonary hypertension (mPAP 43 mmHg and TPR 3.6 WU).
Because of the absence of symptoms in a subject with PVR <3 WU at rest, no PAH therapy was started
and a careful follow-up was proposed. After 4 months, the patient had progressed to NYHA FC II and
RHC demonstrated haemodynamic deterioration (mPAP 35 mmHg, cardiac index 2.39 L-min™"'m™ and
PVR 6.8 WU) confirming PAH. Oral dual combination therapy with an endothelin receptor antagonist

(ERA) and a phosphodiesterase type 5 inhibitor (PDE5i) was initiated.

The second case was a 78-year-old female with systemic hypertension and type 2 diabetes. ECG showed
inverted T-waves in the right pre-cordial leads. 6MWD was 420 m. PFTs were normal apart from reduced
Dy co (63% predicted). Based on the investigational CPET probability score, she was considered as “very
likely” pulmonary hypertension. Doppler echocardiography showed normal TRV (2.65 m-s™"), absence of
right atrial or ventricular dilatation and no other sign suggestive of pulmonary hypertension. TAPSE was
16 mm. BNP was normal. RHC at rest revealed pre-capillary pulmonary hypertension (mPAP 25 mmHg,
PAWP 7 mmHg, cardiac index 2.8 L-min”*'m~? and PVR 4.4 WU) (table 1). Oral monotherapy with a
PDEDSi was initiated.
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FIGURE 3 Distribution of haemodynamics at baseline among 55 asymptomatic BMPR2 mutation carriers: a) mean pulmonary arterial pressure
(mPAP) (dark red: patients with mPAP >25 mmHg; light red: mPAP 21-24 mmHg; blue: mPAP <20 mmHg) and b) pulmonary vascular resistance
(PVR) (dark red: patients with PVR >3 WU; blue: PVR <3 WU).
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TABLE 3 Comparison of haemodynamics between subjects with normal haemodynamics on exercise and

subjects with exercise pulmonary hypertension

No exercise pulmonary Exercise pulmonary p-value
hypertension hypertension”
Subjects 40 12
Female 18 (45) 9 (75) 0.07
Age years 26.9 (18-58); (23.6-41.8) 58.7 (43.8-67.5); (52.8-64.1)  <0.0001
Haemodynamics at rest
mPAP mmHg 14 (8-20); (12-16.5) 16.5 (13-23); (14.5-18) 0.020
Cardiac index L'min~*m™2 3.59 (2.62-5.44); (3.23-4.11) 3.12 (2.20-4.80); (2.62-3.63) 0.0226
SVI mL-m™2 51.0 (32.3-75.6); (45.3-54.4) 43.9 (32.7-57.9); (37.0-49.5) 0.0076
PAWP mmHg 9 (3-14); (7-11) 6 (2-12); (4.5-9.0) 0.036
PVR WU 0.8 (0.2-1.5); (0.6-1.2) 1.6 (0.6-3.7); (1.6-2.3) <0.0001
TPR WU 2.3 (1.2-3.7); (1.8-2.8) 3.2 (2.3-4.8); (2.5-3.8) 0.001
Haemodynamics at peak
exercise
Workload W 90 (30-150); (60—100) 70 (30-100); (55-80) 0.015
mMPAP mmHg 20 (8-20); (21-29.5) 40 (34-54); (36.5-47.5) <0.0001
Cardiac index L:min~*m—2 8.99 (5.77-11.59); (8.30-9.73) 6.49 (4.75-8.83); (5.8-7.4) <0.0001
SVI mL-m~2 68.5 (48.2-94.5); (59.6-77.2) 53.9 (42.8-66.9); (47.8-59.7) 0.0002
PAWP mmHg 14 (6-25); (12-18) 25 (20-30); (22.5-26.0) <0.0001
PVR WU 0.65 (0.1-1.4); (0.5-0.9) 1.6 (0.8-2.3); (1.3-1.9) <0.0001
TPR WU 1.6 (0.9-3.1); (1.3-2.1) 3.55 (3-5); (3.3-4.7) <0.0001
Long-term follow-up
PAH 1(2.4) 2 (16.7)

Data are presented as n, n (%) or median (minimum—maximum range); (interquartile range), unless otherwise
stated. mMPAP: mean pulmonary arterial pressure; SVI: stroke volume index; PAWP: pulmonary arterial wedge
pressure; PVR: pulmonary vascular resistance; TPR: total pulmonary resistance; PAH: pulmonary arterial
hypertension. *: pulmonary hypertension at exercise was defined by an increased in mPAP >30 mmHg and TPR
>3 WU.

Two-year mandatory follow-up

During follow-up, five additional RHCs were performed based on a decrease in V', at peak >20% (in
isolation in three subjects and associated with unexplained dyspnoea in two subjects). Pulmonary
hypertension was not diagnosed in these five subjects. Eight subjects did not complete all follow-up visits,
including two females because of pregnancy. After delivery, these two females were subsequently followed
long-term. Phone calls were made for the subjects who missed follow-up visits: none reported clinical
signs suggestive of pulmonary hypertension. During the 2-year initial follow-up, no unscheduled visit was
needed and no additional PAH case was diagnosed.

Long-term follow-up

36 subjects consented to undergo the optional long-term follow-up as part of usual care. A total of 103
visits as of 1 August 2019 (118.8 patient-years of follow-up) were completed as part of long-term
follow-up. Thus, 247 follow-up visits (215.6 patient-years) were performed during a follow-up of 47
+27 months for the entire duration of DELPHI-2. The 12 subjects who did not accept clinical long-term
follow-up agreed to receive annual phone calls.

Three additional PAH cases were diagnosed 6 years after the initial visit in two females (aged 50 and
73 years) and a 47-year-old male. Characteristics of these patients at PAH diagnosis are presented in table
1 (patients 3, 4 and 5). Patients 4 and 5 were from the same family (aunt and nephew). At the time of
PAH diagnosis, one patient was asymptomatic (diagnosed at a scheduled visit) and two were mildly
symptomatic NYHA FC II (diagnosed at unscheduled visits), with a delay between symptom onset and
PAH diagnosis of 3 and 6 months, respectively. PAH was associated with mild to moderate functional
impact on 6MWD (ranging from 397 to 505 m). NT-proBNP concentrations were in the normal range in
the asymptomatic case and mildly elevated in the two symptomatic patients. Doppler echocardiography
was abnormal with TRV >2.8 m-s™" in the three patients (3.3-4.4 m-s~"). RHC confirmed PAH with more
severe haemodynamic compromise (PVR 7.3-9.2 WU) compared with the cases screened by RHC in the
initial phase of the study. Three patients had signs of pulmonary hypertension on ECG, two had “very
likely” pulmonary hypertension based on the CPET probability score and the other had a 22% decrease of
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V', at peak (CPET probability score not evaluable because of the absence of arterial blood gases at
exercise), and two of them had Dy o <70% predicted.

Incidence of PAH in BMPR2 mutation carriers

In this cohort, 9.1% of asymptomatic BMPR2 mutation carriers developed PAH at follow-up with a
marked female predominance: 13.8% (four out of 29) in females and 3.8% (one out of 26) in males
(p=0.42). The incidence of PAH in the whole population was 2.3% per year. The incidence of PAH was
higher in females: four females diagnosed with PAH during 114.4 patient-years of follow-up and one male
diagnosed with PAH during 101.2 of follow-up (3.5% and 0.99% per year, respectively).

At long-term follow-up, two of the 12 subjects with pulmonary hypertension at exercise developed PAH
(16.7%) versus one of the 40 subjects (2.5%) with normal exercise haemodynamics (p=0.25) (figure 2).

Characteristics of patients diagnosed with PAH versus subjects without pulmonary hypertension at
follow-up

Complete work-up performed in the five patients with pre-capillary pulmonary hypertension identified no
other condition known to be associated with pulmonary hypertension according to the current classification
of pulmonary hypertension [1, 2]. Among the five patients diagnosed with PAH in the study, three patients
belonged to families with several identified cases of PAH and two patients were relatives from index cases
displaying a sporadic form of PAH (figure 4). Compared with subjects without pulmonary hypertension at
follow-up (n=50), patients with PAH presented with lower 6MWD (median 420 versus 540 m), lower
Di.co (median 52 versus 78% predicted) and elevated TRV (median 3.3 versus 2.0 m-s™") at diagnosis. No
individual CPET parameter differed individually.

Additional risk factors might have played a role as second hits in patient 1 who developed PAH a few
months after pregnancy and in patient 3 who received several chemotherapies for breast cancer, including
docetaxel, trastuzumab, bevacizumab, paclitaxel and lapatinib before inclusion, and vinorelbine and
trastuzumab emtansine 3 months before onset of symptoms. Patient 4 had a personal history of
non-Hodgkin’s lymphoma treated 18 years before by chemotherapy and radiotherapy.

Noninvasive screening criteria

Since NT-proBNP plasma concentrations and Doppler echocardiography were normal in all subjects at
inclusion, we assessed the relationship between ECG, D;co and CPET parameters with invasive
haemodynamics. Table 4 describes the proportion of screened PAH and exercise pulmonary hypertension
of unknown significance according to three diagnostic criteria: 1) ECG signs suggestive of pulmonary
hypertension, 2) “possible, likely or very likely” CPET score (from 3 to 10) and 3) Dyco <70% predicted.
Absence of pulmonary hypertension at rest or exercise was seen in 85.7%, 80.0%, 60.0% and 0% of
subjects with none, one, two or three of these criteria, respectively (table 4). In the three subjects who met
three of these criteria at inclusion, two were screened with PAH and one had exercise pulmonary
hypertension. Absence of these three criteria was present in 21 patients (38.1%) at baseline. All five PAH
patients had at least one of these three criteria at the time of diagnosis.

Outcomes of patients diagnosed with PAH

A total of five BMPR2 mutation carriers (four females and one male) were diagnosed with PAH during the
initial screening and long-term follow-up. Table 5 shows the clinical, functional and haemodynamic
characteristics of the five PAH patients identified in DELPHI-2 compared with their 31 index PAH cases
with BMPR2 mutations. Patients diagnosed via the DELPHI-2 screening programme had markedly better
functional capacity and milder haemodynamics compared with index cases diagnosed via routine clinical
care.

Four patients were treated with oral dual combination therapy (ERA and PDED5i) and one patient received
monotherapy (PDE5i). Evolution and response to specific PAH therapy are presented in table 6. All
patients attained or maintained a low-risk profile according to the REVEAL 2.0 score, the ESC/ERS
guidelines risk stratification tool and the simplified French PAH risk assessment (table 6) [2, 22, 23]. No
death occurred at follow-up, while survival observed in index cases was 90% and 84% at 1 and 3 years,
respectively (figure 5).

No death occurred in the remaining 50 subjects. Of note, the case of ostium secundum atrial septal defect
with mild left-to-right shunt diagnosed during the study was closed based on normal haemodynamics at
rest. Haemodynamics at rest and exercise controlled 4 months after closure remained normal. After 6 years
of follow-up, the patient has not developed PAH and is doing well.
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FIGURE 4 Family trees of BMPR2 mutation carriers who developed pulmonary arterial hypertension (PAH) during DELPHI-2. Arrows indicate the
index case in each family. Patient 1 belongs to family 1 (I112), patient 2 belongs to family 2 (117), patient 3 belongs to family 3 (ll111), and patients 4
and 5 belong to family 4 (113 and 11111, respectively).

Consequences of the new cut-off values for pulmonary hypertension diagnosis

Using the new cut-off values proposed to define PAH (mPAP >20 mmHg, PAWP <15 mmHg and PVR
>3 WU) [1], no additional case would be diagnosed in our cohort. At baseline, a 67-year-old male
presented with mPAP >20 mmHg but PVR <3 WU (mPAP 23 mmHg, PAWP 6 mmHg, cardiac output
8.63 L'min~' and PVR 2.0 WU) and a 59-year-old female presented with PVR >3 WU but with mPAP
<20 mmHg (mPAP 16 mmHg, PAWP 2 mmHg, cardiac output 3.8 L-min™" and PVR 3.7 WU). At peak
exercise, these subjects had exercise pulmonary hypertension (mPAP 54 and 39 mmHg and TPR 3.4 and
5.0 WU, respectively) associated with an increased PAWP (25 and 21 mmHg, respectively). A decrease in
PVR was observed at exercise in these two subjects (from 2 to 1.8 WU and from 3.7 to 2.3 WU,
respectively). These patients did not develop incident PAH 6 years after inclusion in the study.

Discussion
Early diagnosis of PAH and timely intervention are associated with better long-term outcomes [9-11].
Therefore, increasing awareness of PAH and promoting strategies to enable early diagnosis are important
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TABLE 4 Diagnosis of pulmonary arterial hypertension (PAH) and exercise pulmonary hypertension according

to ECG, cardiopulmonary exercise testing (CPET) probability score and diffusing lung capacity for carbon
monoxide (D co) in asymptomatic relatives at inclusion in DELPHI-2

All No pulmonary Exercise pulmonary PAH
subjects hypertension hypertension

Subjects 54 40 12 2
Number of criteria*

0 21 18 (85.7) 3(14.3) 0

1 20 16 (80.0) 4 (20.0) 0

2 10 6 (60.0) 4 (40.0) 0

3 3 0 1(33.3) 2 (66.7)

Data are presented as n or n (%). : the three criteria included 1) ECG with signs that could be suggestive of
pulmonary hypertension, 2) CPET probability score “possible, likely or very likely” for PAH and 3) D\ co <70%
predicted.

strategies to improve the outcomes of this severe but treatable condition. This is particularly true in
subjects at high risk of developing PAH such as those with systemic sclerosis or unaffected family
members of heritable PAH carrying a BMPR2 mutation [9-11, 24]. Annual screening echocardiography is
currently recommended in asymptomatic BMPR2 mutation carriers [2, 4], but the utility and performance
of this screening strategy is not known. The DELPHI-2 study aimed to assess the risk of occurrence of
PAH in asymptomatic BMPR2 mutation carriers and to evaluate the incorporation of a multimodal
screening programme into clinical care for early detection of PAH. BMPR2 mutations have an incomplete
penetrance and heritable PAH can occur at any age, which results in a relatively low overall annual
incidence of PAH in asymptomatic BMPR2 mutation carriers. Despite this, our prospective cohort study
showed, for the first time, that asymptomatic adult BMPR2 mutation carriers can develop incident PAH in
a relatively short follow-up time span with an incidence of 2.3% per year. This is particularly true in
females who showed an incidence of 3.5% versus 0.99% per year in males. Interestingly, patients
diagnosed with PAH in the DELPHI-2 screening programme belonged to families with multiple PAH
cases but were also found in relatives of sporadic PAH cases carrying BMPR2 mutations. This result
suggests that screening programmes should not be restricted to families with several PAH cases. Some of
the cases we report have developed incident PAH after pregnancy or chemotherapy, suggesting the

TABLE 5 Comparison of clinical and haemodynamic characteristics at diagnosis of pulmonary arterial

hypertension (PAH) patients identified in DELPHI-2 and the index cases in their family

Index cases DELPHI-2 PAH patients p-value
Subjects 31 5
Clinical characteristics
Female 22 (71) 4 (80) 0.90
Age years 38 (5-63); (26-47) 50 (26-78); (41-74) 0.06
NYHA FC
| 0 3 <0.001
1 4 2
] 18 0
vV 7 0
6MWD m 356 (0-530); (304-400) 420 (397-533); (408-512) 0.02
Haemodynamic characteristics
mPAP mmHg 58 (45-95); (51.5-72.3) 29 (25-50); (25.8-44.8) <0.001
Cardiac output L'-min™* 3.46 (1.85-5.9); (2.65.9-4.13) 4.05 (3.27-7.27); (3.77-5.25) 0.14
Cardiac index L-min~*m™2 2.10 (1.14-3.7); (1.61-2.42) 2.36 (1.94-4.38); (2.22-3.20) 0.14
PAWP mmHg 8 (1-19); (5-9) 7 (5-8); (6.5-8) 0.6
PVR WU 15.4 (7.6-31.8); (12.1-22.1) 7.3 (2.5-9.2); (4.0-9.2) 0.001

Data are presented as n, n (%) or median (minimum-maximum range); (interquartile range), unless otherwise
stated. NYHA FC: New York Heart Association Functional Class; 6MWD: 6-min walk distance; mPAP: mean
pulmonary arterial pressure; PAWP: pulmonary arterial wedge pressure; PVR: pulmonary vascular resistance.
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TABLE 6 Evolution of pulmonary arterial hypertension (PAH) patients at last follow-up according to risk assessment from the REVEAL 2.0 score, the

European Society of Cardiology/European Respiratory Society (ESC/ERS) guidelines risk stratification tool and the simplified French PAH risk
assessment

Patient 1 Patient 2* Patient 3 Patient 4 Patient 5
Delay between diagnosis and assessment months 71 69 5 6 5
PAH therapies ERA, PDE5i PDES5i ERA, PDE5i ERA, PDE5i ERA, PDE5i
REVEAL 2.0 score [23]
Score at diagnosis 2 3 8 4 5
Score at last follow-up 4 (low risk) 4 (low risk) 5 (low risk) 2 (low risk) 3 (low risk)

ESC/ERS guidelines [2]"

Signs of right heart failure

Progression of symptoms

Syncope

NYHA FC

6MWD m

CPET
V'o, at peak mL-min~"-kg™* (% pred)
V'g/V'co, slope

NT-proBNP ng:mL™*

Echocardiography
RA area cm? NA
Pericardial effusion NA

Haemodynamics

RAP mmHg 6 7T 5 4 11
Cardiac index L-min~"m~ o257 25% 28 2.42
Svo, %
Simplified risk assessment [22]
NYHA FC I/1l Yes Yes Yes Yes Yes
6MWD >440 m Yes No Yes Yes Yes
RAP <8 mmHg Yes Yes Yes Yes No
Cardiac index >2.5 L'min~*m™2 Yes Yes Yes No Yes
Low-risk criteria n 4 3 4 3 4

Data are presented as n. ERA: endothelin receptor antagonist; PDE5i: phosphodiesterase type 5 inhibitor; NYHA FC: New York Heart Association
Functional Class; 6MWD: 6-min walk distance; CPET: cardiopulmonary exercise testing; V'o: oxygen consumption; V'g: minute ventilation; V'co,:
carbon dioxide production; NT-proBNP: N-terminal pro-brain natriuretic peptide; RA: right atrium; RAP: right atrial pressure; S,o,: mixed venous
oxygen saturation; NA: not available. *: for patient 2, haemodynamic reassessment was performed at 6 months of follow-up; ": green indicates "low
risk" and yellow indicates "intermediate risk" according to the ESC/ERS guidelines.

potential relevance of second hits for disease to fully evolve in this population. Interestingly, most of the
drugs (docetaxel, trastuzumab, bevacizumab and lapatinib) received by the patients who develop PAH have
been reported to be associated with drug-induced PAH [25-28]. Chemotherapy exposure did not occur in
the 50 relatives without PAH. Using a comprehensive multimodal screening programme, PAH was
diagnosed at a relatively early stage, allowing timely initiation of targeted PAH therapy.

PAH can frequently complicate the course of associated conditions such as systemic sclerosis. Indeed, 8-12%
of systemic sclerosis patients will develop PAH with an incidence of ~1% per year in cohort studies,
broadly comparable to the incidence described in DELPHI-2 [29]. Recent PAH screening programmes in
systemic sclerosis have underscored the importance of combining a number of modalities to maximise
sensitivity, e.g. Dyco, NT-proBNP, ECG and Doppler echocardiography, compared with approaches solely
reliant on the use of a single modality, e.g. echocardiography [24, 30]. In DELPHI-2, Doppler
echocardiography or BNP/NT-proBNP failed to detect PAH patients in asymptomatic BMPR2 mutation
carriers. The two patients screened at inclusion had normal echocardiography with normal TRV, absence
of right atrial or ventricular dilatation and absence of other signs suggestive of pulmonary hypertension. Of
note, three patients had isolated enlarged right atrial surface area (>18 cm?) on echocardiography, but none
of these had PAH at baseline RHC or during follow-up, suggesting that these cases were “false-positive”
cases. This study demonstrated that RHC is effective to diagnose PAH in asymptomatic BMPR2 mutation
carriers. However, because of its invasive nature and associated morbidity (1.1%) and mortality (0.055%)
rates [31], RHC cannot be considered a routine screening examination that is used repeatedly, but should
be reserved for when noninvasive investigations raise suspicion of PAH or in high-risk situations to

N
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FIGURE 5 Time to death or lung transplantation in index cases of the
31 families of subjects included in DELPHI-2.

confirm diagnosis. Combination of three parameters based on ECG, D; o and CPET probability score
(table 4) may be of interest to identify PAH patients. The absence of these three criteria was helpful to
exclude the diagnosis of PAH in this high-risk population and to avoid unnecessary RHC. Moreover,
CPET was also abnormal in all screened PAH patients, highlighting the importance of measuring
indicators of exercise limitation. Since no CPET value alone is conclusive of PAH, we used a predefined
probability score of pulmonary hypertension on CPET adapted from previous published studies [15-20].
Refinements and validation of CPET probability scores suggestive of pulmonary hypertension should be
encouraged in future studies evaluating early diagnosis of PAH. It is therefore likely that the current
recommendation of annual echocardiography on its own will be outperformed by a comprehensive
multimodal approach in asymptomatic BMPR2 mutation carriers. In the long-term follow-up,
echocardiography and NT-proBNP were useful in detecting mildly symptomatic PAH with more severe
haemodynamic impairment. In clinical practice, screening is often extended to include mildly symptomatic
patients and our data suggest that echocardiography remains a useful screening test in this setting [30, 32, 33].

Previous findings that BMPR2 mutation carriers have a worse survival suggest that screening for mutations
in unaffected relatives followed by a screening and early detection structured programme may improve
long-term outcomes. Our study shows that all screened PAH patients were less severe than the usual
heritable PAH cases [7, 8]. This is highlighted by the relatively mild invasive haemodynamic findings of
BMPR?2 carriers diagnosed via DELPHI-2 compared with index BMPR2 carriers who were diagnosed
routinely due to the presence of symptoms (table 5). In addition, all were successfully treated with oral
monotherapy or dual oral combination therapy with the maintenance of “low-risk status” on therapy, which
is associated with survival >95% at 5 years based on current registry data (table 6) [22, 23].

Of note, one asymptomatic patient did not completely fulfil the current definition of PAH at the time of
screening (PVR <3 WU). According to current guidelines [2], she was not treated but progressed rapidly to
moderate PAH within 4 months (NYHA FC II, mPAP 35 mmHg and PVR 6.8 WU). The 2018 Sixth
World Symposium on Pulmonary Hypertension provided an opportunity to discuss the haemodynamic
definition of pulmonary vascular diseases [1]. This case illustrates that PVR ranging between 2 and 3 WU
in the high-risk population of BMPR2 mutation carriers might represent an early abnormal haemodynamic
status, associated with disease progression and clinical outcomes [1, 34].

As in systemic sclerosis [24], our study suggests that exercise pulmonary hypertension may be a possible
early marker of pulmonary vascular remodelling in BMPR2 mutation carriers. Indeed, 16.7% of the 12
subjects with exercise pulmonary hypertension at inclusion subsequently developed PAH during long-term
follow-up versus 2.5% among the 40 subjects with normal exercise haemodynamics. Exercise pulmonary
hypertension in this population requires careful phenotyping in order to distinguish the subset of patients
with early pulmonary vascular disease from the highly prevalent left heart disease population, especially in
older subjects and/or those with cardiovascular comorbidities. These results are in accordance with

https://doi.org/10.1183/13993003.04229-2020 13



EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | D. MONTANI ET AL.

previous studies based on echocardiography during exercise showing that an abnormal haemodynamic
response occurred significantly more often in relatives of PAH, particularly for those carrying a BMPR2
mutation [35, 36]. Interestingly, HINDERHOFER et al. [37] reported in a large family of BMPR2 mutation
carriers that the two members who manifested with PAH during follow-up displayed an abnormal
haemodynamic response during exercise at baseline assessment. Nevertheless, our results open up research
perspectives on the relevance of this assessment to identify a subpopulation at high risk of developing
PAH. Current multicentre studies analysing cohorts of subjects with exercise RHC will provide insights
into the clinical relevance of exercise haemodynamics and how best to discriminate between pre- and
post-capillary causes of exercise pulmonary hypertension [21].

Because of the relatively high penetrance of PAH in BMPR2 mutation carriers, we strongly believe that
genetic and reproductive counselling should be proposed to all females of childbearing age in order to
explain the potential risk of PAH development during pregnancy and disease transmission to offspring.
During pregnancy, we proposed a specific follow-up including monthly Doppler echocardiography during
the second and third trimesters followed by a complete assessment within 3 months of delivery. In France,
pre-implantation diagnosis can be offered to BMPR2 mutation carriers in order to avoid transmission to the
offspring. However, to date, pre-implantation diagnosis has not been proposed for females who carry a
BMPR?2 mutation, because of the risk of PAH development during pregnancy and the unknown effects of
ovarian stimulation in females with a BMPR2 mutation.

Our study has limitations. First, despite nationwide recruitment in a high-volume reference centre, the
number of detected incident PAH was relatively small. However, all screened subjects were carefully
investigated, including an initial RHC. In addition, all subjects were followed for at least 2 years and
longer-term follow-up data were available up to 7 years, with no loss to follow-up and more than
200 patient-years of analysis. Long-term follow-up of BMPR2 mutation carriers supported by the French
Referral Centre for Pulmonary Hypertension is still ongoing and may bring future information on this
high-risk population. Second, other promising modalities such as cardiac magnetic resonance or exercise
Doppler echocardiography could be of interest [2, 21, 35, 36]. Whether these examinations are superior to
conventional tests such as ECG, Dyco, NT-proBNP, echocardiography and CPET remains to be
demonstrated. Our cohort study showed that our multimodality screening approach using commonly
available investigations allowed early diagnosis of PAH. It should be acknowledged that early pulmonary
vascular disease may be present in patients with lower values of mPAP and PVR than the thresholds used
to define PAH in this study. DELPHI-2 was performed before the proposal of the new PAH definition [1],
but applying the new definition did not identify any additional PAH cases. Definite conclusions on the
consequences of a screening programme on long-term outcome are not possible unless a randomised
controlled study is performed comparing patients diagnosed via screening versus patients diagnosed via
routine care. Even in the systemic sclerosis population, which is broader, such a study has not been
performed and is unlikely to be ever performed. The psychological impact of participating in a long-term
genetic screening programme remains to be assessed. Although the mean+sp age of occurrence of PAH in
BMPR?2 mutation carriers is 35.4+14.8 years [8], PAH due to BMPR2 mutation can occur in children [38].
Predictive genetic testing for children remains a matter of debate in the absence of preventive treatments
available for PAH. Furthermore, no genetic testing is currently offered in France for asymptomatic children
who are at risk for carrying a PAH-causing mutation [12]. This allows individuals to make a choice once
they reach adulthood to make an informed decision regarding genetic testing. Thus, according to French
laws on bioethics, this study was restricted to adults and it is difficult to extrapolate our results to the
paediatric population. Lastly, we cannot exclude that lead-time bias or length-time bias might have
contributed to the observed response to oral therapy and maintenance of low-risk status at last follow-up.

In conclusion, DELPHI-2 represents the first study to systematically examine screening for PAH in
asymptomatic BMPR2 mutation carriers. We demonstrate that asymptomatic BMPR2 mutation carriers have
a significant risk of developing incident PAH ranging from 0.99% per year in males to 3.5% per year in
females. Data from DELPHI-2 indicate that a multimodal screening programme followed by yearly careful
follow-up may be implemented in clinical practice in order to allow early detection and treatment of PAH
in BMPR2 mutation carriers. International multicentre studies are needed to confirm that refined
multimodal screening programmes with regular follow-up allow early detection of PAH.
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