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Abstract
Pulmonary arterial hypertension (PAH) in congenital heart 
disease (CHD) can be reversed by early shunt closure, but 
this potential is lost beyond a certain point of no return. 
Therefore, it is crucial to accurately assess the reversibility 
of this progressive pulmonary arteriopathy in an early 
stage. Reversibility assessment is currently based on a 
combination of clinical symptoms and haemodynamic 
variables such as pulmonary vascular resistance. These 
measures, however, are of limited predictive value 
and leave many patients in the grey zone. This review 
provides a concise overview of the mechanisms involved 
in flow-dependent progression of PAH in CHD and 
evaluates existing and future alternatives to more directly 
investigate the stage of the pulmonary arteriopathy. 
Structural quantification of the pulmonary arterial tree 
using fractal branching algorithms, functional imaging 
with intravascular ultrasound, nuclear imaging, putative 
new blood biomarkers, genetic testing and the potential 
for transcriptomic analysis of circulating endothelial cells 
and educated platelets are being reviewed.

Introduction
Pulmonary arterial hypertension (PAH) is a lethal 
syndrome characterised by increased pulmonary 
artery pressure (mPAP), pulmonary vascular resis-
tance (PVR) and normal pulmonary capillary 
wedge pressure. The diagnosis is essentially based 
on assessment of these haemodynamic values, and 
clinical presentation predominantly comprises 
symptoms of resulting right heart failure.1 These 
symptoms however, are preceded by a progres-
sively obstructive arteriopathy that may be clin-
ically silent for many prior years. At diagnosis, 
most PAH aetiologies such as idiopathic PAH, have 
already progressed to an irreversible stage in which 
current targeted therapy may stabilise or decelerate 
progression, but cannot cure the disease.2 

PAH in congenital heart disease (PAH-CHD) 
presents with unique features in this aspect. In these 
patients, the arteriopathy is triggered by increased 
pulmonary blood flow resulting from a left-to-right 
shunt due to an intracardiac or extracardiac defect. 
Early identification of the cardiac defect allows detec-
tion of the pulmonary arteriopathy in an early stage, 
and timely shunt closure can permanently reverse, 
thus cure the disease.3 However, the beneficial effects 
of shunt closure seem lost after a certain point of no 
return, after which even accelerated PAH progression 
may occur months to years after surgery.4 These obser-
vations underscore the critical importance of early and 
accurate detection of this ‘window for reversibility’ in 
patients with PAH-CHD. The assessment of revers-
ibility however, is nowadays primarily based on clin-
ical judgement and measurements of haemodynamic 
variables, which have limitations as surrogates for the 

stage of the arteriopathy.1 5 Techniques able to directly 
assess the pulmonary vasculature are still absent from 
clinical practice today. Reliable assessment of the 
vascular disease stage may improve identification of 
reversibility in PAH-CHD, and could help to detect 
disease development early in patients at risk for other 
forms of associated PAH (eg, in familial or HIV-PAH 
or connective tissue disease-PAH).

This review will evaluate the possibilities and 
limitations of the contemporary assessment of 
reversibility in PAH-CHD. First, we will provide 
a brief overview of the temporal structural, func-
tional and cellular changes that occur during PAH 
progression in CHD. We will then provide a concep-
tual and practical approach to assess the pulmonary 
vasculature in PAH-CHD, using existing and new 
imaging modalities and biomarkers.

Flow-induced remodelling of the 
pulmonary vasculature: a sequence of 
events
The normal pulmonary arterial (PA) tree (figure 1A) 
has a fractal branching structure that equally divides 
blood flow to the alveoli. The distal intra-acinar arte-
rioles are non-muscularised and consist of a smooth 
endothelial cell (EC) layer (figure 2). More proximal 
pre-acinar arteries have a thin muscular medial vessel 
layer that becomes thicker and more elastic towards 
the PA trunk. The blood flow in the normal acinar 
pulmonary circulation is laminar: well-ordered and 
streamlined, pulsatile in the proximal pulmonary 
arteries, more continuous in the arterioles and capil-
laries, with a small pressure difference in the arterial 
and venous compartments.6 7

Blood flow and pressure are essential triggers for 
pulmonary vascular remodelling in CHD.8 Increased 
pulmonary blood flow seems a prerequisite for 
the neointimal type remodelling, where increased 
pulmonary artery pressure functions as an acceler-
ator. Non-restrictive, post-tricuspid shunts such as 
a ventricular septal defect (high flow/high pressure) 
induce advanced PAH-remodelling frequently and 
rapidly, usually within a few years. In contrast, pretri-
cuspid high flow/normal pressure lesions like atrial 
septal defects induce advanced remodelling only in 
5%–10% of the patients and generally only after two 
to four decades.2 Increased flow, especially in combi-
nation with increased pressure, disturb blood flow 
throughout the PA tree,6 leading to upregulation of 
flow-sensitive genes via mechanotransduction, such 
as early growth response-19 or p53.10 These in turn 
induce pro-apoptotic, pro-proliferative and inflam-
matory signalling2 and cause endothelial dysfunc-
tion. Morphological changes in cell surface, swelling 
and cohesion of ECs are one of the first structural 
changes visible,11 followed by neomuscularisation 
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of the normally non-muscularised acinar arterioles and medial 
hypertrophy of pre-acinar arteries.7 Proximal medial hypertrophy 
increases proximal PA stiffness, reducing physiologic proximal flow 
damping.12 As a result, peak flow velocity and flow velocity variance 

are increased, amplifying the flow disturbance in the distal PAs12 
(figure 1C,E, figure 2).

Neointimal remodelling, the pathohistological signature for 
any form of progressive PAH, occurs when blood flow remains 

Figure 1  Schematic representation of the pulmonary arterial tree in the normal situation (A) and in pulmonary arterial hypertension (PAH) (B). 
PAH is characterised by proximal arterial dilatation, loss of fractal branching structure, distal arterial narrowing and pruning and peripheral vessel 
loss. (C) Increased haemodynamic force increases medial thickness and stiffness, this causes turbulent flow mainly at the branching points. Turbulent 
flow induces endothelial dysfunction and proliferation, which lead to neointimal lesions that occlude the vascular lumen and further disturb flow. 
(D) Logarithmic relationship of proximal arterial dilatation and distal occlusion in health and PAH. In PAH, the slope of this line increases. Adopted 
from Allen et al.28 (E) Proposed sequence of haemodynamic (blue) and structural (red) events following increased flow. EC, endothelial cell; 
PAP, pulmonary artery pressure; PVR, pulmonary vascular resistance.
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disturbed. Neointimal lesions are found primarily at branching 
points in the distal PAs.13 This process involves intimal hyper-
plasia, degradation of the elastic laminae, infiltration of pericytes 
into the intima and encroachment of smooth muscle cells into 
the lumen and is driven by a prolonged misbalance in prolif-
eration and apoptosis, upregulation of anti-apoptotic signalling 
and ongoing inflammation.14–16 Neointimal remodelling disrupts 
the vascular luminal surface, which further disturbs local flow 
patterns, causing a vicious cycle of disturbed flow on a progres-
sively remodelling intimal layer,6 which ultimately leads to the 
development of a fibrotic neointimal layer and luminal occlusion 
(figure 2).

These local distal arteriolar changes affect the structure and 
function of the whole PA tree, the most marked being reduced 
branching complexity, occlusion of supernumerary arteries, 
pruning and loss of distal vasculature and dilatation and stiff-
ening of the proximal arteries17 (figure 1B). The human model 
of PAH-CHD offers the unique opportunity to study these struc-
tural, functional and molecular changes in all different stages 
of disease progression: from disease initiation and the revers-
ible phase in infancy and childhood, throughout the progression 
towards advanced, irreversible disease.2

Contemporary haemodynamic assessment of PAH-
CHD and its utility for reversibility
The assessment of reversibility is a crucial part in the decision 
for shunt closure (often referred to as ‘operability’) in patients 
with PAH-CHD. An algorithm for the assessment of reversibility 

is presented in figure 3. In essence, operability of CHD associ-
ated with PAH involves the possibility to successfully perform 
the operative correction of the heart defect and for the patient to 
survive that procedure, where reversibility of PAH-CHD refers 
to the normalisation of the pulmonary vasculature, directly but 
also long term after correction of the heart defect. At present, 
no gold standard exists for the assessment of reversibility. 
Contemporary assessment of reversibility relies on the integra-
tion of clinical variables (including age, type of CHD, central 
cyanosis at exertion, clubbing, right ventricular heave, accen-
tuated pulmonary second heart sound component, fading of a 
ventricular murmur, associated comorbidities such as genetic 
or chromosomal abnormalities), laboratory variables (including 
haemoglobin, haematocrit) and haemodynamic evaluation by 
echocardiography and heart catheterisation (HC).5 18 Currently, 
HC is regarded the cornerstone in the diagnosis and prognosti-
cation of PAH-CHD.

According to current guidelines, assessment of reversibility is 
limited to haemodynamic variables: those in favour of reversible 
PAH-CHD are a left-to-right shunt and a PVR index <4 WUm2. 
Shunt closure is contraindicated when the net shunt is directed 
right-to-left, and is discouraged when PVR index is >8 WUm2. 
When the PVR index is between 4 and 8 WUm2, ‘individual 
patient evaluation in tertiary centres’ is advised.19 These recom-
mendations however, are predominantly based on expert opinion 
and are hardly supported by data. In fact, in PAH-CHD, no 
prospective studies have yet identified reliable haemodynamic 
cut-offs that predict reversal of pulmonary vascular disease 
and normalisation of haemodynamics after cardiac correction.2 
Available retrospective studies are seriously hampered by selec-
tion bias, lack of preoperative characteristics or incomplete 
follow-up.

Acute pulmonary vasodilator tests (AVT) are performed 
during HC to test the effect of short-acting pulmonary vaso-
dilators (inhalation of nitric oxide or epoprostenol) on PVR, 
PAP and shunting. Although the use of AVTs to estimate revers-
ibility prior to corrective surgery is widespread in current clin-
ical practice, no haemodynamic cut-offs have shown sufficient 
accuracy in predicting reversal after shunt correction. The use 
of AVTs to assess reversibility/operability in PAH-CHD should 
not be confused with AVTs in idiopathic PAH, which are indi-
cated to predict prolonged beneficial effects of calcium channel 
blocker therapy and where specific criteria for acute responders 
have been defined.20 However, these response criteria cannot be 
extrapolated to assess reversibility in PAH-CHD.21 Considering 
the heterogeneity in CHD and the complexity and limitations 
of haemodynamic measurements (especially when performing 
AVTs) in the situation of a shunt,22 it might be an illusion to 
expect a single haemodynamic parameter to distinguish reliably 
between reversible and irreversible PAH-CHD.

Structural, functional and molecular assessment 
of the pulmonary vasculature in PAH
The following paragraphs present an overview of methods to 
analyse structural, functional and molecular changes at the 
different anatomical levels of the PA tree in PAH, and their 
potential to assess reversibility. We summarised the indices eval-
uated in this review, and the current indices for reversibility in 
table 1.

Structural markers
The assessment of vascular morphology via lung biopsy has long 
been considered the gold standard for phenotyping pulmonary 

Figure 2  Concise scheme of the progression of pulmonary arterial 
hypertension (PAH) in response to flow at the intra-acinar level of the 
pulmonary arterial (PA) tree. The normal arteriole has a smooth single 
layer of endothelial cells (EC) and no medial layer. Increased flow leads 
to the upregulation of numerous flow-sensitive genes and induces 
EC apoptosis and EC dysfunction, and neomuscularisation. Reversible 
PAH is characterised by medial hypertrophy and EC proliferation. The 
shifting balance between EC proliferation and apoptosis induces intimal 
hyperplasia. Irreversible PAH is characterised by neointimal fibrotic 
lesions and adventitial fibrosis and inflammation. ECs have become 
resistant to apoptosis and progressively occlude the vascular lumen. 
Plexus channels start to form within the vessel, eventually leading to the 
characteristic plexiform lesion.
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vascular disease.2 In patients with PAH-CHD, a lung biopsy 
showing neointimal fibrosis and plexiform lesions predicts 
progression, also after shunt closure, whereas isolated medial 
hypertrophy and mild intimal proliferation are likely, but not 
sure, to improve.3 23 Although this morphological approach to 
reversibility is still widely accepted as a concept, its practical 
limitations have led to its abolishment from clinical practice. 
Morbidity and mortality in PAH-CHD has been reported as 
high as respectively 13% and 20%.24 The patchy distribution of 
advanced vascular lesions in the PAH lung further limits the reli-
ability of judging reversibility from a single or multiple biopsy 
specimen. Hence, less invasive methods to assess the structural 
changes of the PA tree have been developed.

Main PA dimensions can be readily visualised by MRI, CT, 
plain radiography and echocardiography. A longitudinal CT 
study in patients with pulmonary hypertension (PH) showed that 
main PA dilatation already occurs at an mPAP of 21–24 mm Hg,25 
and correlates with mPAP and PVR during disease progression, 
indicating applicability for early PH detection. However, the 
value of main PA dimension as a predictor of reversibility in 
PAH-CHD is likely limited, as pressure and volume overload is 
involved, and the dimensions change with age.26

The distal PA tree with advanced PAH shows progressive 
reduction in fractal branching structure (pruning) and arteriolar 
cross-sectional area (vascular loss, see figure 1). These features 
can be visualised by wedge angiography and quantified by 

Figure 3  Algorithm for the assessment of reversibility in pulmonary arterial hypertension in congenital heart disease (PAH-CHD). Currently, a large 
grey zone exists for patients with PAH-CHD with a PVR index>4 WUm2. Table 1 provides a summary of possible methods to discern reversibility, 
but more research is needed to accurately predict a reversible response to shunt closure; 2%–6% of children and 7%–13% of adults with PAH-CHD 
develop postoperative PAH after shunt closure, which is associated with a significantly worse prognosis than patients with uncorrected Eisenmenger 
syndrome. ASD, atrial septal defect; AVSD, atrioventricular septal defect; PVR/SVR, pulmonary-to-systemic vascular resistance ratio; Qp/Qs, pulmonary-
to-systemic blood flow ratio; RV, right ventricular; TA, truncus arteriosus; TGA, transposition of the great arteries; VSD, ventricular septal defect; WU, 
Woods Units×m2.
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calculating tapering (rate of reduction in vessel diameter), back-
ground haze (contrast fluid intensity in peripheral lung fields) 
and circulation time.27 At present, reduction in fractal branching 
can be calculated using a fractal dimension algorithm on CT 
angiography.17 A reduction in fractal branching correlates with 
PVR and functional class in idiopathic pulmonary arterial hyper-
tension (IPAH) and PAH-CHD.17

Main PA dilatation and fractal branching have limitations as 
separate indices in the context of reversibility, but combined they 
justify further investigation. A power-law model integrated both 
parameters showing a logarithmic linear correlation: small incre-
ments in main PA diameter correspond to relatively large changes 
in the distal PA tree; and the slope of this line (X) decreases 
during disease progression (figure 1D). Comprehensive analysis 
showed that the largest decrements in X happen in the earliest 
phases of the PAH development, before any elevation in resting 
PVR, indicating X as a sensitive marker for early remodelling 
of the distal pulmonary vasculature.28 These insights rationalise 
prospective studies in animal models and human PAH to validate 
their predictive value with regard to reversibility.

Functional markers
Vascular stiffness indices such as distensibility and compliance 
are functional parameters for the PA tree that can be assessed 
by intravascular ultrasound (IVUS) or by integrating dynamic 
MRI and HC data. In PAH, arterial stiffening was shown to 
occur early in the disease, when mPAP and PVR are still within 
normal range.29 In 41 children with various stages of PAH-CHD, 
distensibility and compliance, measured by IVUS at baseline, 
correlated with progressive PAH and mortality after a 20-year 
follow-up. Interestingly, IVUS could also predict disease progres-
sion in patients with a presupposed favourable haemodynamic 
profile at HC.30 IVUS has been shown safe and applicable even 
in small children with PAH-CHD.31 These data support a role 
for PA stiffness indices in the assessment of reversibility.

Molecular markers
The increasing comprehension of the molecular biopathology 
associated with early progression, reversal or irreversibility of 
PAH, provides a theoretical basis to stage PAH using nuclear 

Table 1  Contemporary and possible additional indices for the assessment of reversibility in PAH-CHD. 

Variable Effect on/indicative of reversibility Level of evidence*

Contemporary indices

 � Age and CHD type Younger age at shunt correction favours reversibility.
High flow+high pressure lesions more rapidly lead to irreversible PAH than high flow only.
Age below which reversible PAH is likely.
TA, AVSD, TGA: <6–12 months. VSD, PDA: <1–2 years. ASD: 30–40 years.

C

 � Comorbidities Comorbidities such as Down syndrome, congenital diaphragmatic hernia, bronchopulmonary 
dysplasia, arteriovenous malformations, hereditary telangiectasia, hyperthyroidism or rheumatoid 
arthritis are associated with increased risk to develop irreversible PAH in CHD.

C

 � Physical examination Indicative of irreversible PAH:
cyanosis at exertion, peripheral oxygen saturation <90%, clubbing, RV heave, accentuated 
pulmonary 2° heart sound component, fading of ventricular murmur.

C

 � Echocardiographic evaluation Indicative of reversible PAH: 
Net shunt direction is left-to-right.
Pulmonary to systemic blood flow ratio (Qp/Qs) is 2:1.

C

 � Right heart catheterisation Indicative of reversible PAH: PVR<4 WU.
Indicative of irreversible PAH: PVR>8 WU.
PVR 4–8 WU: further evaluation in tertiary centres.

B

Evaluated indices

 � Genetic evaluation BMPR2 and Sox17 mutations predispose to PAH in CHD.
Other mutations associated with PAH, but not (yet) with PAH-CHD include: BMPR1B, ACVRL1, 
TBX4, EIF2AK4, KCNK3, ALK5, SMAD4, SMAD9, AGTR1, CAV1, EDN1, EDNRA, ENG, KCNA5, 
NOS2, NOTCH3, SERPINE1, SIRT3, THBS1, TOPBP1, TRPC6.

C

 � Vascular morphometry on lung biopsy Indicative of reversible PAH: 
Medial hypertrophy and mild intimal proliferation.
Indicative of irreversible PAH:
Neointimal fibrosis and plexiform lesions.

Not recommended due to 
procedural risks.

 � Structural evaluation of the PA tree Integration of main PA dilatation, vascular loss and reduced fractal branching. Further exploration needed.

 � PA stiffness indices Indicative of reversible PAH:
PA-distensibility>0.95 %/mm Hg.
PA-compliance>0.08 mm2/mm Hg.

C

 � Nuclear imaging Hypothetical potential for tracers of molecular processes associated with reversibility. Limited 
applicability in paediatric PAH-CHD.

Not recommended in children.

 � Blood biomarkers Indicative of irreversible PAH:
Increased CEC count.
Increased levels of asymmetric dimethylarginine, caveolin-1, filamin-1A, cathepsin-D. Decreased 
levels of grehlin and glutathione S-transferase mu1.

C

 � Transcriptomic profiling of circulating 
ECs and platelets

Hypothetical potential to identify transcriptomic profiles associated with PAH reversibility in 
circulating ECs and ‘educated’ platelets.

Further exploration needed.

*Levels of evidence: (A) based on data from multiple randomised clinical trials or meta-analyses. (B) Data from a single randomised clinical trial, multiple trials with 
heterogeneous results, or observational studies. (C) Consensus of opinion of the experts and/or small studies, retrospective studies, registries.
ASD, atrial septal defect; EC, endothelial cell; PA, pulmonary arterial; RV, right ventricular; TA, truncus arteriosus; AVSD, atrioventricular septal defect; TGA, transposition of the 
great arteries; VSD, ventricular septal defect; WU, Woods Units.
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imaging, circulating biomarkers and profiling of the transcrip-
tome or metabolome.

Nuclear imaging
Nuclear imaging techniques like positron emission tomography 
(PET) and single photon emission computed tomography allow 
in vivo assessment of pathophysiologic processes and responses. 
Nuclear imaging could identify patients with PAH with molec-
ular profiles favourable for reversibility using a variety of tracers 
such as 18F-Fluorothymidine (proliferation), 18F-flucicatide 
(neoangiogenesis) and annexin-tracers (apoptosis).

The first trial with nuclear imaging in PAH, involved a PET 
study with fluorine-18-labelled 2-fluoro-2-deoxyglucose-tracer 
(18F-FDG). 18F-FDG uptake is increased in cells with high aerobic 
glycolysis, which has also been observed in ECs of patients with 
PAH.32 In rats with PH, 18F-FDG signal positively correlated 
with PA muscularisation.32 18F-FDG signal was also increased in 
patients with end-stage IPAH compared with controls.33 A subse-
quent study however, showed that among patients with IPAH, 
18F-FDG uptake is highly heterogeneous.34 Hurdles of pulmo-
nary nuclear imaging in PAH include the influence of target site 
perfusion on tracer uptake and the limited spatial resolution of 
current nuclear imaging techniques. In addition, the radiation 
exposure limits its applicability in paediatric PH.

Blood biomarkers
Blood biomarkers currently incorporated in clinical PAH guide-
lines are brain natriuretic peptide (BNP) and N-terminal proBNP 
(NT-proBNP).35 NT-proBNP correlates with haemodynamic 
parameters and survival, and parallels a treatment effect with 
vasodilator therapy.35 These data confirm the utility of the BNPs 
as a biomarker for the pressure-loaded RV, but being markers 
of cardiac stretch, their role in the assessment of pulmonary 
vascular disease is limited.

Biomarkers for EC damage
In PAH, damaged pulmonary ECs detach and become detectable 
in the peripheral blood.36 In PAH-CHD, circulating EC (CEC) 
count in peripheral blood was 10-fold higher in irreversible 
versus reversible PAH and controls.37 Both in PAH-CHD and 
IPAH, clinical deterioration was associated with increased CEC 
count, while treatment with PAH-targeted therapy was associated 
with a decrease.36 The number of circulating endothelial progen-
itor cells, recruited from the bone marrow (indicating reduced 
capacity to maintain EC homeostasis), is significantly reduced in 
Eisenmenger PAH compared with healthy controls,38 but did not 
differentiate in reversibility in a cohort of reversible and irrevers-
ible PAH-CHD.37 Other suggested circulating biomarkers for EC 
damage are asymmetric dimethylarginine (ADMA) and ghrelin. 
ADMA levels were significantly higher in end-stage versus early 
PAH-CHD.39 Conversely, ghrelin levels were increased in paedi-
atric early PAH-CHD versus CHD without PH, and decreased in 
end-stage versus early PAH-CHD.40

Other biomarkers
A recent study compared the metabolomics blood profiles of 10 
early, reversible and four patients with advanced, irreversible 
PAH using mass spectrometry.41 In this small cohort, four candi-
date proteins were found with discriminative potential between 
groups: caveolin-1, filamin-1A, cathepsin-D (increased in irre-
versible PAH) and glutathione S-transferase mu1 (GSTM1; 
decreased in irreversible PAH). Seemingly contradictory, cave-
olin-1 is known to amplify beneficial BMPR2 signalling in 

ECs,42 and mutations or loss of caveolin-1 in ECs are generally 
associated with the development of PAH. However, caveolin-1 
expression was indeed found to increase with disease progres-
sion in the media of remodelled arteries in end-stage IPAH and 
PAH-CHD.41 This temporal expression pattern makes caveolin-1 
a potential marker to distinguish reversibility. Filamin-1A is asso-
ciated with apoptosis-resistance, and cathepsin-D to elastin and 
collagen degradation, and to vascular remodelling: processes all 
consistent with end-stage PAH pathology. GSTM1 finally is asso-
ciated with protection against reactive oxygen species (ROS).41 
ROS induces DNA damages which propagates the progression of 
PAH.43 Loss of GSTM1, as found in the blood of patients with 
irreversible PAH, may therefore be an appropriate biomarker 
for PAH progression. Larger prospective clinical studies, ideally 
with incorporation in a therapeutic algorithm, are needed to 
confirm the value of these biomarkers for clinical practice.

Next-generation sequencing of circulating cellular RNA and 
educated platelets
Recent observations in lung cancer indicate that lung tumours 
shed cells and circulating tumour DNA into the bloodstream 
and ‘educate’ platelets with tumour-RNA as they scrape past 
the tumour.44 These factors can be isolated from a standard 
peripheral blood sample. Next-generation sequencing (NGS) 
then allows to identify tumour profiles that can be used for 
staging, to determine treatment strategy and to predict treatment 
response.44 Pulmonary ECs also shed into the bloodstream in 
PAH (see the 'Biomarkers for EC damage' section) and platelets 
from patients with PAH are significantly altered compared with 
controls as well.45 These observations rationalise NGS studies of 
CECs and platelets in PAH, to detect transcriptomic profiles that 
are associated with reversible or irreversible disease.

Genetic evaluation
An increasing number of genetic mutations is associated with 
PAH (also see table 1). If this mutation leads to PAH, the pheno-
type is usually severe and progressive.46 Genetic mutations are 
not common in PAH-CHD,47 and available data are controver-
sial. Nevertheless, the presence of a mutation in the context of 
PAH-CHD could predispose for or accelerate progressive, thus 
irreversible disease. Mutations in BMPR2,48 49 and recently in 
the transcription factor Sox17,50 have been associated with PAH 
in CHD specifically. Whether this provides sufficient rationale to 
screen for these variants in the assessment of PAH reversibility 
remains to be determined.

Conclusion
Early and accurate detection of the window for reversibility is 
critical in patients with PAH-CHD, but up to the present day 
there is no evidence, nor consensus, how to define this window. 
The current clinical tools including invasive haemodynamic eval-
uation do not suffice and are prone for improvement. Insights in 
the structural, functional and the molecular changes that occur in 
the PA tree during the progression of PAH, open windows for less 
invasive imaging techniques and exploration of new biomarkers. 
Extensive mapping of the metabolomic or transcriptomic profile 
of the peripheral blood in patients with PAH-CHD, enables a 
promising opportunity to determine a signature for reversibility 
that aids therapeutic decisions in the clinic. Prospective trials to 
address this clinical need are highly warranted.

Contributors  DEvdF has drafted the manuscript. RMFB, RAdB and BB have revised 
the manuscript. RMFB gave final approval of the version published.

 on 3 D
ecem

ber 2018 by guest. P
rotected by copyright.

http://heart.bm
j.com

/
H

eart: first published as 10.1136/heartjnl-2018-314025 on 22 N
ovem

ber 2018. D
ow

nloaded from
 

http://heart.bmj.com/


7van der Feen DE, et al. Heart 2018;0:1–7. doi:10.1136/heartjnl-2018-314025

Review

Funding  This work was supported by the Netherlands CardioVascular Research 
Initiative: the Dutch Heart Foundation, Dutch Federation of University Medical 
Centres, the Netherlands Organisation for Health Research and Development and 
the Royal Netherlands Academy of Sciences (CVON-Phaedra 2012-08). BB and RMFB 
are also supported by the Dutch Heart Foundation (NHS2013-T091, Cobra3). There 
are no relevant disclosures. 

Competing interests  None declared.

Patient consent  Not required.

Provenance and peer review  Not commissioned; externally peer reviewed.

References
	 1	 Hoeper MM, Bogaard HJ, Condliffe R, et al. Definitions and diagnosis of pulmonary 

hypertension. J Am Coll Cardiol 2013;62:D42–50.
	 2	 van der Feen DE, Bartelds B, de Boer RA, et al. Pulmonary arterial hypertension in 

congenital heart disease: translational opportunities to study the reversibility of 
pulmonary vascular disease. Eur Heart J 2017;38:2034–41.

	 3	 Wagenvoort CA, Wagenvoort N, Draulans-Noë Y. Reversibility of plexogenic pulmonary 
arteriopathy following banding of the pulmonary artery. J Thorac Cardiovasc Surg 
1984;87:876–86.

	 4	 van Riel AC, Schuuring MJ, van Hessen ID, et al. Contemporary prevalence of 
pulmonary arterial hypertension in adult congenital heart disease following the 
updated clinical classification. Int J Cardiol 2014;174:299–305.

	 5	 Lopes AA, Barst RJ, Haworth SG, et al. Repair of congenital heart disease with 
associated pulmonary hypertension in children: what are the minimal investigative 
procedures? Consensus statement from the Congenital Heart Disease and Pediatric 
Task Forces, Pulmonary Vascular Research Institute (PVRI). Pulm Circ 2014;4:330–41.

	 6	 Chiu JJ, Chien S. Effects of disturbed flow on vascular endothelium: pathophysiological 
basis and clinical perspectives. Physiol Rev 2011;91:327–87.

	 7	 Kulik TJ. Pulmonary blood flow and pulmonary hypertension: Is the pulmonary 
circulation flowophobic or flowophilic? Pulm Circ 2012;2:327–39.

	 8	 Dickinson MG, Bartelds B, Borgdorff MA, et al. The role of disturbed blood flow in 
the development of pulmonary arterial hypertension: lessons from preclinical animal 
models. Am J Physiol Lung Cell Mol Physiol 2013;305:L1–14.

	 9	 van der Feen DE, Dickinson MG, Bartelds B, et al. Egr-1 identifies neointimal 
remodeling and relates to progression in human pulmonary arterial hypertension. J 
Heart Lung Transplant 2016;35:481–90.

	10	 Warboys CM, de Luca A, Amini N, et al. Disturbed flow promotes endothelial 
senescence via a p53-dependent pathway. Arterioscler Thromb Vasc Biol 
2014;34:985–95.

	11	 Rabinovitch M, Bothwell T, Hayakawa BN, et al. Pulmonary artery endothelial 
abnormalities in patients with congenital heart defects and pulmonary hypertension. 
A correlation of light with scanning electron microscopy and transmission electron 
microscopy. Lab Invest 1986;55:632 53.

	12	 Tan W, Madhavan K, Hunter KS, et al. Vascular stiffening in pulmonary hypertension: 
cause or consequence? (2013 Grover Conference series). Pulm Circ 2014;4:560–80.

	13	 Rabinovitch M, Haworth SG, Vance Z, et al. Early pulmonary vascular changes in 
congenital heart disease studied in biopsy tissue. Hum Pathol 1980;11:499–509.

	14	 Rabinovitch M, Guignabert C, Humbert M, et al. Inflammation and immunity in the 
pathogenesis of pulmonary arterial hypertension. Circ Res 2014;115:165–75.

	15	 Rabinovitch M. Pathobiology of pulmonary hypertension: Impact on clinical 
management. Semin Thorac Cardiovasc Surg Pediatr Card Surg Annu 2000;3:63–81.

	16	 Cowan KN, Jones PL, Rabinovitch M. Elastase and matrix metalloproteinase inhibitors 
induce regression, and tenascin-C antisense prevents progression, of vascular disease. 
J Clin Invest 2000;105:21–34.

	17	 Moledina S, de Bruyn A, Schievano S, et al. Fractal branching quantifies vascular 
changes and predicts survival in pulmonary hypertension: a proof of principle study. 
Heart 2011;97:1245–9.

	18	 Rabinovitch M, Keane JF, Norwood WI, et al. Vascular structure in lung tissue obtained 
at biopsy correlated with pulmonary hemodynamic findings after repair of congenital 
heart defects. Circulation 1984;69:655–67.

	19	 Galiè N, Humbert M, Vachiery J-L, et al. ESC/ERS Guidelines for the diagnosis and 
treatment of pulmonary hypertension. Eur Heart J 2015;37:67–119.

	20	 Sitbon O, Humbert M, Jaïs X, et al. Long-term response to calcium channel blockers in 
idiopathic pulmonary arterial hypertension. Circulation 2005;111:3105–11.

	21	 Douwes JM, van Loon RL, Hoendermis ES, et al. Acute pulmonary vasodilator response 
in paediatric and adult pulmonary arterial hypertension: occurrence and prognostic 
value when comparing three response criteria. Eur Heart J 2011;32:3137–46.

	22	 Berger RM. Possibilities and impossibilities in the evaluation of pulmonary vascular 
disease in congenital heart defects. Eur Heart J 2000;21:17–27.

	23	 Wagenvoort CA. Open lung biopsies in congenital heart disease for evaluation of 
pulmonary vascular disease. Predictive value with regard to corrective operability. 
Histopathology 1985;9:417–36.

	24	 Wilson NJ, Seear MD, Taylor GP, et al. The clinical value and risks of lung biopsy in 
children with congenital heart disease. J Thorac Cardiovasc Surg 1990;99:460–8.

	25	 Lange TJ, Dornia C, Stiefel J, et al. Increased pulmonary artery diameter on chest 
computed tomography can predict borderline pulmonary hypertension. Pulm Circ 
2013;3:363–8.

	26	 Mehta NJ, Khan IA, Mehta RN, et al. HIV-Related pulmonary hypertension: analytic 
review of 131 cases. Chest 2000;118:1133–41.

	27	 Rabinovitch M, Keane JF, Fellows KE, et al. Quantitative analysis of the pulmonary 
wedge angiogram in congenital heart defects. Correlation with hemodynamic data 
and morphometric findings in lung biopsy tissue. Circulation 1981;63:152–64.

	28	 Allen RP, Schelegle ES, Bennett SH. Diverse forms of pulmonary hypertension 
remodel the arterial tree to a high shear phenotype. Am J Physiol Heart Circ Physiol 
2014;307:H405–17.

	29	 Lau EMT, Chemla D, Godinas L, et al. Loss of Vascular Distensibility During 
Exercise Is an Early Hemodynamic Marker of Pulmonary Vascular Disease. Chest 
2016;149:353–61.

	30	 Ploegstra MJ, Brokelman JGM, Roos-Hesselink JW, et al. Pulmonary arterial stiffness 
indices assessed by intravascular ultrasound in children with early pulmonary vascular 
disease: prediction of advanced disease and mortality during 20-year follow-up. Eur 
Heart J Cardiovasc Imaging 2018;19:216–24.

	31	 Berger RM, Cromme-Dijkhuis AH, Hop WC, et al. Pulmonary arterial wall distensibility 
assessed by intravascular ultrasound in children with congenital heart disease: an 
indicator for pulmonary vascular disease? Chest 2002;122:549–57.

	32	 Marsboom G, Wietholt C, Haney CR, et al. Lung ¹⁸F-fluorodeoxyglucose positron 
emission tomography for diagnosis and monitoring of pulmonary arterial 
hypertension. Am J Respir Crit Care Med 2012;185:670–9.

	33	 Xu W, Koeck T, Lara AR, et al. Alterations of cellular bioenergetics in pulmonary artery 
endothelial cells. Proc Natl Acad Sci U S A 2007;104:1342–7.

	34	 Zhao L, Ashek A, Wang L, et al. Heterogeneity in lung (18)FDG uptake in pulmonary 
arterial hypertension: potential of dynamic (18)FDG positron emission tomography 
with kinetic analysis as a bridging biomarker for pulmonary vascular remodeling 
targeted treatments. Circulation 2013;128:1214–24.

	35	 Cracowski JL, Leuchte HH. The potential of biomarkers in pulmonary arterial 
hypertension. Am J Cardiol 2012;110:S32–8.

	36	 Levy M, Bonnet D, Mauge L, et al. Circulating endothelial cells in refractory pulmonary 
hypertension in children: markers of treatment efficacy and clinical worsening. PLoS 
One 2013;8:e65114.

	37	 Smadja DM, Gaussem P, Mauge L, et al. Circulating endothelial cells: a new candidate 
biomarker of irreversible pulmonary hypertension secondary to congenital heart 
disease. Circulation 2009;119:374–81.

	38	 Diller GP, van Eijl S, Okonko DO, et al. Circulating endothelial progenitor cells in 
patients with Eisenmenger syndrome and idiopathic pulmonary arterial hypertension. 
Circulation 2008;117:3020–30.

	39	 Sanli C, Oguz D, Olgunturk R, et al. Elevated homocysteine and asymmetric dimethyl 
arginine levels in pulmonary hypertension associated with congenital heart disease. 
Pediatr Cardiol 2012;33:1323–31.

	40	 Li G, Xia J, Jia P, et al. Plasma levels of acylated ghrelin in children with 
pulmonary hypertension associated with congenital heart disease. Pediatr Cardiol 
2015;36:1423–8.

	41	 Huang L, Li L, Hu E, et al. Potential biomarkers and targets in reversibility of 
pulmonary arterial hypertension secondary to congenital heart disease: an explorative 
study. Pulm Circ 2018;8:204.

	42	 Nickel NP, Spiekerkoetter E, Gu M, et al. Elafin reverses pulmonary hypertension via 
caveolin-1-dependent bone morphogenetic protein signaling. Am J Respir Crit Care 
Med 2015;191:1273–86.

	43	 Ranchoux B, Meloche J, Paulin R, et al. DNA damage and pulmonary hypertension. Int 
J Mol Sci 2016;17:990.

	44	 Abbosh C, Birkbak NJ, Wilson GA, et al. Phylogenetic ctDNA analysis depicts early-
stage lung cancer evolution. Nature 2017;545:446–51.

	45	 Mese T, Guven B, Yilmazer MM, et al. Platelet activation markers in children with 
congenital heart disease associated with pulmonary arterial hypertension. Congenit 
Heart Dis 2018;13:506–11.

	46	 Garcia-Rivas G, Jerjes-Sánchez C, Rodriguez D, et al. A systematic review of genetic 
mutations in pulmonary arterial hypertension. BMC Med Genet 2017;18:1–10.

	47	 Levy M, Eyries M, Szezepanski I, et al. Genetic analyses in a cohort of children with 
pulmonary hypertension. Eur Respir J 2016;48:1118–26.

	48	 Liu D, Liu QQ, Guan LH, et al. BMPR2 mutation is a potential predisposing genetic 
risk factor for congenital heart disease associated pulmonary vascular disease. Int J 
Cardiol 2016;211:132–6.

	49	 Roberts KE, McElroy JJ, Wong WP, et al. BMPR2 mutations in pulmonary arterial 
hypertension with congenital heart disease. Eur Respir J 2004;24:371–4.

	50	 Zhu N, Welch CL, Wang J, et al. Rare variants in SOX17 are associated with 
pulmonary arterial hypertension with congenital heart disease. Genome Med 
2018;10:1–11.

 on 3 D
ecem

ber 2018 by guest. P
rotected by copyright.

http://heart.bm
j.com

/
H

eart: first published as 10.1136/heartjnl-2018-314025 on 22 N
ovem

ber 2018. D
ow

nloaded from
 

http://dx.doi.org/10.1016/j.jacc.2013.10.032
http://dx.doi.org/10.1093/eurheartj/ehx034
http://www.ncbi.nlm.nih.gov/pubmed/6727410
http://dx.doi.org/10.1016/j.ijcard.2014.04.072
http://dx.doi.org/10.1086/675995
http://dx.doi.org/10.1152/physrev.00047.2009
http://dx.doi.org/10.4103/2045-8932.101644
http://dx.doi.org/10.1152/ajplung.00031.2013
http://dx.doi.org/10.1016/j.healun.2015.12.004
http://dx.doi.org/10.1016/j.healun.2015.12.004
http://dx.doi.org/10.1161/ATVBAHA.114.303415
http://www.ncbi.nlm.nih.gov/pubmed/3784535
http://dx.doi.org/10.1086/677370
http://www.ncbi.nlm.nih.gov/pubmed/7429501
http://dx.doi.org/10.1161/CIRCRESAHA.113.301141
http://dx.doi.org/10.1053/tc.2000.6507
http://dx.doi.org/10.1172/JCI6539
http://dx.doi.org/10.1136/hrt.2010.214130
http://dx.doi.org/10.1161/01.CIR.69.4.655
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.488486
http://dx.doi.org/10.1093/eurheartj/ehr282
http://dx.doi.org/10.1053/euhj.1999.1698
http://dx.doi.org/10.1111/j.1365-2559.1985.tb02825.x
http://www.ncbi.nlm.nih.gov/pubmed/2106601
http://dx.doi.org/10.4103/2045-8932.113175
http://www.ncbi.nlm.nih.gov/pubmed/11035689
http://dx.doi.org/10.1161/01.CIR.63.1.152
http://dx.doi.org/10.1152/ajpheart.00144.2014
http://dx.doi.org/10.1378/chest.15-0125
http://dx.doi.org/10.1093/ehjci/jex015
http://dx.doi.org/10.1093/ehjci/jex015
http://www.ncbi.nlm.nih.gov/pubmed/12171830
http://dx.doi.org/10.1164/rccm.201108-1562OC
http://dx.doi.org/10.1073/pnas.0605080104
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.004136
http://dx.doi.org/10.1016/j.amjcard.2012.06.014
http://dx.doi.org/10.1371/journal.pone.0065114
http://dx.doi.org/10.1371/journal.pone.0065114
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.808246
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.769646
http://dx.doi.org/10.1007/s00246-012-0321-9
http://dx.doi.org/10.1007/s00246-015-1178-5
http://dx.doi.org/10.1177/2045893218755987
http://dx.doi.org/10.1164/rccm.201412-2291OC
http://dx.doi.org/10.1164/rccm.201412-2291OC
http://dx.doi.org/10.3390/ijms17060990
http://dx.doi.org/10.3390/ijms17060990
http://dx.doi.org/10.1038/nature22364
http://dx.doi.org/10.1111/chd.12616
http://dx.doi.org/10.1111/chd.12616
http://dx.doi.org/10.1186/s12881-017-0440-5
http://dx.doi.org/10.1183/13993003.00211-2016
http://dx.doi.org/10.1016/j.ijcard.2016.02.150
http://dx.doi.org/10.1016/j.ijcard.2016.02.150
http://dx.doi.org/10.1183/09031936.04.00018604
http://dx.doi.org/10.1186/s13073-018-0566-x
http://heart.bmj.com/

	Assessment of reversibility in pulmonary arterial hypertension and congenital heart disease
	Abstract
	Introduction
	Flow-induced remodelling of the pulmonary vasculature: ﻿a sequence of events﻿
	Contemporary haemodynamic assessment of PAH-CHD and its utility for reversibility
	Structural, functional and molecular assessment of the pulmonary vasculature in PAH
	Structural markers
	Functional markers
	Molecular markers
	Nuclear imaging
	Blood biomarkers
	Biomarkers for EC damage
	Other biomarkers

	Next-generation sequencing of circulating cellular RNA and educated platelets
	Genetic evaluation

	Conclusion
	References


