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Mutations of the bone morphogenetic protein receptor II
(BMPR2) gene on chromosome 2q33 can cause familial primary
pulmonary hypertension (PPH) and may occur in 26% adult
patients with sporadic disease. Other disease-related genes have
been localized to chromosomes 2q31 (PPH2) and 12q13 (ALK1).
The genetic background in affected children remains unclear.
Thirteen children (age at diagnosis, 6 mo to 13 y; mean, 5.6 �
3.9 y) with invasively confirmed PPH were screened for BMPR2
mutations using denaturing HPLC and sequence analysis. In
addition, all children were scanned for BMPR2 deletions by
Southern blot analysis. Pulmonary artery pressure was assessed
using echocardiography at rest and during exercise in 57 family
members of six infants. The six families were subjected to
linkage analysis. None of the 13 children had a BMPR2 mutation
or deletion. Linkage to chromosome 2 or 12 could not be
confirmed in any of the families investigated. In all assessed
families, both parents of the index patient and/or members of
both branches revealed an abnormal pulmonary artery systolic

pressure (PASP)-response to exercise. PPH in children may have
a different genetic background than in adults. We postulate a
recessive mode of inheritance in a proportion of infantile cases.
(Pediatr Res 56: 571–578, 2004)

Abbreviations
ALK1, actin receptor-like kinase 1
BMPR2, bone morphogenetic protein receptor type II
DHPLC, denaturing high performance liquid chromatography
HHT, hereditary hemorrhagic teleangiectasia
IPPH, infantile primary pulmonary hypertension
LOD, logarithm of the odds for linkage
PASP, pulmonary artery systolic pressure
PH, pulmonary hypertension
PPH, primary pulmonary hypertension
SE, stress-Doppler-echocardiography
SSCP, single-strand conformation polymorphism

PPH is a progressive cardiopulmonary disorder that may
occur at any age (1). In the American PPH registry, the mean
age at onset was 36 y, with a female-to-male ratio of 1.7 to 1
(2). Whereas PPH is usually diagnosed in the fourth decade of
life, it sometimes affects children in the infancy. Children with
IPPH have been reported to show higher pulmonary artery
pressures, vascular resistance, and cardiac index than adults

(3,4). They often present with severe symptoms like syncope or
are thought to have epilepsy. Before the advent of long-term
vasodilator therapy, the mean survival time was only 10 mo for
children �16 y old (5), whereas this was 2.8 y in adults (6).
Medial hypertrophy of the small pulmonary vessels was the
predominant finding in children (7). Furthermore, �40% of
children with PPH responded to calcium channel blockers (5)
in contrast to �25% adult responders (8).

It has not been assessed yet whether genetic mechanisms
lead to these clinical differences. Mutations in the BMPR2 gene
of chromosome 2q33 have been identified in adults with PPH
(9–11) and occurred in approximately half of the familial cases
with autosomal dominant inherited disease and in approxi-
mately 26% of apparently sporadic adult cases (10,12). Fur-
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thermore, it is known that large BMPR2 deletions can cause a
severe phenotype with an early onset in infancy (13,14). This
has only been reported in two families so far.

In BMPR2 mutation-negative families with autosomal dom-
inantly inherited PPH, we found linkage to a more proximal
locus on chromosome 2q31 (15,16). PH has also been diag-
nosed in adults and children suffering from HHT with muta-
tions of ALK1 (14).

Recently, we have demonstrated that more than 90% of
family members who shared the BMPR2 mutation and/or the
risk haplotype with the PPH patients showed an abnormal
PASP (17). The main goal of this study was to assess if and in
which proportion apparently sporadic PPH in children can be
caused by BMPR2 mutations.

The second aim was to analyze whether further family
members of the affected children reveal clinical signs of PPH
or HHT using noninvasive methods and, if this was the case, to
analyze the mode of inheritance.

METHODS

Study population and design. Between February 1999 and
October 2003, 13 consecutive nonrelated children �14 y with
PPH were evaluated. In all patients, the diagnosis “manifest
PPH” was confirmed by a cascade of clinical examination
including heart catheterization and was made according to the
World Health Organization criteria (18) by at least one expe-
rienced and, for PH, specialized pediatric center. In 3 of the 13
index patients, diagnosis was further confirmed by lung histo-
pathology. Children �28 d of age were excluded. A detailed
family history was obtained and a pedigree of at least three to
four generations was constructed. All living relatives of pa-
tients and control subjects were invited for clinical assessment
including a medical history, physical examination, and 12-lead
ECG and echocardiography at rest and during supine bicycle
exercise. In the relatives or controls with abnormal PASP
during exercise, secondary reasons were excluded by further
assessment including laboratory tests, chest roentgenography,
pulmonary function tests, and measurement of arterial blood
gases. In two family members with abnormal PASP response
to exercise and impaired left ventricular function, left heart
catheterization was performed and resulted in the diagnosis of
coronary artery disease in one (family 3421, I-3, Fig. 1) and
dilated cardiomyopathy in the other (family 3421, I-4). In all
patients and relatives, blood samples were collected for genetic
analysis.

The control group consisted of 86 healthy volunteers, with-
out acute or chronic pulmonary or cardiac diseases and without
known risk factors for PH. The clinicians were blinded to the
results of genetic analysis. The Ethics Committee of the Med-
ical Faculty of the University of Heidelberg approved the
protocol of this study, and the participants or their parents gave
their written informed consent.

Right heart catheterization and test for vasoreactivity was
performed in the index patients in the pediatric centers after
premedication with diazepam under local anesthesia as de-
scribed previously (19).

Stress-Doppler-echocardiography. Examinations were car-
ried out at rest and during supine bicycle exercise (model 8420,
KHL Corp; ER 900 EL, Ergoline, Bitz, Germany) as described
previously (16,17,20). Results of PASP �35 mm Hg at rest
and �40 mm Hg during exercise were classified as normal.
PASP �35 mm Hg at rest and �40 mm Hg during exercise
was classified as abnormal. All recordings were analyzed again
off-line in random order and in a blinded fashion.

Mutation analysis. The entire protein coding region of
BMPR2 and all intron/exon boundaries were investigated by
DHPLC (WAVE, DNA-Sep Cartridge, Transgenomic, Omaha,
NE) in all index patients and their parents. The primers listed
on our website (http://www.med.uni-heidelberg.de/humangen/
ger/humgen/pph-scl.htm) were used to amplify 16 gene frag-
ments by PCR. For DHPLC analysis, basic conditions (at least
two temperatures were tested per exon) were chosen using the
WAVEMAKER software (Transgenomic; Version D7000
HSM) and the Stanford program (http://insertion.stanford.edu).
The protocols were validated in a series of 82 adult PPH
patients by comparing the DHPLC results with the sequencing
data obtained for all exons. No false positives or false nega-
tives were identified (data not shown). Because DHPLC can
only be used to detect heterozygous mutations, a second anal-
ysis was performed using a mixture (1:1) of patient DNA with
wild-type DNA. In case of detecting altered peaks on DHPLC,
samples were sequenced using the BigDye Terminator Kit
version 2.0 and the ABI 3100 sequencer (Applied Biosystems,
Foster City, CA).

Southern blot analysis was performed using three BMPR2
probes (kindly provided by Prof. R. Trembath, Leicester, UK)
covering exons 1–4, 4–10, and 11–13 in all index patients.
Seven micrograms of each genomic DNA sample was digested
with the restriction endonuclease PstI, electrophoresed through
a 0.8% TBE agarose gel, and transferred on a nylon membrane
(Hybond N�, Amersham Pharmacia Biotech AB, Uppsala,
Sweden) using standard protocols. The UV cross-linked DNA
was then hybridized overnight at 65°C with the labeled probes
(random primed DNA labeling kit, Roche Molecular Bio-
chemicals, Mannheim, Germany), and exposed to Kodak X-
Omat AR x-ray films (Eastman Kodak, Rochester, NY) for 1
wk.

Linkage analysis. DNA was extracted from peripheral blood
using a standard salting-out procedure. The members of six
families (3783, 3067, 3385, 3421, 4133, 6735) were genotyped
for the microsatellite markers D2S335, D2S2307, D2S2314,
D2S309, D2S346, D2S2289, and D2S307 from the PPH1
(BMPR2) and putative PPH2 region on chromosome 2 and for
D12S1633, D12S368, and D12S325 representing the ALK1
region. LOD scores (logarithm of the odds for linkage) were
calculated by the LINKAGE program package (21). Subjects
with manifest PPH were classified as affected (phenocopy rate:
0.0001%, disease allele frequency of 1 in 10,000). Relatives
with a pathologic PASP-response to exercise (AR) were clas-
sified as affected in the dominant model and as unaffected in
the recessive model (phenocopy rate: 15%; penetrance: 99%).
Relatives unavailable for analysis, members suspected to have
secondary causes of PH, members with suspected (but uncon-
firmed) PPH, and individuals with a PASP response of exactly
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40 mm Hg were classified as unknown. All other individuals
were classified as normal.

Further statistical methods. Data are given as mean values
� SD. All measurements of PASP were calculated as the
means of three cardiac cycles. Groups were compared by the
Mann-Whitney-Wilcoxon-test.

RESULTS

Clinical characterization of index patients with PPH. All
13 children [mean (� SD) age at diagnosis, 5.6 � 3.9 y; range,
6 mo to 13 y; female/male ratio, 1.2:1; 11 Germans, 2 Swiss]
had a negative family history and had been initially classified
as sporadic PPH. The mean time between the onset of symp-
toms and diagnosis by cardiac catheterization was 2.5 � 3.2 y
(range, 1 mo to 11 y). In Table 1, hemodynamic variables of
index patients at the time of their diagnostic catheterization are
summarized. All 13 children had severe PH, with an at least
2-fold increase of mean pulmonary artery pressure and pulmo-
nary vascular resistance, a normal pulmonary capillary wedge
pressure, and a normal or reduced cardiac index. The hemo-
dynamic response to vasodilators during cardiac catheteriza-
tion could be assessed in 12 patients, with a significant re-
sponse in 5 (41.6%) if “responders” were defined as children
who showed a decrease in mean pulmonary artery pressure and
pulmonary vascular resistance exceeding 20% from baseline
on testing for acute pulmonary vasoreactivity using oxygen,
nitric oxide, or prostanoids. If “responders” were defined ac-
cording to the recommendation made during the last world
congress on pulmonary hypertension in Venice 2003 as “a
pulmonary artery pressure which almost normalized during
vasoreactivity testing with a normal or increased cardiac out-
put,” 3 of the 12 patients (25%) were responders. None of the
children or their parents were affected or had a familial history
of HHT. At familial assessment (mean, 0.9 � 0.9 y after initial
catheterization), one child had undergone lung transplantation,
one had progressed to New York Heart Association (NYHA)
class IV, and two had died due to right heart failure. One child
(6735) died 3 mo after familial assessment. Two remained

Figure 1. Family 3783: Index patient (IV-1) was the first baby of apparently
healthy parents with birth at term by cesarean section because of breech
presentation. Surgery of congenital hip dislocation was performed with 6 mo.
A small atrial septal defect II was seen at the age of 20 mo and pulmonary
hypertension was diagnosed. From invasive hemodynamic data there was no
evidence that this septal defect could explain the PH. As expected, the PH
persisted after surgical atrial septal defect closure was performed. Ten years
later he presented with signs of pneumonia. After a second cardiac catheter-
ization, the diagnosis of PPH was made. On acute testing for pulmonary
vascular reactivity there was no response to oxygen, nitric oxide, or inhaled
iloprost. Oral beraprost sodium was initiated and well tolerated. The condition
remained unchanged until now for 2 y. Family 3385: The index patient (III-1)
presented at the age of 8 y with exertional dyspnea and repeated syncope since
the age of 3 y. On acute testing for pulmonary vascular vasoreactivity she did
not respond to oxygen, nitric oxide, or inhaled iloprost. The girl was treated
with home oxygen and phenprocoumon and remained in functional class II
(NYHA) for 4 y now. Both parents, both grandmothers, and two further
members (II-5, III-3) had abnormal PASP responses to exercise. Her grand-
father (I-1) had died due to lung cancer aged 69 before family screening was
performed. Her grandfather I-3 had to be excluded due to inadequate Doppler
signals during exercise. Her sister III-2 had a maximal PASP during exercise
of 40 mm Hg. Pedigree 4133: This 10-y-old boy (IV-1) was first seen by a
pediatric cardiologist at age 7 y and complained of exercise intolerance over
the last months. At first cardiac catheterization a PH and an anomalous
pulmonary venous return of the left upper lobe into the superior cava vein was
seen. On the basis of a small left-to-right shunt, a causal relationship seemed
very unlikely and the diagnosis of PPH was made. A catheter 3 mo later
(second opinion) revealed pulmonary artery pressures of 123/56/90 mm Hg,
systemic arterial pressures of 81/96/59 mm Hg, and a pulmonary/systemic
resistance ration of 1.53. The main treatment consisted of i.v. prostacyclin
(Flolan). Due to further deterioration, the boy was listed for heart-lung
transplantation, which was conducted a few days after his ninth birthday. Both

parents and grandmothers were classified as AR members. His sisters had
normal PASP values at rest. They were too young to perform supine bicycle
exercise. Family 3421: The index patient (III-1) was born at term (weight,
2850 g). Development within the first 8 mo was normal. At the age of 9 mo he
developed intermittent abdominal pain, obstipation, motoric retardation, and
recurrent respiratory infections. Diagnosis was made by cardiac catheterization
and open lung biopsy at 3 y of age. Although he was a nonresponder at initial
testing for pulmonary vasoreactivity, his symptoms improved to inhaled
iloprost and he remained stable. His father had a borderline PASP during
exercise, his mother (II-6), aunt (II-3), and grandmother (I-2) were AR
members. In his cousin (III-2), a pulmonary hypertension and lung hypoplasia
was diagnosed perinatally. Family 3067: The index patient (IV-1) was born in
wk 33 by cesarean section due to gestosis. At d 2 he developed an intestinal
perforation most likely because of the prematurity. Further assessment aged 7
mo revealed a PH and markedly elevated serum noradrenaline levels. Second
cardiac catheterization 6 mo later showed a significant improvement of all
hemodynamic parameters. A manifest PH was suspected in his father due to an
abnormal PASP at rest and during exercise. His mother, grandmother (II-3),
grandfather (II-4), and aunt (III-1) were classified as AR members. In relatives
II-5 and III-4, the abnormal PASP response to exercise was possibly due to
systemic arterial hypertension.
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stable and six had an immediate and significant decrease
(�20%) in pulmonary artery pressure and pulmonary vascular
resistance index during therapy or revealed a subjective im-
provement in symptoms and physical abilities.

Mutation analysis. Mutations of the BMPR2 gene could not
be found in any of the 13 children and the parents. In two
children (families 5779, 6735), a polymorphism of exon 12
(R937R) was documented. Larger deletions were excluded by
Southern blot analysis in all index patients.

Familial assessment. In 6 of the 13 families, 57 further
relatives were assessed clinically. Blood samples were ob-
tained for genetic linkage analysis. The pedigrees of these
families are shown in Figures 1 and 2. In two families, manifest
PH was suspected in one further member. In a cousin (III-2) of
the index patient of family 3421, PH was diagnosed in the
neonatal period by echocardiography and confirmed by right
heart catheterization. Lung hypoplasia was suggested after
chest x-ray and lung functions tests. Therefore, this child was
not classified as PPH patient. Genetic assessment could not be
performed yet. In family 3067, the 23-y-old father (III-2) of the
index patient (IV-1) showed echocardiographically an elevated
PASP at rest (48 mm Hg) and during exercise (84 mm Hg),
enlarged right heart chambers (four chamber view minor 4.1
cm, parasternal long axis: 4.5 cm, indexed 2.1 cm/m2) without
further abnormalities. He was not known to have any heart or
lung disease before. The patient died in a car accident before
further examinations could be performed to confirm or exclude
PPH.

In all families at least one relative (n � 26) showed an
abnormal PASP increase during exercise (from 22 � 5 to 55 �
12 mm Hg) without secondary reasons. Eleven further family
members had normal values both at rest and during exercise
(20 � 4 to 35 � 3 mm Hg). There were no significant
differences in age, weight, height, or hemodynamic parameters
between normal and abnormal responders (Table 2). In five
additional abnormal responders, secondary reasons could not

be excluded: in three relatives the pathologic PASP response
was associated with abnormal systemic blood pressures (mean,
220/110 mm Hg) during exercise, in one subject with dilated
cardiomyopathy and in another with coronary artery disease.
Thirteen relatives were excluded due to inadequate Doppler

Figure 2. Family 6735: In the index patient (V:1) of this consanguineous
family, an idiopathic thrombocytopenia (7 � 102 thrombocytes/L) and a severe
PH was diagnosed in the context of an assessment due to respiratory infection
at age 2.5 y. At that time, she had only little cardiopulmonary symptoms. In the
right heart catheterization, which was performed in an specialized university
center for PH, the PA pressures were almost as high as the systemic pressures.
At the age of 4 y, the patient was admitted to the hospital due to shortness of
breath and died 24 h later. The parents refused an autopsy. In the family
assessment, both parents and family members of both sides (III-1, III-3, IV-1,
IV-3, IV-8) revealed high PASP response to exercise and/or hypoxia. None of
them had cardiopulmonary symptoms.

Table 1. Clinical data of the 13 index patients at diagnosis by right heart catheterization (hc)

Family
no. Gender

Age (y)

Weight
(kg)

Height
(cm)

NYHA at
diagnosis

Heart rate
per min

SaO2

(%)
At onset of
symptoms

At diagnosis
by hc

At familial
assessment

3421 M 0.9 3 3 11 86 II 130 99
3385 F 3 8 10 30 129 II 90 95
3067 M Infancy 0.6 3 — — II 110 98
3783 M 1 13 14 30.8 143 II 96 98
4133 M 6 7 7 25 125 III–IV 88 95
4707 F 0.5 2 4 11 82.5 II–III — 97
4391 M 7 8 — 35 137.5 II 86 98
4047 M Infancy 4 5 16 109 II 102 92
3465 F 2 3 3 39.8 149 III 90 91
5623 F 9 10 10 26 142 II 87 99
5165 F 9 10 10 34 130 IV 90 92
3749 F Infancy 2 3 10 81 III–IV 88 99
6735 F 2.6 2.7 4 16 106 III 100 95

Mean 3.2 5.6 6.3 23.7 118.3 96.4 96.0
SD 3.4 3.9 3.8 10.5 24.7 12.9 2.9

SaO2, oxygen saturation; PASP, pulmonary artery systolic pressure; PADP, pulmonary artery diastolic pressure; PAMP, pulmonary artery mean pressure;
PCWP, pulmonary capillary wedge pressure; SASP, systemic arterial systolic pressure; SADP, systemic arterial diastolic pressure; CI, cardiac index; PVRI,
pulmonary vascular resistance index; Rp/Rs, pulmonary/systemic resistance ratio.
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signals (n � 6) or inability to perform supine bicycle exercise
(n � 5) and 2 members with normal PASP values at rest and
a maximal PASP of 40 mm Hg were classified as status
unknown because their values were borderline.

Control group. Eighty-six control subjects (51 females) with
a mean age of 27 � 10 y (range, 13–78 y) and a mean PASP
at rest of 21 � 5 mm Hg were assessed. Eight of 86 subjects
(9.3%, all female) had an exaggerated PASP response to
exercise (from 25 � 5 to 53 � 4 mm Hg) without secondary
reasons. The high PASP values were already seen at low
workloads of 50–75 W, whereas 78 control subjects did not
exceed 40 mm Hg even at high workloads up to 200 W. There
was a significantly higher percentage of individuals with an
abnormal PASP response to exercise (hereafter called “AR
members”) among the relatives of the children with PPH
(26/37 � 72%) than in the controls (8/86 � 9.3%, p � 0.0001).

Pedigree analysis. In all six families, abnormal PASP re-
sponse was documented in both parents of the index patients
and/or in both branches of their family. Under a model of
dominant inheritance, assuming that all carriers of the mutation
will be AR members, we expect that approximately 6 of the 12
parents show an AR status. The observed number of AR
parents is significantly higher (11/12, p � 0.05). Moreover, this
is still very conservative, inasmuch as the only NR parent
happens to be the mother of a questionable case (family 3421,
III-2). Hence, rather than a dominant model, a recessive mode
of inheritance seems to be the most plausible model for the
majority of assessed families. In this model, affected individ-
uals have mutations on both alleles, whereas parents are het-
erozygous for the PPH mutation and therefore express an “AR”
phenotype.

Linkage analysis. The LOD scores for 12q13 (ALK-1 re-
gion) and 2q31–33 (PPH1/PPH2 region) are shown in Tables 3
and 4. There was no evidence for linkage to the PPH1
(BMPR2) region in five of the six families (3067, 4133, 3421,
3783, 6735). All pairwise cumulative LOD scores were nega-

tive in the dominant model (Table 3) and also in the recessive
model (Table 4). There was no linkage to the ALK1 region in
these families.

DISCUSSION

Previous studies on the genetic background of PPH (9–12)
have lead to the suggestion that sporadic and familial forms of
PPH in adults share a common genetic basis. However, these
studies did not assess the occurrence of BMPR2 mutations in
children, in particular, although substantial clinical differences
have been observed between adults and children (3–5). This is
the first study performing a systematic genetic and clinical
family screening in children with apparently sporadic PPH.
Because none of the 13 assessed children had a BMPR2
mutation or a history of HHT, this study suggests that in a
proportion of IPPH cases the disease may have a different
genetic background than adults, not related to changes in the
BMPR2 or ALK1 gene. The clinical assessment of the family
members and pedigree analysis indicate that IPPH may be
caused by a yet unknown gene or genes and may have a
recessive rather than a dominant transmission in a proportion
of cases.

Different genotype in infantile PPH. Most IPPH cases
described previously (3–5,12) appeared as sporadic disease.
Thomson et al. (12) examined 50 patients aged 7–61 with
sporadic PPH for BMPR2 mutations (12). They identified
BMPR2 mutations in 13 adults aged �23 y but not in children.
Newman et al. (22) described a large family with PPH and a
BMPR2 mutation, in which the youngest patient was 10 y old.
Apart from this case, only two BMPR2 mutations—both de-
letions—have been described in children (13,14).

We excluded BMPR2 deletions in our patients by Southern
blot and microsatellite analysis. Furthermore, we found no
evidence for point mutations in the BMPR2 gene, neither by
mutation scanning, nor by haplotyping, as multipoint LOD

Table 1. Clinical data of the 13 index patients at diagnosis by right heart catheterization (hc) (continued)

Family
no. Gender

PAP (mm Hg)
PC
WP

SASP
(mm Hg)

SADP
(mm Hg)

CI
(L/min/m2)

PVRI
(U*m2) Rp/RsPASP PADP PAMP

3421 M 95 31 60 9 88 10 3.36 14.3 0.97
3385 F 60 24 39 3 90 60 2.10 12.0 0.50
3067 M 75 50 65 13 95 55 2.60 20.0 0.80
3783 M 66 30 46 4 93 52 3.60 7.0 0.55
4133 M 60 25 37 4 84 50 — — 0.44
4707 F 90 32 57 4 89 42 2.52 22.5 1.50
4391 M 72 38 49 6 93 56 4.03 14.9 0.71
4047 M 107 65 84 12 115 52 4.00 13.1 1.15
3465 F 239 108 154 6 112 61 2.40 60.8 1.56
5623 F 83 50 58 2 100 78 1.58 35.4 0.64
5165 F 115 58 79 — 100 79 2.65 — 0.92
3749 F 128 71 91 5 97 50 2.90 29.9 1.36
6735 F 65 55 61 — 75 45 4.50 14.0 —

Mean 96.5 49.0 67.7 6.2 94.7 53.1 3.0 20.9 0.9
SD 48.0 23.5 30.7 3.6 10.7 17.0 0.9 15.4 0.4

SaO2, oxygen saturation; PASP, pulmonary artery systolic pressure; PADP, pulmonary artery diastolic pressure; PAMP, pulmonary artery mean pressure;
PCWP, pulmonary capillary wedge pressure; SASP, systemic arterial systolic pressure; SADP, systemic arterial diastolic pressure; CI, cardiac index; PVRI,
pulmonary vascular resistance index; Rp/Rs, pulmonary/systemic resistance ratio.
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scores at the BMPR2 locus were negative in all six families
assessed by linkage analysis. Although, it should be noted that
in our smaller families the LOD scores did not reach the
threshold for exclusion. Thus, it cannot be excluded that in a
single case, a trait-causing BMPR2 mutation in a noncoding
region remained undetected. Likewise, there was also no link-
age to the PPH2 locus.

A previous study on HHT has shown that a PPH-like
phenotype can occur in children carrying an ALK1 mutation
(14). Characteristic for this type of infantile disease is the
positive family history of HHT. All our patients had a negative
family history for HHT. There was no linkage to the ALK1
locus.

Mode of inheritance. All patients of this study had a nega-
tive family history for PH and initially no further members
with confirmed manifest PPH. However, through the clinical
screening assessment we identified two members with manifest
PH coming from two families (3067, 3421). In these families
an autosomal dominant mode of inheritance cannot be ex-
cluded. Interestingly, in all assessed families an abnormal
PASP response to exercise was detected in relatives of both
branches. The AR status occurred in 72% of relatives but only
in 9.3% of controls. In families with adult PPH, an abnormal
PASP response to exercise indicated a carrier status for a PPH
mutation (15–17). If this is true also for relatives of children
with PPH, it implies that both parents and/or relatives from
both branches of the family are heterozygous mutation carriers.
Although the families assessed here were not large enough for

a formal segregation analysis, our data suggest that IPPH—or
at least a proportion of cases—might have an autosomal reces-
sive mode of inheritance caused by a mutation in a yet un-
known gene(s).

Alternatively, one could hypothesize that these children are
homozygous for dominant (undetected) BMPR2 mutations.
This alternative explanation is unlikely, considering the high
sensitivity of the method used for mutation screening, the
negative LOD scores, and the fact that homozygous mutations
in the BMPR2 gene have been shown to be lethal in mice (23).
Another alternative explanation, presuming that these young
patients will be sporadic cases with a de novo mutation in an
unknown gene, is also not very plausible, as it does not provide
an explanation for the high number of parents and relatives
with an abnormal PASP response to exercise. The most strik-
ing hallmark of recessive inheritance is the occurrence of
affected children born to consanguineous parents. Family 6735
is an example of such a consanguineous family. It is very
noteworthy, that another family with two affected siblings
(aged 6 and 10 y) born to consanguineous parents has recently
been described (24). These observations strongly support the
hypothesis that—at least in some cases—IPPH may have a
recessive mode of inheritance. This suggests that IPPH has a
different genetic background compared with adult PPH. On the
other hand, it might also be possible that a proportion of
sporadic adult patients share a similar genetic background as
children and have a recessive or dominant-acting mutation in a
yet unknown IPPH-related gene.

Phenotypic differences. Little information exists regarding
clinical characterization in PPH of children (25). This might be
due to the fact that IPPH is itself very rare. We estimate that in
Germany about five children are diagnosed with PPH annually.
The clinical data of the patients reported in this study support
the previously described different phenotype of IPPH (3–5).
All infants presented with severe symptoms at initial assess-
ment like dyspnea, syncope, or physical retardation. The index
patient of family 5165 had been misdiagnosed over 12 mo and
was thought to have epilepsy until she proceeded into cardio-
pulmonary arrest and had to be resuscitated. In all 12 index
patients, pulmonary artery pressure and pulmonary vascular
resistance were markedly elevated and succeeded systemic
pressure in some cases, as described in children assessed by
Barst et al. (4). Furthermore, the gender distribution in IPPH is
more uniform (female/male ratio 1.2:1) than in adults [female/
male ratio 1.7:1 (2)] as described before (25). The fact that
most parents in our study were found to have an AR status does
not imply that all individuals in the general population
expressing an abnormal PASP response to exercise are
heterozygous carriers of IPPH mutations. The AR status is a
rather unspecific finding based on a large spectrum of
causes. An example of another AR-associated trait is the
susceptibility to high-altitude pulmonary edema (20). Ath-
letes had PASP values of �40 mm Hg in higher workloads
(above 175–200 W). The abnormal PASP response to exer-
cise in the family members of children with PPH occurred
already at low workloads (50 –125 W) (26).

Table 2. Mean workload, cardiac output, maximal rate-pressure
product, heart rate, and percentage of age-predicted heart rate

AR members
n � 17

NR members
n � 8 p Value

Gender 5 m, 12 f 6 m, 2 f
Age (y) 44 � 15 39 � 22 0.47
Weight (kg) 69 � 13 68 � 18 0.88
Height (cm) 167 � 7 166 � 14 0.52
Echo

PASP rest (mm Hg) 22 � 4 19 � 4 0.045
PASP max (mm Hg) 52 � 10 36 � 4 �0.001
�PASP (mm Hg) 30 � 9 17 � 6 �0.001

At maximal exercise
Workload (W) 128 � 49 149 � 52 0.33
Cardiac output (L/min) 9.9 � 3 10.7 � 4 0.58
Rate-pressure product (mm

Hg/min)
26 908 � 5 997 29 402 � 7 098 0.37

Heart rate (bpm) 147 � 23 154 � 17 0.51
Percentage of age-predicted

maximal heart rate (%)
84 � 12 86 � 11 0.76

Stroke volume (mL) 66 � 16 70 � 21 0.64
At maximal PASP

Workload (W) 113 � 44 124 � 48 0.60
Cardiac output (L/min) 7.3 � 2 8.3 � 3 0.37
Rate-pressure product (mm

Hg/min)
24 417 � 5 564 25 849 � 7 708 0.61

Heart rate (bpm) 137 � 23 143 � 21 0.59
Percentage of age-predicted

maximal heart rate (%)
64 � 23 71 � 33 0.74

Stroke volume (mL) 53 � 13 56 � 17 0.65

All values are mean � SD. AR members, abnormal PASP response to
exercise; NR members, normal PASP response to exercise; PASP, pulmonary
artery systolic pressure; �PASP, difference between maximal and rest PASP.
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CONCLUSIONS

Our data indicate that there are many aspects that distin-
guish IPPH from the adult form of PPH. The main differ-
ences are as follows: 1) All our patients with IPPH showed
a different phenotype than usually found in adults with PPH.
Not only the age at onset, but also the occurrence of
extremely high (often suprasystemic) pulmonary pressures
and the significantly reduced life expectancy are character-
istic for the infantile form. Further studies on larger num-
bers of patients will be required to identify further charac-
teristic phenotypical aspects of IPPH. 2) In IPPH families,
the index patient is a child. In these families, adult relatives
with manifest PPH seem to be an exception, whereas other
affected children are occasionally found. In contrast, famil-
ial adult PPH is characterized by a substantial number of
affected adult relatives (1,11,14,16,17,22). There are few
reports on young affected children in families with adult
index patients. 3) We found no relationship between the
disease affecting the children of our study population and
any of the currently known or postulated genes involved in
autosomal dominant (adult) PPH. 4) On the basis of the

unusually high number of relatives with an abnormal re-
sponse to exercise and the occurrence of PPH in children
born to consanguineous parents, we speculate that the mode
of inheritance may be recessive in a proportion of cases. We
therefore conclude that IPPH is a separate form of PPH in
most cases. In a minority of cases, PH is HHT related,
whereas in some other cases it is caused by deletions in the
BMPR2 gene. The data imply the existence of a new locus
that affects PASP response to exercise if mutated in one
allele and produces the phenotype of IPPH if both copies are
affected. Future research would likely include a genome
scan on the IPPH families.
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Table 3. LOD scores for dominant model at recombination distance �

Dominant model

� � 0% � � 1% � � 2% � � 5% � � 10%

12q13 cM [Marshfield)
D12S1633 65.49 �1.30 �1.18 �1.10 �0.80 �0.49

ALK1
D12S368 66.03 �1.52 �1.45 �1.38 �1.15 �0.83
D12S325 69.23 �1.67 �1.56 �1.46 �1.21 �0.90

2q31–33 cM [Marshfield)
D2S335 175.91 �2.63 �2.45 �2.29 �1.92 �1.48
D2S2307 180.79 �3.48 �3.13 �2.83 �2.18 �1.55
D2S2314 182.24 �3.93 �3.63 �3.33 �2.64 �1.92
D2S350 188.11 �0.12 �0.02 0.05 0.21 0.34
D2S309 198.65 �1.15 �0.72 �0.50 �0.15 0.10
D2S349 198.65 �3.79 �3.45 �3.13 �2.45 �1.77

BMPR2
D2S2289 199.18 �3.51 �3.27 �3.01 �2.39 �1.74
D2S307 199.18 �0.65 �0.56 �0.49 �0.34 �0.20

Pairwise cumulate LOD scores were obtained from six families with iPPH; 12q13: ALK1-linked markers, 2q31–33: PPH2/BMPR2-linked markers.

Table 4. LOD scores for recessive model at recombination distance �

Recessive model

� � 0% � � 1% � � 2% � � 5% � � 10%

12q13 cM [Marshfield)
D12S1633 65.49 �5.25 �2.34 �1.94 �1.31 �0.79

ALK1
D12S368 66.03 �5.79 �3.63 �3.00 �2.11 �1.39
D12S325 69.23 �5.39 �2.42 �2.04 �1.47 �0.99

2q31–33 cM [Marshfield)
D2S335 175.91 �6.96 �3.61 �3.01 �2.09 �1.36
D2S2307 180.79 �5.33 �4.88 �4.12 �2.79 �1.75
D2S2314 182.24 �6.17 �5.73 �5.36 �3.93 �2.45
D2S350 188.11 �4.59 �1.60 �1.16 �0.50 �0.01
D2S309 198.65 �3.90 �2.58 �2.01 �1.24 �0.69
D2S349 198.65 �5.77 �5.23 �4.49 �3.12 �2.07

BMPR2
D2S2289 199.18 �4.50 �3.92 �3.16 �2.09 �1.35
D2S307 199.18 �3.67 �0.83 �0.55 �0.20 0.02

Pairwise cumulate LOD scores were obtained from six families with iPPH; 12q13: ALK1-linked markers, 2q31–33: PPH2/BMPR2-linked markers.
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