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Abstract
Background Germline mutation in bone morphogenetic protein type II (BMPR2) is the most common cause of idiopathic/
heritable pulmonary hypertension in pediatric patients. Despite the discovery of this gene there are no known descriptions 
of the CT or CT angiography findings in these children.
Objective To correlate the clinical presentation, pathology and chest CT findings in pediatric patients with pulmonary 
hypertension caused by mutations in the BMPR2 gene.
Materials and methods We performed a search to identify pediatric patients with a BMPR2 mutation and CT or CT angiog-
raphy with the clinical history of pulmonary hypertension. Three pediatric radiologists reviewed the children’s CT imaging 
findings and ranked the dominant findings in order of prevalence via consensus.
Results We identified three children with pulmonary hypertension and confirmed germline BMPR2 mutations, two of whom 
had undergone lung biopsy. We then correlated the imaging findings with histopathology and clinical course.
Conclusion All of our patients with BMPR2 mutations demonstrated a distinct CT pattern of ground-glass nodules with 
a prominent central enhancing vessel/nodule. These findings correlated well with the pathological findings of plexogenic 
arteriopathy.

Keywords Bone morphogenetic protein type 2 receptor mutation · Chest · Children · Computed tomography · Lungs · 
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Introduction

Pulmonary hypertension leads to significant morbidity and 
mortality in infants and children. The causes of pulmo-
nary hypertension in pediatric patients are different from 
those in adults. In the Tracking Outcomes and Practice in 

Pediatric Pulmonary Hypertension (TOPP) registry, among 
children with confirmed pulmonary hypertension younger 
than 18 years about one-half of cases (57%) were idiopathic 
or heritable pulmonary hypertension and 36% were con-
genital heart disease. Pulmonary hypertension caused by 
lung disease or hypoxia comprised 12% of confirmed cases 
with brochopulmonary dysplasia (26%) and interstitial lung 
disease (24%), accounting for the majority of these cases. 
Pulmonary arterial hypertension associated with connective 
tissue disease (3%), human immunodeficiency virus (0%), 
drugs or portopulmonary hypertension (1%) were very rare 
in children compared to adults [1].

Heritable causes of pulmonary hypertension are charac-
terized by remodeling of precapillary pulmonary arteries 
leading to increased pulmonary vascular resistance, right 
heart failure and death [2–4]. Mutations of bone morpho-
genetic protein type 2 receptor (BMPR2) genes that are 
located on chromosome 2q33 are the primary abnormalities 
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associated with hereditary pulmonary hypertension [3]. A 
meta-analysis of 1,550 adult and pediatric patients with idio-
pathic, heritable and anorexigen-associated pulmonary arte-
rial hypertension from 8 cohorts demonstrated a germline 
mutation for BMPR2 in approximately 80% of all famil-
ial pulmonary hypertension cases and 20% of pulmonary 
hypertension cases with no known family history [4]. The 
mean age of diagnosis of pulmonary hypertension caused 
by BMPR2 mutation is 40.1 years with a standard deviation 
of 17.2 years [4].

Bone morphogenetic protein type 2 receptor is a member 
of the transforming growth factor β (TGFß)-receptor family, 
which binds cytokines including TGFß, bone morphogenic 
protein, activin, inhibin and growth differentiation factor [5]. 
Haploinsufficiency in which the production the BMPR2 gene 
product is 50% has been shown to result in disease.

Morrell [6] suggested a mechanism of development of 
pulmonary hypertension related to reduction of expression 
of BMPR2 in which reduction in BMPR2 function in pulmo-
nary endothelial cells leads to increased endothelial apopto-
sis. Compromise of the endothelial layers is also thought to 
lead to the release of TGFß, which in turn causes prolifera-
tion of pulmonary arterial smooth muscle cells [6]. In addi-
tion, the high rate of apoptosis might favor the development 
of monoclonal apoptotic resistant endothelial cells, leading 
to the formation of networks of vascular channels in the form 
of plexogenic lesions [6, 7].

Findings of pulmonary hypertension on chest CT include 
dilation of the central pulmonary arteries, tapering of periph-
eral pulmonary arteries, right ventricular hypertrophy and 
dilation, dilated bronchial arteries and mosaic attenuation of 
the lungs [8, 9]. A study by Compton et al. [9] established a 
normal ratio of less than 1.1 in pediatric patients.

In this study, our goal was to describe lung CT findings 
and correlate those with histopathological features in chil-
dren with BMPR2-induced pulmonary hypertension.

Materials and methods

Following approval by the Colorado Multiple Institutional 
Review Board, we performed a 15-year retrospective search 
of the electronic medical record as well as the cardiology, 
radiology and pathology databases to identify pediatric 
patients (ages <18 years) with BMPR2 mutation and CT or 
CT angiography at Children’s Hospital of Colorado with the 
clinical history of pulmonary hypertension. We identified 
three children who had at least one CT or CT angiogra-
phy available for review. All three children had pulmonary 
hypertension confirmed on catheterization as defined by a 
mean pulmonary artery pressure ≥25 mmHg [1]. Two of the 
children had lung biopsy.

A total of seven CTs were performed in our three patients. 
Patient 1 had a CT angiography and two CTs with contrast 
agent; Patient 2 had two CT angiographies and one CT with-
out contrast agent; and Patient 3 had one CT angiography. All 
CTs and all CT angiographies were performed on a Flash dual-
source CT scanner (Siemens Healthcare, Erlangen, Germany). 
CT and CT angiography protocols utilized CARE Dose 4D 
dose modulation with a kilovoltage (kV) of 100 for CT and 80 
for CT angiography, a quality reference milliamperes (mAs) of 
70 for CT and 100 for CT angiography, a rotation time of 0.28 s, 
a pitch of 3 and a collimation of 128×0.6 mm. All studies were 
performed without anesthesia during inspiration.

We recorded the children’s demographics, catheterization 
data, echocardiogram results, desaturation with 6-min walk, 
comorbidities, treatment and outcome for each child.

Three pediatric radiologists reviewed the CT images (D.A.M. 
with 14 years of experience, L.J.M. with 7 years of experience 
and J.P.W. with 12 years of experience). We achieved consen-
sus rating of the imaging findings using the system described 
by Brody et al. [10] and previously used by the authors [10–13]. 
In addition, we recorded whether there were ground-glass nod-
ules with a central prominent vessel/enhancing nodule because 
it became clear upon review of these studies that this was a 
common finding. We also measured the main pulmonary artery 
(MPA)-to-aorta ratio as described by Compton et al. [9]. We cor-
related the histopathological features with CT findings in Patients 
1 and 2. No lung histopathology of Patient 3 was available.

Results

Clinical findings

All three patients were girls; all three died. The median age 
at time of first CT was 11 years (range: 4–12 years). Two of 
the three girls had undergone biopsy and/or autopsy; Patient 
1 had two biopsies, both at 4 years of age, and underwent 
autopsy at 8 years of age. Patient 2 did not have lung biopsy 
and underwent autopsy at 12 years of age. No biopsy or 
autopsy was performed in Patient 3.

All three girls were born at full term without compli-
cations. None had known comorbidities at the time of 
presentation. None of the girls had a history of congenital 
heart disease. All of the girls had severe pulmonary artery 
hypertension with a median mean artery pressure on initial 
catheterization of 80 mmHg (range 64–95 mmHg). Patient 
1 presented at 4 years of age with decreased activity and 
cough. Patient 2 presented at 11 years of age with decreased 
exercise tolerance. Patient 3 was treated for 2.5 years for 
exercise intolerance presumed to be caused by asthma 
before being diagnosed with pulmonary hypertension at 
11 years of age.
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Patient 1 underwent an atrial septostomy at 4 years 
of age. Patient 3 received a Potts shunt between the left 
pulmonary artery and the descending aorta at 12 years 
of age.

All three girls died related to unresponsive pulmonary 
hypertension. Patient 1 died of complications of pul-
monary hypertension/respiratory distress at an outside 
facility. Patient 2 died of intracranial hemorrhage after 
requiring emergent venoarterial extracorporeal mem-
brane oxygenation (ECMO) cannulation for worsening 
heart failure with respiratory decompensation. Patient 
3 died of pulmonary hemorrhage caused by pulmonary 
hypertension.

The girls’ initial presentation, outcome, mean pulmonary 
artery pressure at initial catheterization, desaturation with 
6-min walk, room air saturation and medications are sum-
marized in Table 1.

Computed tomography findings

The most common finding in all three girls was ill-defined 
ground-glass pulmonary nodules. Many of the nodules had 
a similar appearance characterized by a prominent vascular 
hyperenhancing nodule surrounded by a ground-glass density 
(Figs. 1, 2 and 3). Maximum-intensity projection reconstruc-
tions suggested that many of these nodules were connected to 
the pulmonary arteries by small branches that extended from 
the pulmonary arteries at 90° angles (Figs. 2 and 4).

In addition, patient 1 had scattered solid nodules, one 
of which was calcified. Partially calcified mediastinal 

lymphadenopathy was also present (Fig.  1). Diffuse, 
although relatively subtle, interlobular septal thickening 
was present in all three girls. Common findings of pul-
monary hypertension including enlargement of the main 
pulmonary artery and branch pulmonary arteries and tor-
tuosity of the pulmonary artery branches were present in 
all patients. All of the girls had a pulmonary artery ratio 
that was significantly higher than the normal value of 1.1 
(Table 2) established by Compton et al. [9].

Patients 1 and 3 each had three CT studies. The 
constellation of findings stayed relatively consistent 
over the time course of the studies. Of note, Patient 3 
had surgical changes of a Potts shunt (left pulmonary 
artery to descending aorta anastomosis) approximately 
6 weeks after her first CT angiography at 12 years of 
age and approximately 2 years before her second CT. 
While the type and distribution of findings was consist-
ent between these studies, the nodules with surrounding 
ground-glass halo were decreased in attenuation on the 
second non-contrast CT. The girl had a third CT angi-
ography 1 week after the second, which showed more 
prominent ground-glass nodules and central enhancing 
nodules (Fig. 3).

The pathological findings of plexogenic arteriopa-
thy suggesting systemic vessel origin [14] prompted us 
to study the bronchial vasculature. We found enlarged 
bronchial vessels (≥2 mm) in all patients. In addition, 
we found transpleural connections between peripheral 
pulmonary artery branches and pleural-based bronchial 
arteries in Patient 3 (Fig. 4).

Table 1  Patient characteristics

CT computed tomography, m months, mmHG millimeters mercury, mPAP mean pulmonary artery pressure, y years

Initial presentation Outcome mPAP on initial cath-
eterization

Desaturation with 6-min 
walk?

Room air 
satura-
tion

Pulmonary hyperten-
sion medications

Patient 1 4-year-old girl presented 
with 6 weeks of 
decreased activity and 
3 weeks of cough

Deceased
(8y)

95 mmHg
(7 days after initial CT)

No (93%)
(3 y after initial CT)

98% Ambrisentan
Furosemide
Mycophenolate mofetil
Prednisone
Treprostinil

Patient 2 11-year-old girl pre-
sented with decreased 
exercise tolerance

Deceased
(11y)

64 mmHg
(7 months prior to initial 

CT)

Yes (89%)
(1 m prior to initial CT)

95% Bosentan
Digoxin
Furosemide
Sildenafil
Spironolactone
Treprostinil

Patient 3 11-year-old girl with 
2½-year history of 
exercise-induced 
fatigue, initially diag-
nosed and unsuccess-
fully treated for asthma

Deceased (14y) 80 mmHg
(2 days after initial CT)

No, performed on 2 L  O2
(1 y prior to initial CT)

99% Digoxin
Furosemide
Spironolactone
Tacrolimus
Tadalafil
Treprostinil
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Pathology findings

Patient 1 underwent two lung biopsies and an autopsy. The first 
lung biopsy was a thoracoscopic biopsy of the left upper lobe at 
4 years of age and revealed findings of plexogenic arteriopathy. 
A repeat open biopsy of the right upper lobe and right lower lobe 
were performed approximately a month later because of persis-
tent concern for an infectious or granulomatous process given the 
presence of calcified nodules and lymphadenopathy. The repeat 
biopsy showed no infection but many pulmonary arteries with 
plexogenic lesions. At autopsy, Patient 1 had diffuse plexogenic 
arteriopathy with necrotizing vasculitis, focal pulmonary vein 
thickening and complex vascular lesions of the pleura (spider 
nevi).

At autopsy Patient 2 also had severe plexogenic pulmonary 
arteriopathy with complex proliferative lesions of the pleura 
(spider nevi).

Discussion

The CT findings of plexogenic arteriopathy are sparsely 
described in the literature [8]. We know of no prior descrip-
tion of the CT appearance of plexogenic arteriopathy or 
BMPR2 mutation in pediatric patients.

In this study we describe the CT findings of BMPR2-
mutation-related pulmonary hypertension in three children 
and correlated these with histopathological features in the 
two children for whom pathology was available. The most 
prevalent finding in all of our patients was diffuse ground-
glass nodules with a prominent vascular hyperenhancing 
nodule within the center of the ground-glass nodule. Based 
on our correlation with histological findings, we think that 
ground-glass nodules with prominent central vascular hyper-
enhancing nodules are plexogenic lesions of pulmonary 
arteries. In addition, reconstructed maximum-intensity pro-
jection reconstructions demonstrated tiny vessels branching 

Fig. 1  Pulmonary hypertension 
in a 4-year-old girl with BMPR2 
mutation (Patient 1). a Axial CT 
angiogram of the chest demon-
strates multiple ground-glass 
nodules throughout the chest 
with prominent central vessels 
(arrows). b Coronal maximum-
intensity projection reconstruc-
tion of the CT angiography 
demonstrates tortuosity and 
engorgement of the pulmo-
nary arteries with associated 
peripheral nodularity, as well as 
calcified right hilar adenopathy 
(arrow). c Histology. Stained 
section (hematoxylin and eosin 
×2) demonstrates multiple 
plexogenic lesions (circles)
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from the pulmonary arteries at 90° angles that connect to the 
hyperenhancing nodules (Fig. 2) as well as tiny branches of 
the peripheral pulmonary arteries that appear to extend to 
the pleural bronchial arteries. This suggests the presence of 
supernumerary pulmonary arteries [15, 16] or remodeled 
intrapulmonary bronchopulmonary anastomoses [14, 17].

Interestingly, Patient 3 had an increase in the severity of 
the ground-glass nodules between her second non-contrast 
CT and a repeat CT angiography 1 week later. Although the 
etiology of this rapid change in appearance is unclear, we 
think this represents enhancement of the vascular plexog-
enic lesion because the ground-glass nodules with central 
vessel/hyperenhancing nodule finding correlates with find-
ings of plexogenic arteriopathy. Alternatively, the girl’s 
pulmonary hypertension might have increased between the 
two studies, worsening the finding on the CT angiography. 
Unfortunately, no intercurrent echocardiogram, catheteriza-
tion or pathology is available to help discriminate among 
these hypotheses or suggest an alternative etiology.

Review of pathology in Patient 2 revealed evidence 
of communication of the plexogenic lesions with bron-
chial circulations, as has been reported [14, 17]. All 
of the patients had enlarged bronchial vessels with 
maximum diameter greater than 2 mm and subtle com-
munication between the peripheral pulmonary arteries 
and pleural vessels, which, given enlargement of the 
central bronchial arteries, are favored to reflect bron-
chial artery branches (Fig. 4). This correlates well with 
the pathological findings of pleural-based complex vas-
cular lesions. Pleural-based complex vascular lesions 
as well as plexogenic lesions have been described in 
hepatopulmonary syndrome and portopulmonary hyper-
tension [18, 19]. The communication between pulmo-
nary and bronchial vasculature has been described in 
people with pulmonary arterial hypertension caused by 
BMPR2 mutations that also showed bronchial artery 
dilation, hypertrophy and increased bronchial micro-
vascular density [20].

Fig. 2  Pulmonary hyperten-
sion in an 11-year-old girl with 
BMPR2 mutation (Patient 2). 
a Axial CT angiogram of the 
right upper lobe demonstrates 
multiple ground-glass nodules 
with prominent central vessels. 
b Coronal maximum-intensity 
projection reconstruction of 
CT angiography demonstrates 
tiny hyperenhancing nodules 
(arrows, plexogenic lesions) 
extending at right angles from 
the pulmonary arteries, some of 
which appear to be connected 
by tiny vessels (supernumer-
ary pulmonary arteries). c 
Histology. Hematoxylin and 
eosin stain (×4) with green dye 
injected into pulmonary artery 
(arrows). Green dye demon-
strates lumen. Plexogenic lesion 
(circles) is associated with 
thick-walled pulmonary artery. 
Note that the plexogenic lesion 
appears to extend at right angles 
relative to the pulmonary artery
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We also observed relatively subtle interlobular septal thick-
ening in all patients. Again, although we did not perform for-
mal correlation, this could correspond to the peripheral dilated 

bronchial and pulmonary vessels seen on histopathology. 
Alternatively, this could reflect edema within the interstitial 
space; however, this was not demonstrated on histology.

Fig. 3  Pulmonary hypertension in girl with BMPR2 mutation (Patient 
3). a Axial CT angiogram of the chest at age 12 demonstrates mul-
tiple ground-glass nodules throughout the chest with prominent cen-
tral vessels. b Axial non-contrast CT in the same girl at age 14 years, 
about 2 years after she received a Potts shunt (left pulmonary artery 
to descending aorta, not shown), demonstrates decreased prominence 

of the ground-glass nodules with prominent central vessels com-
pared to the first CT angiography. c Axial CT angiogram of the chest 
1 week after (b) demonstrates increased conspicuity of ground-glass 
nodules compared to (b), with similar imaging findings to initial CT 
angiography (a)

Fig. 4  Pulmonary hypertension in a 12-year-old girl with BMPR2 
mutation (Patient 3, same as in Fig. 3). a Coronal 1-mm CT angio-
gram of the chest demonstrates multiple ground-glass nodules 
throughout the chest with prominent central enhancing nodules 
(plexogenic lesions). b Coronal 5×1-mm maximum-intensity projec-
tion reconstruction of the same CT angiogram demonstrates enlarged 

central and pleural bronchial arteries (black arrows) with tiny vessels 
extending from the peripheral pulmonary arteries to the pleural based 
bronchial arteries (white arrows). Also demonstrated are tiny vessels 
(supernumerary pulmonary arteries) branching at right angles to pul-
monary arteries with associated tiny nodules (plexogenic lesions)
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Overall, these findings suggest that plexogenic lesions 
play a role in shunting between the pulmonary and sys-
temic circulation in children with severe pulmonary hyper-
tension, such as our cohort with BMPR2 mutations. This 
might explain the desaturation with exercise in some of 
these children without intracardiac shunts.

One of our patients (Patient 1) had partially calcified 
mediastinal adenopathy, solid nodules and one calci-
fied nodule on CT. The possibility of granulomatous 
disease complicated by mediastinal fibrosis was pos-
ited on the CT reports. Although the girl underwent 
two lung biopsies as well as an autopsy, no evidence of 
a granulomatous process or infection was discovered 
and the pathogenesis and significance of this finding 
remains unclear.

This study is limited by its small sample size. Only 
two of the three children had histopathology available for 
review. No other cases of pulmonary hypertension were 
used as comparison and it is likely that other causes of 
pulmonary hypertension could result in similar imaging 
findings.

Conclusion

Our study describes the CT findings of three children with 
pulmonary hypertension caused by BMPR2 mutations. All of 
children demonstrated similar findings of ground-glass nod-
ules with prominent central vessels as well as dilated main 
bronchial arteries and transpleural pulmonary artery–to–bron-
chial artery anastomotic vessels. These findings correlated 
well with the pathological findings of diffuse plexogenic 
arteriopathy and pleural-based complex vascular lesions in 
the two children with pathology available for review. These 
findings support the previously reported histological evidence 
that plexogenic lesions act as shunts between the pulmonary 
artery and systemic bronchial circulations.
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