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Abstract

Background

Different pulmonary hypertension (PH) mechanisms are associated with hereditary haemor-
rhagic telangiectasia (HHT).

Methods and results

We conducted a retrospective study of all suspected cases of PH (echocardiographically
estimated systolic pulmonary artery pressure [sPAP] > 40 mmHg) in patients with definite
HHT recorded in the French National Reference Centre for HHT database. When right heart
catheterization (RHC) was performed, PH cases were confirmed and classified among the
PH groups according to the European guidelines. Among 2,598 patients in the database,
110 (4.2%) had suspected PH. Forty-seven of these 110 patients had RHC: 38/47 (81%)
had a confirmed diagnosis of PH. The majority of these had isolated post-capillary PH (n =
20). We identified for the first time other haemodynamic profiles: pre-capillary pulmonary
arterial hypertension (PAH) cases (n = 3) with slightly raised pulmonary vascular resistances
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(PVR), and combined post- and pre-capillary PH cases (n = 4). Compared to controls, sur-
vival probability was lower in patients with PAH.

Conclusion

This study revealed the diversity of PH mechanisms in HHT. The description of combined
post- and pre-capillary PH with/or without high cardiac output (CO) suggests either a contin-
uum between the pre- and post-capillary haemodynamic profiles or a different course in
response to high CO.

Introduction

Hereditary haemorrhagic telangiectasia (HHT) is an autosomal dominant disease and displays
age-related penetrance with increased manifestations developing over a lifetime. Diagnosis is
based on the Curagao criteria [1]. Prevalence in France ranges up to 1 in 8,500 [2]. Mutations
in either the endoglin (ENG) or activin A receptor type II-like 1 (ACVRL-1) gene, encoding
proteins that are components of the transforming growth factor-beta superfamily, account for
most clinical cases [3,4]. Mutations in MADH4 gene, encoding Smad 4, have also been
described.

Rare cases of pulmonary hypertension (PH) in patients with HHT have been reported:
post-capillary PH (Group 2), and, more rarely, pulmonary arterial hypertension (PAH)
(Group 1) [5-14].

Group 2 PH is due to high cardiac output (CO) leading to left-heart failure, secondary to
hepatic shunting, more frequent in patients with ACVRLI mutation [14]. ACVRLI mutation is
reported to be a risk factor for the PAH cases (Group 1) [6,7,9].

The objectives of our study were: 1) to describe the different types of PH in an HHT popula-
tion; 2) to identify predisposing factors by comparing the characteristics of each type of PH
with those of a control population; 3) to compare survival probability in HHT patients accord-
ing to the suspicion of PH and to its type when confirmed by right heart catheterization
(RHC); and 4) to describe the phenotypic and genotypic characteristics of HHT patients with
high estimated systolic pulmonary arterial pressure (sPAP) based on echocardiography (> 40
mmHg) and to compare them with those of a control HHT population with estimated
sPAP < 40 mmHg.

Methods

This retrospective, multicentre, descriptive study was based on data from the French national
HHT database CIROCO (‘Clinical Investigation and Research for the Rendu-Osler Cohort’) in
June 2014, provided by the French HHT reference centre (Lyon) and 13 French HHT skill cen-
tres. Data are recorded in the database either by each HHT specialist physician or by the
National Reference Centre for HHT clinical research associate. Medical information is not
available for all persons entered in the CIROCO database as relatives of patients can also be
included. Possible or potential HHT cases can also be entered in this database: among the
5,628 cases reported in the French database as possible HHT cases or HHT relatives, 2,598
cases had a definite HHT diagnosis (i.e., fulfilled 3 or 4 Curagao criteria or had an HHT patho-
genic mutation). In accordance with French legislation, the approval of the Commission
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nationale de linformatique et des libertés was obtained for this register. The approval of the eth-
ics committee was not required. Patients’ anonymity was preserved.

Patient selection

Among patients who received at least one echocardiography, those with PH reported in the
CIROCO database at least once during follow-up were analyzed if they had definite HHT and
an estimated sPAP, evaluated by echocardiography (regardless of the reason echocardiography
was performed), > 40 mmHg (based on peak tricuspid regurgitant jet velocity and right atrial
pressure estimation) [15]. Patients with definite HHT diagnosis, reliable echocardiographic
data (i.e., if SPAP > 40 mmHg only once during follow-up without confirmation by other
echocardiography or RHC, patients were not included) and information available on all the
variables of interest were included in the study.

Groups and PH types

HHT diagnosis was based on the Curagao criteria, namely at least 3 of the following signs: epi-
staxis, telangiectasia, first degree relative who meets diagnostic criteria, visceral signs [1]. Two
nested case-control studies were done according to whether exploration was solely echocardio-
graphic or also invasive haemodynamic based on the first data reported in the medical file
(time between the first echocardiography and the RHC ranging from 0 to 998 days [median
32]):

o “Echocardiographic PH cohort”: echocardiographic suspicion of PH with or without confir-
mation by RHC (not systematically performed by some centres). The patients who under-
went an RHC excluding the diagnosis of PH were included in this group.

« “RHC PH cohort”: PH confirmed by RHC. These patients were then classified into PH
groups as defined in the latest European guidelines (Fig 1) [5].

When more than one echocardiography or RHC was performed, the first one available was
considered if the first value seemed concordant with subsequent values, because there was no
systematic echocardiography close to RHC.

PH was defined by a resting mean pulmonary arterial pressure (mPAP) > 25 mmHg during
RHC. Group 1 comprised patients with PAH (or heritable PAH, regardless of their BMPR2
mutation status), defined by a pulmonary artery wedge pressure (PAWP) < 15 mmHg and
pulmonary vascular resistances (PVR) > 3 Wood units (WU). The PVR were calculated using
the formula (mPAP - PAWP) / CO. Group 2 comprised patients with PH due to left heart dis-
ease, reflected by a PAWP > 15 mmHg. They were considered isolated post-capillary PH cases
when the diastolic pressure gradient (DPG = dPAP - PAWP) was < 7 mmHg and PVR <3
WU. They were considered post- and pre-capillary PH cases when the DPG was > 7 mmHg
and/or PVR > 3 WU whatever the cardiac index, according to the latest European guidelines
[5]. In parallel, we defined “presence of high CO” as a cardiac index at rest > 4.0 L/min/m”.
Left ventricle end-diastolic pressure was not reported. Group 3 comprised patients with PH
due to lung diseases. Group 4 comprised patients with chronic thromboembolic PH. All hae-
modynamic data were analysed retrospectively by three PH specialist physicians, regardless of
the first interpretation.

“Liver vascular impairment” was defined as the presence of hepatic shunts, elevation of
hepatic artery diameter or flow rate, lesions such as telangiectases, or nodular and focal hyper-
plasia, seen on echo-Doppler. “Significant hepatic vascular involvement” was defined as a
hepatic artery diameter > 6.5 mm on at least one imaging examination [12,16]; “pulmonary
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Fig 1. Flow chart of HHT patients selected for the study. CO, cardiac output; HA, hepatic artery; HHT, hereditary haemorrhagic telangiectasia; sPAP,
systolic pulmonary artery pressure; mPAP, mean pulmonary artery pressure; dPAP, diastolic pulmonary artery pressure; PH, pulmonary hypertension; PVR,
pulmonary vascular resistances; PAWP, pulmonary artery wedge pressure; RHC, right heart catheterization; WU, Wood units.

https://doi.org/10.1371/journal.pone.0184227.9001
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vascular impairment” was defined as pulmonary arteriovenous malformations (AVMs) on
computerized tomography scan; “gastrointestinal vascular impairment” was defined as gastro-
intestinal haemorrhagic telangiectases on endoscopy performed because of gastrointestinal
haemorrhage or anaemia not explained by epistaxis; “neurological AVMs” were defined as
AVMs in the central nervous system as seen on computed tomography scan or magnetic reso-
nance imaging; and “anaemia” was defined as a haemoglobin level < 12 g/dL in women
and < 13 g/dL in men. The number of telangiectases was estimated by each HHT specialist
physician on specific body sites (ears, lips, tongue and hands).

A control population, among patients recorded in the database with no echocardiographic
suspicion of PH, served for the evaluation of survival and risk factors.

Data collection

Genotypic and phenotypic data were obtained from the CIROCO database and echocardiogra-
phy and RHC data from the clinical files (S1 File).

Statistical analysis

The 2 populations were matched by centre and date of diagnosis. As hepatic AVMs are known
to be a major component of high CO leading to Group 2 PH and pulmonary AVMs are
debated as an objection to the use of PAH-specific pharmacotherapies (for fear of raising an
already high CO) and as severe PH makes pulmonary AVM embolization more hazardous,
their presence was considered for the survival analysis [17,18]. Quantitative variables are pre-
sented as mean +/- standard deviation or as median and range and were compared using anal-
ysis of variance. Qualitative variables are presented as number and percentage and were
compared using a Chi” test (or Fisher’s exact test if the criteria for a Chi® test were not ful-
filled). Kaplan-Meier survival curves were done, any differences being tested using the Log-
rank method. Multivariable analysis was not performed because there were too many missing
data.

Results

Despite current recommendations, only 445 patients had undergone an echocardiographic
examination among 2,598 patients with an HHT diagnosis in the database as of June 2014.
Echocardiography was performed as part of systematic screening, because of symptoms (dys-
pnoea, cardiac insufficiency) or because of pulmonary or hepatic AVMs. Of these 445 patients,
119 were suspected of having PH. One hundred and ten patients (4.2%) fulfilled our criteria
for analysis (Fig 1), two of whom were children at the time of PH diagnosis. Among these 110
patients, 43 echocardiographic examinations were performed for systematic screening and 67
because of symptoms (54 for dyspnoea, 7 for fainting or chest pain and 29 for cardiac insuffi-
ciency). The control population comprised 326 patients.

Echocardiographic and RHC data

Of the 110 patients suspected of PH, 47 (42.7%) underwent RHC (between 1991 and 2014, per-
formed by at least 12 different cardiologist experts and using non-harmonized protocols). In
38/47 (81%) patients, PH was confirmed. Among the 47 patients who underwent RHC, only
11 had been exclusively screened for PH by echocardiography without any recorded symptoms
and 9/11 had confirmed PH, all of them with Group 2 PH. Among the 63 patients followed-up
exclusively by echocardiography, cardiac index as assessed by echocardiographic estimation
was high for the 29/35 (82.9%) patients with available data.
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Characteristics

The characteristics of the 2 cohorts and controls are presented in Tables 1 and 2. The risk fac-
tors for PH occurrence not specific to HHT were identical in each population, as was the pro-
portion of patients who underwent gene mutation screening.

Whereas a greater number of telangiectases, a lower frequency of pulmonary vascular
impairment and a higher frequency of gastrointestinal vascular impairment seemed to be asso-
ciated with echocardiographic suspicion of PH, they were not significantly associated with the
RHC PH cohort. Compared to controls, RHC PH cohort patients had fewer epistaxis episodes
(p = 0.0196), more frequent and significant hepatic vascular involvement (p = 0.0008) and
more frequently carried the ACVRLI mutation (p = 0.0264).

Haemodynamic profiles

The haemodynamic characteristics of patients who underwent RHC are detailed in Tables 3
and 4. Within the RHC PH cohort, we identified 7/38 patients fulfilling the Group 1 PAH cri-
teria. Among them, we distinguished 2 populations (with the exception of a young child [case
No.106/f] whose haemodynamic profile and cardiac index are more difficult to understand).
One case presented high CO and moderately elevated PVR (3 WU < PVR < 5 WU), a profile
rarely reported in HHT. Four cases had very elevated PVR (> 5 WU), but only one with an
altered cardiac index (<3.0 /min/m?), as seen in heritable PAH. Twenty-four out of 38
patients fulfilled the criteria for Group 2, 1 patient for Group 3, 2 patients for Group 4 and 4
patients had insufficient data for them to be classified. Only 17/38 underwent ventilation/per-
fusion scanning, 7 of whom had a medical thromboembolic history.

Within Group 2, 20/24 (83.4%) were isolated post-capillary PH. Cardiac index was high for
12 of the 13 (92%) patients with complete available haemodynamic data. The four other cases
were post- and pre-capillary PH (defined as DPG > 7 and/or PVR > 3 WU). One of them had
a high cardiac index (mean 3.83 L/min/ m?).

PH estimated prevalence

The overall occurrence of suspected PH was 4.23% (110/2,598 HHT patients); the minimum
prevalence of confirmed PH (all groups considered together) was 1.5% (38/2,598), as shown in
Fig 2. When RHC was performed, PH was confirmed in 38/47 (81%) cases.

Treatment and survival comparisons

Five out of 7 patients in Group 1 were treated with PAH-specific pharmacotherapies and all
patients in Group 2 were treated for high CO consequences (diuretics, salt restriction, atrial
fibrillation management, etc.) and significant hepatic vascular involvement (using bevacizu-
mab and/or in some cases liver transplant).

Patients with proven PAH seemed to have a lower life expectancy compared to controls
(p = 0.0009). This seems to be due to heritable Group 1 PAH (p<0.0001) (Fig 3). Age at death
and causes of death were collected in the database, as shown in Tables 5 and 6.

Discussion

PH is a rare complication in the course of HHT; its prevalence is estimated to be < 1%,
[7,8,19-21]. The frequencies and forms of PH have rarely been reported [22]. In this study, the
overall occurrence of suspected PH in HHT patients was 4.23%. The minimum prevalence of
confirmed PH (all groups considered together) was 1.5% [5]. Due to the lack of systematic
echocardiographic examinations, this minimum prevalence is underestimated. When RHC
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Table 1. Comparison of phenotypic and genotypic characteristics between patients with echocardiographic suspicion of PH and controls.

Characteristics of cases (echocardiographic PH cohort with estimated sPAP > 40 mmHg) Cases (n=110) Controls (n = 326) p-value
and controls (%) (%)
Female 64 (58.2) 183 (56.1) 0.2382
Presence of epistaxis 98 (89) 319(97.9) 0.3012
Presence of telangiectases 99 (90) 304 (93.3) 0.0968
No. of telangiectases median (min-max) 63 (3—695) 30 (1-869) <0.0001
Pulmonary AVMs 34 (30.9) 135 (41.4) 0.0221
Liver vascular impairment 85 (77) 119 (36.5) <0.0001
HA diameter >6.5 mm 65 (59) 84 (25.8) <0.0001
Ascites present at least once 1(0.9) 1(0.3) 1.0000
Liver transplantation 7 (6.3) 2(0.6) 0.0002
Neurological AVMs 8(7.3) 24 (7.4) 0.8199
Gastrointestinal vascular impairment 39 (35.5) 53(16.3) 0.0241
Tested for genetic mutation at least once 102 (92.7) 311 (95.4) 0.756
Mutation present (% of tested) 83 (81.4) 275 (88.4) 0.9470
Type of mutation (% of tested) 0.0001

ACVRL1 70 (68.6) 168 (54)

Endoglin 12(11.8) 102 (32.8)

MADH4 1(0.9) 5(1.6)
Current complications/medical history of thrombophlebitis 8(7.3) 18 (5.5) 0.4925
Cardiac malformation 10 (9) 16 (4.9) 0.1030
Aortic malformation 1(0.9) 5(1.5) 1.0000
Autoimmune disease 1(0.9) 4(1.2) 1.0000

Figures are expressed as n (%) unless otherwise indicated. No., number; HA, hepatic artery; AVMs, arteriovenous malformations

https://doi.org/10.1371/journal.pone.0184227.t001

was performed, PH was confirmed in 38/47 (81%) cases, which is comparable to data reported
by Lyle et al. [22]. Group 2 PH (confirmed or highly suspected) accounted for 79% and herita-
ble Group 1 for 3.6% of PH. We highlighted several mechanisms. As also described by Lyle

et al. [22], we reported isolated Group 2 PH and heritable Group 1 PAH. Within group 2 PH,
as also reported by Lyle et al. [22], 2 patients (cases 45 and 59) had elevated mPAP, normal
PAWP and PVR < 3 WU, suggesting that PH can develop via high PAWP and/or high-flow
state. These patients illustrate the difficulty in assigning patients to a specific group after only
an RHC and the importance of follow-up. However, we distinguished 2 other groups. Most of
the HHT patients had an isolated group 2 PH profile, but the description of more rarely
described profiles (heritable Group 1 [4/38], Group 1 with high CO and moderately high PVR
[1/38], post- and pre-capillary Group 2 [4/38]), may encourage clinicians to perform an RHC
in patients with unclear echocardiographic patterns.

Despite the recommendations, only 445/2,598 HHT patients had undergone echocardiog-
raphy, as recorded in the CIROCO database [23]. Data were not available on all variables of
interest, including echocardiography, for every case reported in the database. Sixty-three
patients out of 110 (57.2%) surprisingly never underwent RHC. These were patients with a his-
tory of progressive elevation of CO and left ventricle filling pressure, with high sPAP when
decompensated. In such cases, SPAP is the marker of stable or unstable heart disease. The nat-
ural history of isolated Group 2 PH has been described elsewhere: high CO, leading to left
heart impairment, the occurrence of PH, then right heart impairment [13,14]. Among 38
patients with confirmed PH, we described 24 (63%) Group 2 PH patients. Of these 24 patients,
17 had complete available haemodynamic data, 13 of whom (76.5%) had high CO. The
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Table 2. Comparison of phenotypic and genotypic characteristics between patients with confirmed diagnosis of PH and controls.

Characteristics of confirmed PH cases (RHC PH cohort with mPAP > 25 mmHg) and Cases (n = 38) (%) | Controls (n = 326) (%) | p-value
controls
Female 23 (60.5) 183 (56.1) 0.6052
Presence of epistaxis 34 (89.5) 319(97.9) 0.0196
Presence of telangiectases 35(92.1) 304 (93.3) 1.0000
No. of telangiectases median (min-max) 40 (7-668) 30 (1-869) 0.1819
Pulmonary AVMs 15 (39.5) 135 (41.4) 0.3206
Liver vascular impairment 30(78.9) 119 (36.5) <0.0001
HA diameter >6.5 mm 21 (55.3) 84 (25.8) 0.0008
Ascites present at least once 1(2.6) 1(0.3) 0.3964
Liver transplantation 6(15.8) 2(0.6) <0.0001
Neurological AVMs 2(5.3) 24 (7.4) 1.0000
Gastrointestinal vascular impairment 14 (36.8) 53(16.3) 0.4743
Tested for genetic mutation at least once 36 (94.7) 311 (95.4)
Mutation present (% of tested) 31(86.1) 275 (88.4) 0.4441
Type of mutation 0.0264

ACVRL1 26 (72.2) 168 (54)

Endoglin 4(11.1) 102 (32.8)

MADH4 1(2.8) 5(1.6)
Current complications/medical history of thrombophlebitis 2(5.3) 18 (5.5) 1.0000
Cardiac malformation 5(13.2) 16 (4.9) 0.0670
Aortic malformation 1(2.8) 5(1.5) 0.5073
Autoimmune disease 0 4(1.2) 1.0000

Figures are expressed as n (%) unless otherwise indicated. RHC, right heart catheterization; No., number; HA, hepatic artery; AVMs, arteriovenous
malformations

https://doi.org/10.1371/journal.pone.0184227.t002

threshold for cardiac index is debatable. Cardiac index measurement shows high variability
data. Normal cardiac index is usually considered to be between 3.0 and 3.5 L/min/m? but
could be more during a stressful RHC [24]. In group 1 PAH, cardiac index is very rarely more
than 3.5 L/min/m?” [25]. In group 2 PH, Ginon et al. defined high cardiac index as being supe-
rior to 3.8 L/min/m? [14].

Table 3. Haemodynamic profiles of patients in Group 1.

Case No./ Age at PAH Mutation | sPAP | dPAP | mPAP | PAWP |RAP | PVR | CI | CO |Hb |HAVM | PAVM follow-up
Sex diagnosis (months)
42/f 67 ENG 66 22 39 9 8 | 455 395 6.59|12.8| vyes yes 10.5
57/f 35 ENG 79 32 48 13 12 | 357 | 44 | 9.8 |10.4| vyes no 190.5
68/f 34 ACVRL1 | 76 21 47 5 6 57 | 41| 7.35| 13 | yes no 31.2
96/f 55 SMAD4 | 62 22 43 15 14 | 411 | 3.6 [11.9 | NK | vyes yes 9.9
105/f 29 ACVRL1 | 104 41 65 5 5 |[14.88| 25 | 4.03| 12 | yes yes 24
106/f 4 ACVRL1 | 83 48 65 9 11 10 5 56 | 14 no yes 134.6

107/m 8 ACVRL1 58 29 40 10 8 6.4 | NK | 4.69| NK no no 119.7

Cl, cardiac index; CO, cardiac output; dPAP, diastolic pulmonary artery pressure; ENG, Endoglin; f, female; HAVM, hepatic arteriovenous malformation; m,
male; mPAP, mean pulmonary artery pressure; NK, not known; No., number; PAVM, pulmonary arteriovenous malformation; PAH, pulmonary arterial
hypertension; PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular resistances; RAP, right atrial pressure; sPAP, systolic pulmonary artery
pressure; WU, Wood units

https://doi.org/10.1371/journal.pone.0184227.t003
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Table 4. Haemodynamic profiles of patients in Group 2.

Case No./ Age at PH Mutation | sPAP | dPAP | mPAP | PAWP  RAP| PVR | Cl | CO | Hb | HAVM PAVM follow-up
Sex diagnosis (months)
5/f 53 ENG 55 28 35 28 15 | 093 428 75 | NK | yes yes 46.1
13*/f 78 NK 60 NK 40 NK NK NK | NK | NK | 12 | yes no 11.3
14/f 57 ACVRL1 | 44 18 30 20 8 NK | NK | NK | NK | yes no 90
21/f 64 ACVRL1 | NK NK 31 20 NK NK [3.76| NK |12.9| yes yes 109.6
22/m 66 ACVRL1 | 59 17 35 16 6 535 [355| 6.5 | NK | yes no 3.8
24/f 36 ACVRL1 | 50 NK 38 30 NK NK | NK | NK | NK | yes yes 226.2
28/m 64 ACVRL1 | NK NK 25 16 NK NK | NK | NK | 10 | yes no 94.6
29/f 41 ACVRL1 58 23 40 20 16 1.83 1842| 109 | NK yes no 221.5
36/m 61 ACVRL1 88 33 53 28 21 3.2 |435| NK |10.4| vyes no 42.9
44/f 65 ACVRL1 | 75 NK 45 20 NK | 3.32 [3.82| 753 | 89 | yes no 59.8
45 t/f 58 ACVRL1 | 33 9 21 11 5 <3 | 44 10.3| vyes no 99.1
50/f 66 ACVRL1 | 45 17 28 18 10 | 1.425 |4.87| 7.61 | 10.7 | vyes no 77.7
55/m 24 NK NK NK 34 17 NK NK 1 NK | NK | vyes yes 169.7
56/m 62 ACVRL1 | 74 34 52 28 24 19 | NK | 124 | 11 yes yes 15.7
58/m 65 NK 54 18 35 16 7 | 2112 | 4.6 9 8.8 | yes no 14.7
59 1/m 64 ACVRL1 | 52 26 35 11 NK | 229 | NK | 105 | 7 yes no 130.1
60 §/m 63 ACVRL1 | 65 21 39 15 9 | 1725 | 67| 14 | 87 | yes no 26.7
65/f 54 ACVRL1 | 42 20 29 16 13 14 | 48 | 9.13 | NK | yes no 53.3
66/f 71 ACVRL1 | 65 23 44 24 17 36 |35 557 | 12 | yes no 19.5
67/f 66 ACVRL1 73 25 44 23 18 2 6.4 1043 7 yes no 67
77| | /m 74 NK 49 18 30 15 5 1.6 52 | 9.5 9 yes no 2.6
79/m 70 ACVRL1 | NK NK 32 16 18 165 (571 NK | NK yes no 44.9
99/f 78 NK 51 19 32 17 NK | 1.6375| 4.6 | 6.72 | 8.6 | yes yes 60.1
109/m 64 ACVRL1 63 27 45 18 13 2 59 142 | 12 yes no 10.2

Cl, cardiac index; CO, cardiac output; dPAP, diastolic pulmonary artery pressure; ENG, Endoglin; f, female; HAVM, hepatic arteriovenous malformation; m,
male; mPAP, mean pulmonary artery pressure; NK, not known; No. number; PH, pulmonary hypertension; PAVM, pulmonary arteriovenous malformation;
PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular resistances; RAP, right atrial pressure; RHC, right heart catheterization; sPAP,
systolic pulmonary artery pressure; WU, Wood units

"increased

These patients were considered group 2 PH despite the absence of loading test during RHC to distinguish PAH from PH:

* Considered Group 2 PH due to severe mitral stenosis.

T RHC performed in 2005; first echocardiography 5 months before: PH suspected on sPAP 50 mmHg (45+5). Effort PH diagnosed (sPAP 53 mmHg /dPAP
19 mmHg /mPAP 35 mmHg after exercise) but the echocardiographic follow-up confirmed the group 2 PH suspicion. No further RHC was performed.

* RHC performed in emergency for cardiac insufficiency with high output failure before liver transplant. All echocardiographic parameters (including left atrial
dilatation) were corrected after transplant, confirming Group 2 PH.

1 and 1: These two patients had elevated mPAP and normal PAWP, but PVR <3 WU.

§ RHC performed before bevacizumab use. All echocardiographic parameters were corrected after bevacizumab injections.

I Considered Group 2 PH due to severe ischemic cardiomyopathy.

https://doi.org/10.1371/journal.pone.0184227.t1004

While echocardiography is useful for screening purposes, we consider invasive confirma-
tion to be important [14]. In our series, in 9/47 (19%) patients, PH was not confirmed by
RHC. The sPAP cut-off in echocardiography is a possible explanation, as is the variability of
sPAP and its overestimation due to pulmonary AVMs, or the medical management (diuretics,
salt restriction, transfusion or iron for anaemia) could mitigate left heart dysfunction and pres-
ence of PH. In three recent series of HHT patients, PH was suspected in respectively 13.5%,
17% and 45% of patients, but RHC values are scarce [26-28].
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Fig 2. PH estimated prevalence. HHT, hereditary haemorrhagic telangiectasia; PH, pulmonary hypertension; RHC, right heart

catheterization.

https://doi.org/10.1371/journal.pone.0184227.9002

We identified 7 PAH (Group 1) cases, representing a minimum prevalence of 0.26%, higher
than in the general population [8]. Patients with PAH and HHT are reported to be younger at
diagnosis and to have a better haemodynamic profile (lower PVR, higher CO) than those with
idiopathic or other heritable PAH, but a worse prognosis [9]. Our group included children, a
finding that has already been reported [29]. We identified 2 subgroups: heritable PAH cases;
and 2 cases, with slightly elevated PVR and high CO, more reminiscent of PAH related to con-
genital cardiopathies than of heritable PAH. Furthermore, we described 4 post- and pre-capil-
lary PH cases. These different haemodynamic profiles are not explained by the variables that
we studied. They might be explained by unproven porto-pulmonary hypertension [30], or
could represent a subset of patients with ACVRL-1 mutations that develop hepatic arteriove-
nous malformations, leading to high CO and group 2 PH, and have a simultaneous prolifer-
ative vasculopathy in the lung, leading to Group 1 PAH, or could be a consequence of the high
CO. One might suppose that chronic exposure to increased flow could lead to a remodelling of
the vascular bed, leading to an elevation of PVR and the occurrence of PAH.
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Fig 3. Comparison of life expectancy between Groups 1 and 2 and then between heritable Group 1 and isolated Group 2 patients
with PH confirmed by RHC and controls with normal echocardiographic findings. HHT, hereditary haemorrhagic telangiectasia; PAH,
pulmonary arterial hypertension; PH, pulmonary hypertension.

https://doi.org/10.1371/journal.pone.0184227.9g003

Do these profiles correspond to different responses to the high CO? Prospective studies
with haemodynamic monitoring will be needed to investigate this hypothesis.

We failed to find any new predisposing factor for PH occurrence [31]. We did not perform
multivariable analysis because too many data were missing. Significant hepatic vascular
involvement was correlated with a high CO failure, and therefore with Group 2 PH [13,14].
The higher prevalence of the ACVRLI mutation has been demonstrated both in its correlation
with liver vascular impairment and in the rare cases of PAH [7,8,32]. The correlation between
the number of telangiectases and PH might be linked to a similar mechanism of vascular
remodelling or to the augmentation of CO but was not confirmed in patients with confirmed
PH. Pulmonary vascular impairment was associated with suspected PH on echocardiography
but not with proven PH on RHC. This might be due to the smaller sample size of proven PH.
Pulmonary AVMs might also be a risk factor for overestimating sPAP on echocardiography
and therefore be considered as not significant enough to perform an RHC.

Table 5. Deaths among Group 1 patients: age at death and cause of death.

Case No.

42
57
68
96
105
106
107

Death |Age at death Cause of death
nasal bleeding | cerebral bleeding |pulmonary embolism |cancer |PAH |sepsis |Glbleeding |other
no
no
no
yes 55 yes
yes 31 yes
no
no

Gl, gastro-intestinal; PAH, pulmonary arterial hypertension

https://doi.org/10.1371/journal.pone.0184227.t005
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Table 6. Deaths among Group 2 patients: age at death and cause of death.

Case No. Death |Age at death Cause of death
nasal bleeding | cerebral bleeding |pulmonary embolism |cancer PH |sepsis |Glbleeding |other

5 yes 56 yes
13 no

14 yes 66 not known
21 yes 73 yes |yes
22 no

24 no

28 no

29 no

36 yes 64 yes
44 yes 72 car accident
45 no

50 no

55 no

56 no

58 no

59 yes 75 yes
60 no

65 no

66 no

67 no

77 no

79 yes 73 yes

99 no

109 no

Gl, gastro-intestinal; PH, pulmonary hypertension

https://doi.org/10.1371/journal.pone.0184227.t006

Lastly, the worse survival would appear to be exclusively linked to that of heritable Group 1
PAH. In view of the different profiles of PH, their therapeutic management and prognosis, we
consider it essential to propose an echocardiographic evaluation to patients with HHT with
unexplained dyspnoea, signs of cardiac insufficiency, of PH or significant hepatic vascular
involvement, and to confirm the diagnosis if the SPAP is > 40 mmHg [33-38]. Furthermore, it
has been reported that PAH-specific pharmacotherapies can be deleterious in HHT patients
with Group 2 PH.

Our study has several limitations. The first is related to the retrospective design of the
study, namely missing data in the register and operator-dependent techniques. Some haemo-
dynamic data (left ventricle end-diastolic pressure or loading test during RHC) are missing;
they would have helped to better assign patients in Group 1 or Group 2 PH. There could be an
overlap of patients between the post- and pre-capillary Group 2 PH and the Group 1 with high
CO and moderately high PVR. The absence of systematic ventilation/perfusion scanning
means that we were unable to exclude cases of Group 4 PH. Although we excluded 2 patients
from haemodynamic classification as RHC was performed in emergency for severe cardiac
insufficiency, there could still be a bias for RHC performed in more severe or symptomatic
cases. The second limitation is due to the lengthy period of study, during which changes in
practices and testing may have occurred. The third limitation is due to the lack of harmonized
practices (frequency of screening for complications, differences in RHC protocols).
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Furthermore, we were unable to evaluate the true prevalence of suspected PH in HHT. How-
ever, all patients had a clinical evaluation. Despite the screening recommendations for pulmo-
nary AVMs, only 445 patients underwent echocardiographic screening, as shown in the
database. Nonetheless, this is the largest cohort reported to date [39,40]. Another limitation,
resulting in a major selection bias, is that only 43% of the patients with suspected PH under-
went RHC. With the development and improvement of echocardiography, the need for RHC
has decreased. This limits our results on the frequencies of the haemodynamic forms of PH.
Performing RHC more systematically in HHT would help to understand the mechanisms of
PH. A standardized protocol of evaluation should be proposed, as has been done for other
pathologies presenting this risk [41-44].

In conclusion, group 2 PH is far more frequent than other groups, but several mechanisms
can lead to PH. Before treating HHT patients with PH, it is important to look for significant
hepatic vascular involvement and to elucidate the mechanisms. PH could be screened for by
echocardiography in the case of unexplained dyspnoea and be confirmed by RHC, with the
same protocol being used in each centre. For HHT patients, echocardiography could be per-
formed once every 5 years and once a year in the case of hepatic AVMs. Prospective studies
are required to explore the physiopathology of the occurrence of these new haemodynamic
profiles, the respective proportions of each PH group and differences in prognosis.

Supporting information

S1 File. Echocardiography and RHC anonym data.
(XLSX)

Acknowledgments

The authors thank Nicholas Barton for his advice on editing the manuscript.

Dr Pierre Kaminsky passed away before the submission of the final version of this manu-
script. Dr Sabine Revuz accepts responsibility for the integrity and validity of the data collected
and analyzed.

Author Contributions

Conceptualization: Sabine Revuz, Evelyne Decullier, Isabelle Ginon, Nicolas Lamblin, Pierre-
Yves Hatron, Pierre Kaminsky, Sophie Dupuis-Girod, Eric Hachulla.

Data curation: Sabine Revuz, Evelyne Decullier, Isabelle Ginon, Nicolas Lamblin, Pierre-Yves
Hatron, Pierre Kaminsky, Sophie Dupuis-Girod, Eric Hachulla.

Formal analysis: Sabine Revuz, Evelyne Decullier, Sophie Dupuis-Girod, Eric Hachulla.
Funding acquisition: Eric Hachulla.

Investigation: Sabine Revuz, Evelyne Decullier, Isabelle Ginon, Nicolas Lamblin, Pierre-Yves
Hatron, Pierre Kaminsky, Sophie Dupuis-Girod, Eric Hachulla.

Methodology: Sabine Revuz, Evelyne Decullier, Isabelle Ginon, Nicolas Lamblin, Pierre-Yves
Hatron, Pierre Kaminsky, Sophie Dupuis-Girod, Eric Hachulla.

Project administration: Sabine Revuz, Sophie Dupuis-Girod, Eric Hachulla.

Resources: Sabine Revuz, Evelyne Decullier, Isabelle Ginon, Nicolas Lamblin, Pierre-Yves
Hatron, Pierre Kaminsky, Marie-France Carette, Pascal Lacombe, Anne-Claire Simon,

PLOS ONE | https://doi.org/10.1371/journal.pone.0184227  October 5, 2017 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184227.s001
https://doi.org/10.1371/journal.pone.0184227

@° PLOS | ONE

Pulmonary hypertension and hereditary haemorrhagic telangiectasia

Sophie Riviére, Jean-Robert Harlé, Alain Fraisse, Christian Lavigne, Vanessa Leguy-Seguin,
Ari Chaouat, Chahera Khouatra, Sophie Dupuis-Girod, Eric Hachulla.

Supervision: Sophie Dupuis-Girod, Eric Hachulla.

Validation: Sabine Revuz, Evelyne Decullier, Isabelle Ginon, Nicolas Lamblin, Pierre-Yves
Hatron, Pierre Kaminsky, Sophie Dupuis-Girod, Eric Hachulla.

Visualization: Sabine Revuz, Evelyne Decullier, Isabelle Ginon, Nicolas Lamblin, Pierre-Yves
Hatron, Pierre Kaminsky, Marie-France Carette, Pascal Lacombe, Anne-Claire Simon,
Sophie Riviére, Jean-Robert Harlé, Alain Fraisse, Christian Lavigne, Vanessa Leguy-Seguin,
Ari Chaouat, Chahera Khouatra, Sophie Dupuis-Girod, Eric Hachulla.

Writing - original draft: Sabine Revuz, Evelyne Decullier, Isabelle Ginon, Nicolas Lamblin,
Pierre-Yves Hatron, Sophie Dupuis-Girod, Eric Hachulla.

Writing - review & editing: Sabine Revuz, Nicolas Lamblin, Sophie Dupuis-Girod, Eric
Hachulla.

References

1. Shovlin CL, Guttmacher AE, Buscarini E, Faughnan ME, Hyland RH, Westermann CJJ, et al. Diagnos-
tic criteria for hereditary hemorrhagic telangiectasia (Rendu-Osler-Weber syndrome). Am. J. Med.
Genet. 2000; 91: 66-67. PMID: 10751092

2. Plauchu H, de Chadarévian JP, Bideau A, Robert JM. Age-related clinical profile of hereditary hemor-
rhagic telangiectasia in an epidemiologically recruited population. Am. J. Med. Genet. 1989; 32: 291—
297. https://doi.org/10.1002/ajmg. 1320320302 PMID: 2729347

3. McAllister KA, Grogg KM, Johnson DW, Gallione CJ, Baldwin MA, Jackson CE, et al. Endoglin, a TGF-
beta binding protein of endothelial cells, is the gene for hereditary hemorrhagic telangiectasia type 1.
Nat. Genet. 1994; 8: 345-351. https://doi.org/10.1038/ng1294-345 PMID: 7894484

4. Johnson DW, Berg JN, Baldwin MA, Gallione CJ, Marondel I, Yoon SJ, et al. Mutations in the activin
receptor-like kinase 1 gene in hereditary haemorrhagic telangiectasia type 2. Nat. Genet. 1996; 13:
189-195. https://doi.org/10.1038/ng0696-189 PMID: 8640225

5. Galié N, Humbert M, Vachiery J-L, Gibbs S, Lang |, Torbicki A, et al. 2015 ESC/ERS Guidelines for the
diagnosis and treatment of pulmonary hypertension. Eur. Respir. J. 2015; ERJ-01032-2015.

6. Trembath RC, Thomson JR, Machado RD, Morgan NV, Atkinson C, Winship |, et al. Clinical and Molec-
ular Genetic Features of Pulmonary Hypertension in Patients with Hereditary Hemorrhagic Telangiecta-
sia. N. Engl. J. Med. 2001; 345: 325-334. https://doi.org/10.1056/NEJM200108023450503 PMID:
11484689

7. Harrison RE, Flanagan JA, Sankelo M, Abdalla SA, Rowell J, Machado RD, et al. Molecular and func-
tional analysis identifies ALK-1 as the predominant cause of pulmonary hypertension related to heredi-
tary haemorrhagic telangiectasia. J. Med. Genet. 2003; 40: 865—-871. https://doi.org/10.1136/jmg.40.
12.865 PMID: 14684682

8. Abdalla SA, Gallione CJ, Barst RJ, Horn EM, Knowles JA, Marchuk DA, et al. Primary pulmonary hyper-
tension in families with hereditary haemorrhagic telangiectasia. Eur. Respir. J. 2004; 23: 373-377.
PMID: 15065824

9. Girerd B, Montani D, Coulet F, Sztrymf B, Yaici A, Jais X, et al. Clinical Outcomes of Pulmonary Arterial
Hypertension in Patients Carrying an ACVRL1 (ALK1) Mutation. Am. J. Respir. Crit. Care Med. 2010;
181:851-861. https://doi.org/10.1164/rccm.200908-12840C PMID: 20056902

10. Ayala E, Kudelko KT, Haddad F, Zamanian RT, de Jesus Perez V. The intersection of genes and envi-
ronment: Development of pulmonary arterial hypertension in a patient with hereditary hemorrhagic tel-
angiectasia and stimulant exposure. Chest2012; 141: 1598-1600. https://doi.org/10.1378/chest.11-
1402 PMID: 22670022

11. Garcia-Tsao G, Korzenik JR, Young L, Henderson KJ, Jain D, Byrd B, et al. Liver disease in patients
with hereditary hemorrhagic telangiectasia. N. Engl. J. Med. 2000; 343: 931-936. https://doi.org/10.
1056/NEJM200009283431305 PMID: 11006369

12. Gincul R, Lesca G, Gelas-Dore B, Rollin N, Barthelet M, Dupuis-Girod S, et al. Evaluation of previously
nonscreened hereditary hemorrhagic telangiectasia patients shows frequent liver involvement and
early cardiac consequences. Hepatol. Baltim. Md2008; 48: 1570-1576.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184227  October 5, 2017 14/16


http://www.ncbi.nlm.nih.gov/pubmed/10751092
https://doi.org/10.1002/ajmg.1320320302
http://www.ncbi.nlm.nih.gov/pubmed/2729347
https://doi.org/10.1038/ng1294-345
http://www.ncbi.nlm.nih.gov/pubmed/7894484
https://doi.org/10.1038/ng0696-189
http://www.ncbi.nlm.nih.gov/pubmed/8640225
https://doi.org/10.1056/NEJM200108023450503
http://www.ncbi.nlm.nih.gov/pubmed/11484689
https://doi.org/10.1136/jmg.40.12.865
https://doi.org/10.1136/jmg.40.12.865
http://www.ncbi.nlm.nih.gov/pubmed/14684682
http://www.ncbi.nlm.nih.gov/pubmed/15065824
https://doi.org/10.1164/rccm.200908-1284OC
http://www.ncbi.nlm.nih.gov/pubmed/20056902
https://doi.org/10.1378/chest.11-1402
https://doi.org/10.1378/chest.11-1402
http://www.ncbi.nlm.nih.gov/pubmed/22670022
https://doi.org/10.1056/NEJM200009283431305
https://doi.org/10.1056/NEJM200009283431305
http://www.ncbi.nlm.nih.gov/pubmed/11006369
https://doi.org/10.1371/journal.pone.0184227

@° PLOS | ONE

Pulmonary hypertension and hereditary haemorrhagic telangiectasia

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Faughnan ME, Granton JT, Young LH. The pulmonary vascular complications of hereditary haemorrha-
gic telangiectasia. Eur. Respir. J. 2009; 33: 1186—1194. https://doi.org/10.1183/09031936.00061308
PMID: 19407052

Ginon |, Decullier E, Finet G, Cordier J-F, Marion D, Saurin J-C, et al. Hereditary hemorrhagic telangiec-
tasia, liver vascular malformations and cardiac consequences. Eur. J. Intern. Med. 2013; 24: e35—e39.
https://doi.org/10.1016/j.ejim.2012.12.013 PMID: 23312966

Armstrong DW, Tsimiklis G, Matangi MF. Factors influencing the echocardiographic estimate of right
ventricular systolic pressure in normal patients and clinically relevant ranges according to age. Can. J.
Cardiol. 2010; 26: e35—e39. PMID: 20151056

Buscarini E, Danesino C, Olivieri C, Lupinacci G, De Grazia F, Reduzzi L, et al. Doppler ultrasono-
graphic grading of hepatic vascular malformations in hereditary hemorrhagic telangiectasia—results of
extensive screening. Ultraschall Med. Stuttg. Ger. 19802004; 25: 348-355.

Shovlin CL. Pulmonary Arteriovenous Malformations. Am. J. Respir. Crit. Care Med. 2014; 190: 1217—
1228. https://doi.org/10.1164/rccm.201407-1254C1 PMID: 25420112

Chakinala M, Gossage J, Swanson K. PH and HHT: What's the Connection? Pathlight Winter2010;
20-21 (abstract).

Cottin V, Dupuis-Girod S, Lesca G, Cordier J-F. Pulmonary Vascular Manifestations of Hereditary Hem-
orrhagic Telangiectasia (Rendu-Osler Disease). Respiration 2007; 74: 361-378. https://doi.org/10.
1159/000103205 PMID: 17641482

Chen Y-J, Yang Q-H, Liu D, Liu Q-Q, Eyries M, Wen L, et al. Clinical and genetic characteristics of Chi-
nese patients with hereditary haemorrhagic telangiectasia—associated pulmonary hypertension. Eur.
J. Clin. Invest. 2013; 43: 1016-1024. https://doi.org/10.1111/eci.12138 PMID: 23919827

Vorselaars VM, Velthuis S, Snijder RJ, Vos JA, Mager JJ, Post MC. Pulmonary hypertension in heredi-
tary haemorrhagic telangiectasia. World J. Cardiol. 2015; 7: 230-237. https://doi.org/10.4330/wjc.v7.i5.
230 PMID: 26015855

Lyle MA, Fenstad ER, McGoon MD, Frantz RP, Krowka MJ, Kane GC, et al. Pulmonary Hypertension in
the setting of Hereditary Hemorrhagic Telangiectasia. Chest2016; 149; 362—-371.

Faughnan ME, Palda VA, Garcia-Tsao G, Geisthoff UW, McDonald J, Proctor DD, et al. International
guidelines for the diagnosis and management of hereditary haemorrhagic telangiectasia. J. Med.
Genet. 2011; 48: 73-87. https://doi.org/10.1136/jmg.2009.069013 PMID: 19553198

Kovacs G, Berghold A, Scheidl S, Olschewski H. Pulmonary arterial pressure during rest and exercise
in healthy subjects: a systematic review. Eur Respir J. 2009 Oct; 34:888—94. https://doi.org/10.1183/
09031936.00145608 PMID: 19324955

Humbert M, Sitbon O, Chaouat A, Bertocchi M, Habib G, Gressin V, et al. Survival in Patients With Idio-
pathic, Familial, and Anorexigen-Associated Pulmonary Arterial Hypertension in the Modern Manage-
ment Era. Circulation. 2010 Jul 13; 122:156-63. https://doi.org/10.1161/CIRCULATIONAHA.109.
911818 PMID: 20585011

Olivieri C, Lanzarini L, Pagella F, Semino L, Corno S, Valacca C, et al. Echocardiographic screening
discloses increased values of pulmonary artery systolic pressure in 9 of 68 unselected patients affected
with hereditary hemorrhagic telangiectasia. Genet. Med. 2006; 8: 183—190. PMID: 16540754

Rozenberg D, Leek E, Faughnan ME. Prevalence and nature of dyspnea in patients with hereditary
hemorrhagic telangiectasia (HHT). Respir. Med. 2015; 109: 768—777. https://doi.org/10.1016/j.rmed.
2015.04.003 PMID: 25940942

Sopefia B, Pérez-Rodriguez MT, Portela D, Rivera A, Freire M, Martinez-Vazquez C. High prevalence
of pulmonary hypertension in patients with hereditary hemorrhagic telangiectasia. Eur. J. Intern. Med.
2013; 24: e30-34. https://doi.org/10.1016/j.ejim.2012.11.012 PMID: 23246127

Harrison RE, Berger R, Haworth SG, Tulloh R, Mache CJ, Morrell NW, et al. Transforming Growth Fac-
tor-B Receptor Mutations and Pulmonary Arterial Hypertension in Childhood. Circulation2005; 111:
435-441. https://doi.org/10.1161/01.CIR.0000153798.78540.87 PMID: 15687131

Pousada G, Baloira A, Valverde D. Pulmonary arterial hypertension and portal hypertension in a patient
with hereditary hemorrhagic telangiectasia. Med. Clinica2015; 144:261-264.

Shovlin CL. Hereditary haemorrhagic telangiectasia: Pathophysiology, diagnosis and treatment. Blood
Rev. 2010; 24:203-219. https://doi.org/10.1016/j.blre.2010.07.001 PMID: 20870325

Abdalla SA, Letarte M. Hereditary haemorrhagic telangiectasia: current views on genetics and mecha-
nisms of disease. J. Med. Genet. 2006; 43: 97-110. https://doi.org/10.1136/jmg.2005.030833 PMID:
15879500

Chaouat A, Coulet F, Favre C, Simonneau G, Weitzenblum E, Soubrier F, et al. Endoglin germline
mutation in a patient with hereditary haemorrhagic telangiectasia and dexfenfluramine associated

PLOS ONE | https://doi.org/10.1371/journal.pone.0184227  October 5, 2017 15/16


https://doi.org/10.1183/09031936.00061308
http://www.ncbi.nlm.nih.gov/pubmed/19407052
https://doi.org/10.1016/j.ejim.2012.12.013
http://www.ncbi.nlm.nih.gov/pubmed/23312966
http://www.ncbi.nlm.nih.gov/pubmed/20151056
https://doi.org/10.1164/rccm.201407-1254CI
http://www.ncbi.nlm.nih.gov/pubmed/25420112
https://doi.org/10.1159/000103205
https://doi.org/10.1159/000103205
http://www.ncbi.nlm.nih.gov/pubmed/17641482
https://doi.org/10.1111/eci.12138
http://www.ncbi.nlm.nih.gov/pubmed/23919827
https://doi.org/10.4330/wjc.v7.i5.230
https://doi.org/10.4330/wjc.v7.i5.230
http://www.ncbi.nlm.nih.gov/pubmed/26015855
https://doi.org/10.1136/jmg.2009.069013
http://www.ncbi.nlm.nih.gov/pubmed/19553198
https://doi.org/10.1183/09031936.00145608
https://doi.org/10.1183/09031936.00145608
http://www.ncbi.nlm.nih.gov/pubmed/19324955
https://doi.org/10.1161/CIRCULATIONAHA.109.911818
https://doi.org/10.1161/CIRCULATIONAHA.109.911818
http://www.ncbi.nlm.nih.gov/pubmed/20585011
http://www.ncbi.nlm.nih.gov/pubmed/16540754
https://doi.org/10.1016/j.rmed.2015.04.003
https://doi.org/10.1016/j.rmed.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25940942
https://doi.org/10.1016/j.ejim.2012.11.012
http://www.ncbi.nlm.nih.gov/pubmed/23246127
https://doi.org/10.1161/01.CIR.0000153798.78540.87
http://www.ncbi.nlm.nih.gov/pubmed/15687131
https://doi.org/10.1016/j.blre.2010.07.001
http://www.ncbi.nlm.nih.gov/pubmed/20870325
https://doi.org/10.1136/jmg.2005.030833
http://www.ncbi.nlm.nih.gov/pubmed/15879500
https://doi.org/10.1371/journal.pone.0184227

@° PLOS | ONE

Pulmonary hypertension and hereditary haemorrhagic telangiectasia

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

pulmonary arterial hypertension. Thorax 2004; 59: 446—448. https://doi.org/10.1136/thx.2003.11890
PMID: 15115879

Bonderman D, Nowotny R, Skoro-Sajer N, Adlbrecht C, Lang IM. Bosentan therapy for pulmonary arte-
rial hypertension associated with hereditary haemorrhagic telangiectasia. Eur. J. Clin. Invest. 2006; 36:
71-72. https://doi.org/10.1111/j.1365-2362.2006.01683.x PMID: 16919015

Chang S-A, Jang SY, Ki C-S, Kang I-S, Kim D-K. Successful bosentan therapy for pulmonary arterial
hypertension associated with hereditary hemorrhagic telangiectasia. Heart Vessels 2011; 26: 231—
234. https://doi.org/10.1007/s00380-010-0079-z PMID: 21132305

Dupuis-Girod S, Ginon |, Saurin J-C, Marion D, Guillot E, Decullier E, et al. Bevacizumab in patients
with hereditary hemorrhagic telangiectasia and severe hepatic vascular malformations and high cardiac
output. JAMA 2012; 307: 948-955. https://doi.org/10.1001/jama.2012.250 PMID: 22396517

Dupuis-Girod S, Chesnais A-L, Ginon |, Dumortier J, Saurin J-C, Finet G, et al. Long-term outcome of
patients with hereditary hemorrhagic telangiectasia and severe hepatic involvement after orthotopic
liver transplantation: A single-center study. Liver Transpl. 2010; 16: 340—347. hitps://doi.org/10.1002/It.
21990 PMID: 20209594

Ghofrani H-A, D’Armini AM, Grimminger F, Hoeper MM, Jansa P, Kim NH, et al, CHEST-1 Study
Group. Riociguat for the treatment of chronic thromboembolic pulmonary hypertension. N. Engl. J. Med.
2013; 369: 319-329. https://doi.org/10.1056/NEJMoa1209657 PMID: 23883377

Ni Bhuachalla CF, O’Connor TM, Murphy M, Colwell N, Brady A. Experience of the Irish National Centre
for hereditary haemorrhagic telangiectasia 2003—2008. Respir. Med. 2010; 104: 1218—1224. hitps://
doi.org/10.1016/j.rmed.2010.03.003 PMID: 20362423

Bayrak-Toydemir P, McDonald J, Markewitz B, Lewin S, Miller F, Chou L-S, et al. Genotype-phenotype
correlation in hereditary hemorrhagic telangiectasia: mutations and manifestations. Am. J. Med. Genet.
A. 2006; 140: 463—470. https://doi.org/10.1002/ajmg.a.31101 PMID: 16470787

Coghlan JG, Denton CP, Griinig E, Bonderman D, Distler O, Khanna D, et al, DETECT study group.
Evidence-based detection of pulmonary arterial hypertension in systemic sclerosis: the DETECT study.
Ann. Rheum. Dis. 2014; 73: 1340—1349. https://doi.org/10.1136/annrheumdis-2013-203301 PMID:
23687283

Sitbon O, Lascoux-Combe C, Delfraissy J-F, Yeni PG, Raffi F, De Zuttere D, et al. Prevalence of HIV-
related Pulmonary Arterial Hypertension in the Current Antiretroviral Therapy Era. Am. J. Respir. Crit.
Care Med. 2008; 177: 108-113. https://doi.org/10.1164/rccm.200704-5410C PMID: 17932378

Hayes MM, Vedamurthy A, George G, Dweik R, Klings ES, Machado RF, et al. Pulmonary Hyperten-
sion in Sickle Cell Disease. Ann. Am. Thorac. Soc. 2014; 11: 1488-1489. https://doi.org/10.1513/
AnnalsATS.201408-405CME PMID: 25423000

Parent F, Bachir D, Inamo J, Lionnet F, Driss F, Loko G, et al. A hemodynamic study of pulmonary
hypertension in sickle cell disease. N. Engl. J. Med. 2011; 365: 44-53. https://doi.org/10.1056/
NEJMoa1005565 PMID: 21732836

PLOS ONE | https://doi.org/10.1371/journal.pone.0184227  October 5, 2017 16/16


https://doi.org/10.1136/thx.2003.11890
http://www.ncbi.nlm.nih.gov/pubmed/15115879
https://doi.org/10.1111/j.1365-2362.2006.01683.x
http://www.ncbi.nlm.nih.gov/pubmed/16919015
https://doi.org/10.1007/s00380-010-0079-z
http://www.ncbi.nlm.nih.gov/pubmed/21132305
https://doi.org/10.1001/jama.2012.250
http://www.ncbi.nlm.nih.gov/pubmed/22396517
https://doi.org/10.1002/lt.21990
https://doi.org/10.1002/lt.21990
http://www.ncbi.nlm.nih.gov/pubmed/20209594
https://doi.org/10.1056/NEJMoa1209657
http://www.ncbi.nlm.nih.gov/pubmed/23883377
https://doi.org/10.1016/j.rmed.2010.03.003
https://doi.org/10.1016/j.rmed.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20362423
https://doi.org/10.1002/ajmg.a.31101
http://www.ncbi.nlm.nih.gov/pubmed/16470787
https://doi.org/10.1136/annrheumdis-2013-203301
http://www.ncbi.nlm.nih.gov/pubmed/23687283
https://doi.org/10.1164/rccm.200704-541OC
http://www.ncbi.nlm.nih.gov/pubmed/17932378
https://doi.org/10.1513/AnnalsATS.201408-405CME
https://doi.org/10.1513/AnnalsATS.201408-405CME
http://www.ncbi.nlm.nih.gov/pubmed/25423000
https://doi.org/10.1056/NEJMoa1005565
https://doi.org/10.1056/NEJMoa1005565
http://www.ncbi.nlm.nih.gov/pubmed/21732836
https://doi.org/10.1371/journal.pone.0184227

