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ORIGINAL RESEARCH

Clinical classification in pediatric pulmonary arterial hypertension
associated with congenital heart disease

Willemijn M. H. Zijlstra,' Johannes M. Douwes,' Mark-Jan Ploegstra,' Usha Krishnan,? Marcus T. R. Roofthooft,’
Hans L. Hillege,’ D. Dunbar lvy,* Erika B. Rosenzweig,” Rolf M. F. Berger'

'Center for Congenital Heart Diseases, Department of Pediatric Cardiology, Beatrix Children’s Hospital, University Medical Center Groningen, University of
Groningen, Groningen, The Netherlands; “College of Physicians and Surgeons, Columbia University, New York, New York, USA; *Department of Epidemiology,
University Medical Center Groningen, University of Groningen, Groningen, The Netherlands; “Children’s Hospital Colorado, Aurora, Colorado, USA

Abstract: Congenital heart disease (CHD) is a frequent cause of pediatric pulmonary arterial hypertension (PAH), with diverse etiology
and outcome. We aimed to describe phenotypic heterogeneity in pediatric PAH associated with CHD (PAH-CHD), assess the applicability
of the Nice CHD classification, and explore whether this classification accurately reflects patient/disease characteristics and survival. All
children with CHD from a contemporary cohort of consecutive pediatric PAH patients followed in three major referral centers (Denver,
New York, the Netherlands) were characterized and classified on the basis of the latest proposed clinical classification for PAH-CHD (World
Symposium on Pulmonary Hypertension, Nice, 2013). According to this classification, 24% of 134 children were classified into group 1, 14%
into group 2, 19% into group 3, and 30% into group 4; 11% could not be classified. Types of CHD and hemodynamic profile differed
between groups, with the highest right atrial pressure in group 4 (P < 0.040). Group 3 children had Down syndrome less frequently (P =
0.011) but other (un)defined syndromes most frequently (P = 0.063) and received most intense PAH-targeted therapy (P = 0.003). With
15 deaths and one lung transplant (12%; median follow-up: 4.3 years), survival differences could not be demonstrated between the groups
in the Nice CHD classification. Pediatric PAH-CHD is a heterogeneous condition frequently associated with extracardiac, developmental
factors that are believed to affect disease development. The Nice CHD classification identifies groups with specific patient/disease charac-
teristics. However, a substantial proportion of children could not be classified. Group 3 forms a distinct disease entity. Its prognostic value
could not be determined because of the low number of events. The Nice CHD classification supports clinical characterization of PAH-

CHD; however, further refinement is needed to classify all children with PAH-CHD.

Keywords: pulmonary hypertension, congenital heart disease, pediatrics, Nice congenital heart disease classification, survival.

Pulm Circ 2016;6(3):302-312. DOI: 10.1086/687764.

Congenital heart disease (CHD) is the most common birth defect
and comprises a broad spectrum of defects, varying from simple
septal defects to complex cardiac malformations." Pulmonary arte-
rial hypertension (PAH), a progressive disease of the pulmonary
vasculature, is an important determinant of morbidity and mortal-
ity in CHD patients.

PAH associated with CHD (PAH-CHD) is a heterogeneous
disease. Increased pulmonary blood flow, through a left-to-right
shunt, has been recognized to trigger molecular and cellular changes
in the pulmonary vasculature, leading to progressive PAH.” The risk
of developing PAH and its pace of progression highly depend on the
anatomical location and size of the shunt defect.* In patients with
CHD and early-stage pulmonary vascular disease (PVD), shunt clo-
sure can reverse and resolve PAH.%” In time, PAH will pass a point
of no return and become irreversible. Shunt closure is then contrain-
dicated, as it is believed to worsen prognosis. PAH has also been

. . . . 7-
reported in nonshunt CHD, such as aortic stenosis or coarctation. o

In some children, advanced PAH concurs with CHD that is
considered not sufficient to explain the PAH.'® For example, pre-
tricuspid shunts usually cause PAH from the third decade of life.
Sometimes, severe PAH may be observed already in young chil-
dren with such a shunt. In children with CHD, coexisting extra-
cardiac factors may not only complicate clinical presentation but
also increase susceptibility for developing PAH and thus play a
modifying role.'® These include chromosomal or syndromal abnor-
malities but also developmental lung/airway anomalies and meta-
bolic diseases.

Consequently, there is a need for adequate risk assessment and
stratification in the individual child, which might be provided by a
clinical classification for PAH-CHD. Such a classification would
be most useful when it allows for identification of patient groups
with specific disease characteristics, risks, or outcomes that allow
tailored treatment approaches. Recently, an updated shunt-related
classification was proposed for both adults and children at the
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Pulmonary Circulation

Fifth World Symposium on Pulmonary Hypertension in Nice,
France, in 2013 (the Nice CHD classification).' "2

Survival of both adults and children with PAH-CHD has been
reported to be associated with the type of CHD.”'>'* In adults,
the value of the Nice CHD classification regarding differences in
disease severity and survival between groups was recently reported.'”
Although pediatric PAH-CHD has been evaluated with classifica-
tions based on hemodynamic relevance or anatomical location of the
shunt defect, data regarding the Nice CHD classification in children
are currently not available. We aimed to describe phenotypic hetero-
geneity in children with PAH-CHD, to assess the applicability of the
Nice CHD classification, and to explore whether this classification
accurately reflects patient/disease characteristics and survival.

METHODS

Patients

For this study, all children with PAH and CHD were selected from
a recently described® contemporary cohort of consecutive pediatric
PAH patients from the Children’s Hospital Colorado in Aurora,
the Columbia University Medical Center in New York, and the
Dutch National Referral Center for Pediatric Pulmonary Hyperten-
sion at the University Medical Center Groningen/Beatrix Children’s
Hospital in the Netherlands. This cohort includes all children with
PAH who visited these centers between 2000 and 2010 and had a
diagnosis of PAH confirmed by a cardiac catheterization after 1997
at the age of >3 months and <18 years. PAH was defined as mean
pulmonary artery pressure (mPAP) of >25 mmHg, mean pulmonary
capillary wedge pressure of <15 mmHg, and indexed pulmonary
vascular resistance (PVRi) of >3 Wood units-m?.

Children with other forms of pulmonary hypertension (PH),
such as PH due to left heart disease, lung disease and/or hypoxia,
or chronic thromboembolic disease, were not included in this co-
hort. In the event of mixed disease, meaning CHD and one of these
conditions, it was at the discretion of the treating physician in the
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referral center, using the information from the cardiac catheteriza-
tion, to define which was the most explanatory component for the
PH: PAH-CHD or PH due to the coexistent condition. Only pa-
tients in the former group were included.

In this cohort, children with nonrepaired CHD were included
only if the CHD was considered inoperable because of advanced
PAH. In children with repaired CHD, diagnostic cardiac catheteri-
zation was performed more than 1 year after corrective surgery.

During cardiac catheterization, all three centers used the Fick
principle to calculate cardiac output and pulmonary blood flow,
using either measured or assumed oxygen consumption. In the latter
case, oxygen consumption was assumed according to LaFarge and
Miettinen'® (Aurora and New York) or Bergstra et al.'” (Nether-
lands). In patients with a nonrepaired patent arterial duct with right-
to-left shunting, cardiac output calculations using Fick were not pos-
sible, and such patients are excluded from any analysis.

CHD

The anatomy, physiology, and repair status of the CHD were de-
scribed. Children were classified according to the Nice CHD clas-
sification (Fig. 1).1012

Cyanosis, required for group 1 of the Nice CHD classification,
was defined as transcutaneous oxygen saturation of <90% at rest.
If transcutaneous oxygen saturation was not available, systemic ar-
terial oxygen saturation obtained during cardiac catheterization was
used. Also, transcutaneous oxygen saturation of 90%-95% with sys-
temic arterial oxygen saturation of <90% was considered cyanosis.
Postductal saturations were used in children with patent arterial
duct.

The distinction between CHD causal for the PAH and PAH
with coincidental CHD was based on the expert opinion of the treat-
ing physician in the referral center and, for this study, was reviewed
and agreed upon by two separate investigators (WMHZ and RMFB).
In case of a residual shunt defect after corrective surgery, the patient

1 Eisenmenger syndrome

Includes all large intra- and extra-cardiac defects which begin as systemic-to-pulmonary shunts and
progress with time to severe elevation of pulmonary vascular resistance (PVR) and to reversal (pulmonary-
to-systemic) or bidirectional shunting; cyanosis, secondary erythrocytosis and multiple organ involvement

are usually present.

2 Left-to-right shunts

Include moderate to large defects; PVR is mildly to moderately increased systemic-to-pulmonary shunting

is still prevalent, whereas cyanosis is not a feature.

3 Pulmonary arterial hypertension (PAH)

with coincidental congenital heart disease

Marked elevation in PVR in the presence of small cardiac defects, which themselves do not account for the
development of elevated PVR,; the clinical picture is very similar to idiopathic PAH. To close the defects in

contraindicated.

4 Post-operative PAH

Congenital heart disease is repaired but PAH either persists immediately after surgery or recurs/develops
months or years after surgery in the absence of significant postoperative hemodynamic lesions. The clinical

phenotype is often aggressive.

Figure 1. Updated clinical classification for pulmonary arterial hypertension associated with congenital heart disease, Nice, France, 2013.
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304 | Clinical classification in pediatric PAH-CHD Zijlstra et al.

was assigned to group 4, postoperative PAH-CHD, only if this shunt
defect was considered not hemodynamically relevant. Otherwise, the
patient was classified into group 1 or 2.

Assessments
Patient characteristics included age at PAH diagnosis, sex, and
comorbidities. The moment of diagnostic cardiac catheterization,
at either the referring or the referral center, was defined as base-
line. Disease characteristics at baseline were collected and included
both clinical and hemodynamic parameters. Ratios of mean pul-
monary to systolic artery pressure (mPAP/mSAP) and pulmonary
to systemic vascular resistance (PVR/SVR) were calculated.
During their disease course, children could receive PAH-specific
therapies: calcium channel blocker (CCB) therapy or PAH-targeted
therapy consisting of prostanoids, endothelin receptor antagonists,
and/or phosphodiesterase 5 inhibitors. Treatment strategy was de-
fined as previously described: CCB monotherapy if CCBs were the
only PAH-specific drug used and otherwise the maximum number
of PAH-targeted drugs used for at least 3 months or until end of
follow-up (PAH-targeted mono-, dual, or triple therapy).”

Statistical analyses

Data are presented as mean + SD, median (interquartile range), or
number (percentage) as appropriate. One-way analysis of variance
was used to compare normally distributed continuous variables. Non-
normally distributed continuous variables and ordinal variables were
compared with the Kruskal-Wallis test. The y* and Fisher exact tests

Table 1. Congenital heart disease in the total cohort

were used to compare categorical variables. Post hoc Bonferroni was
used to correct for multiple comparisons, as appropriate.

Lung transplantation and death were defined as the primary end
points. Children who did not die or undergo lung transplantation
were censored at the last follow-up visit. Transplantation-free survival
from diagnosis was depicted with Kaplan-Meier curves. To address
potential survival bias due to the inclusion of prevalent patients,
that is, patients receiving diagnoses between 1997 and 2000, data
were left truncated. These patients entered the risk set at their trun-
cation time, which was defined as the time between diagnosis and
start of the study. Differences were explored with log-rank tests. A P
value of <0.05 was considered significant.

RESULTS

Patients

In total, 134 children had PAH and CHD (Table 1). Most of these
children (77%) had simple pre- or posttricuspid shunt defects.
Fourteen children (11%) had complex shunt defects (complete atrio-
ventricular septal defect or nonrepaired functional univentricular
heart). Seventeen children (13%) had miscellaneous CHD. Thirty-
eight percent of the defects were repaired: 31% (n = 32) of the sim-
ple shunt defects and 62% (n = 8) of the complete atrioventricular
septal defects. Most (70%) were repaired within 2 years after birth.

In 60 children (45%), comorbidities were described, most often
Down syndrome (#n = 30). Also, other syndromal abnormalities were
reported: Noonan syndrome (n = 3), Di George syndrome (n = 1),
Turner syndrome (n = 1), Robinow syndrome (#n = 1), and undefined
syndromes with dysmorphic features, psychomotor retardation, and/

All (n =134)  Unrepaired (n = 83)  Repaired (n = 51)
ASD+PAPVR 28 (21) 22 (79) 6 (21)
VSD and/or PDA 56 (42) 37 (66) 19 (34)
ASD+VSD and/or PDA 19 (14) 12 (63) 7 (37)
Complete AVSD 13 (10) 5(38) 8 (62)
Nonrepaired functional univentricular heart 1(1) 1 (100) .
Miscellaneous 17 (13) 6 (35) 11 (65)
Group 5 PH: MAPCAs 2 1 1
Not-classifiable PAH-CHD 15 (11)
Aortic coarctation 2 0 2
Repaired TAPVR 1 0 1
Unilateral absence of PA 5 4 1
Scimitar syndrome 1 1 0
Neonatally repaired TGA+VSD 6 0 6

Note: Data are presented as no. (%) of patients; percentages are within column for “All” and within
row for “Unrepaired” and “Repaired.” ASD: atrial septal defect; AVSD: atrioventricular septal defect;
MAPCASs: major aortopulmonary collateral arteries; PA: pulmonary artery; PAH-CHD: pulmonary arterial
hypertension associated with congenital heart disease; PAPVR: partial anomalous pulmonary venous
return; PDA: patent arterial duct; PH: pulmonary hypertension; TAPVR: total anomalous pulmonary
venous return; TGA: transposition of the great arteries; VSD: ventricular septal defect.

This content downloaded from 129.125.166.126 on January 11, 2017 23:44:04 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journal s.uchicago.edu/t-and-c).



Pulmonary Circulation

or developmental delay of unknown origin (3 children). Coexisting
lung abnormalities were reported in 11 children (8%) and included
(repaired) congenital diaphragmatic hernia, bronchopulmonary dys-
plasia, and chronic lung disease. Other described comorbidities were
arteriovenous malformations in the lungs, hereditary telangiectasia,
hyperthyroidism, glycogen storage disease 3A, ABCA3 gene muta-
tion, ACTA2 gene mutation, Raynaud’s phenomenon, rheumatoid
arthritis, VACTERL association, and Von Willebrand’s disease.

Nice CHD classification

Thirty-two children were classified as having Eisenmenger syn-
drome (ES; group 1), 19 as having PAH associated with left-to-right
shunt (group 2), 26 as having PAH with coincidental CHD (group 3),
and 40 as having postoperative PAH (group 4; Fig. 2). Of the
17 children (13%) with miscellaneous CHD, 2 children with major
aortopulmonary collateral arteries could be classified as group 5 PH.
The 15 remaining children (11%) could not be classified according to
the Nice CHD classification.

Within the four groups of the Nice CHD classification, age and
sex were comparable (Table 2). In contrast, World Health Organi-
zation functional class (WHO FC) tended to differ between the
four groups (P = 0.066): children with ES had most unfavorable
WHO FC. Also, children with ES had hemodynamic profiles with
the highest mPAP/mSAP and PVR/SVR. Cardiac index did not
differ between the four groups (P = 0.270). Mean right atrial pres-
sure (mRAP) differed between the four groups (P = 0.038) and
was highest in postoperative PAH. In contrast to children in the
other groups, children in group 3 most often had pretricuspid shunt
defects (54% vs. 13%-21%, P = 0.001). Furthermore, while Down
syndrome was less frequent in group 3 (P = 0.011), other (un)defined
syndromes tended to be more frequent (19% vs. 0%-5%, P = 0.063).

Pediatric PAH-CHD
Clinical classification for Pulmonary Arterial Hypertension
associated with Congenital Heart Disease
5t WSPH, Nice, 2013

Group 5 PH
2%

Figure 2. All children classified according to the Nice congenital
heart disease classification. PAH-CHD: pulmonary arterial hyper-
tension associated with congenital heart disease; WSPH: World
Symposium on Pulmonary Hypertension; PH: pulmonary hyper-
tension.
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In a separate secondary analysis, we compared patients with hemo-
dynamically relevant shunt defects (groups 1 and 2 combined) with
those without such defects (groups 3 and 4 and not-classifiable PAH-
CHD; Table 3). Children with hemodynamically relevant shunt de-
fects tended to have worse WHO FC (P = 0.076) than children with-
out such defects. Furthermore, children with relevant shunt defects
had unfavorable hemodynamics (higher mPAP, PVRi, mPAP/mSAP,
and PVR/SVR; P < 0.020 for these parameters), whereas mRAP was
higher in children without a hemodynamically relevant shunt defect
(P =0.031).

Therapy

In total, 117 children (87%) received PAH-targeted therapies dur-
ing the study period: 51 monotherapy, 43 dual therapy, and 23 tri-
ple therapy. Ten children did not receive PAH-specific therapy.
Seven children without hemodynamically relevant shunt defects re-
ceived CCB monotherapy (1 in group 3, 4 in group 4, and 2 with not-
classifiable PAH-CHD).

Treatment intensity differed significantly between the four
groups of the Nice CHD classification (Table 2; P = 0.003). In
particular, children in group 3 received PAH-targeted triple therapy
more frequently than children in the other groups. Children with-
out a hemodynamically relevant shunt defect received PAH-targeted
triple therapy more frequently than those with a hemodynamically
relevant shunt defect (Table 3; P = 0.001).

Not-classifiable PAH-CHD

Fifteen children (11%) could not be classified according to the Nice
CHD classification. This was due to either the absence of a shunt
defect (repaired aortic coarctation [n = 2] or corrected transposition
of the great arteries with neonatal switch operation [n = 6]) or the
presence of developmental anomalies of the pulmonary vasculature
(including repaired total anomalous pulmonary venous return, ab-
sent pulmonary artery, or Scimitar syndrome [#n = 7]). All children
had normal pulmonary capillary wedge pressure (<15 mmHg).

Transplantation-free survival

During a median follow-up of 4.3 years, 15 children died and
1 child underwent lung transplantation (Fig. 3). The cause of death
was directly PAH related in 10 children and not directly PAH
related in the remaining 5 children, although the condition caus-
ing death might have been poorly tolerated because of the pres-
ence of PAH.

In group 1, 3 children died. Of interest, all three children were
diagnosed with advanced PAH within 6 months after birth.

With the relatively low number of 16 events, an exploratory
survival analysis could not demonstrate a significant survival dif-
ference between the four groups of the Nice CHD classification
(Fig. 4A). Also, despite the fact that all three deceased children
with not-classifiable PAH-CHD died within 3 years after diagno-
sis, no survival differences could be observed between this group
and the four groups of the Nice CHD classification (P = 0.32). Fi-
nally, no survival differences between children with a hemodynam-
ically relevant shunt defect (groups 1 and 2 combined) and those
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without such a shunt defect (groups 3 and 4 and not-classifiable
PAH-CHD) could be demonstrated (Fig. 4B).

DISCUSSION

This study is the first to assess the applicability and value of the
recently proposed Nice CHD classification in children with PAH-
CHD. In our study, this classification identified clinically relevant
differences in patient and disease characteristics between groups,
especially regarding comorbidities, hemodynamic profile, and treat-
ment intensity. However, a substantial proportion of children (11%)
could not be classified, as their CHD did not fit in the predefined
groups, which are based on congenital shunt defects. In this ex-
ploratory study with a relatively low event rate, no differences in
transplantation-free survival between the four groups of the Nice
CHD classification could be observed.

Nice CHD classification
ES, group 1, is the advanced stage of PAH associated with con-
genital shunt defects, with reversed or bidirectional shunting and
the occurrence of cyanosis. This condition is distinguished from
shunt defects with left-to-right shunting, group 2. However, this dis-
tinction is artificial, since a gradual progression of patients from the
latter group to group 1 over time is to be expected (as we observed in
6 patients in this study), complicating group-specific outcome analy-
ses. Furthermore, children in groups 1 and 2 had similar underlying
CHD: predominantly posttricuspid shunt defects. Patients with ES
had most advanced PAH, characterized by unfavorable pulmonary-
to-systemic hemodynamics. However, cardiac index and mRAP
seemed preserved in these children. This is likely to be associated
with the hemodynamically relevant shunt defect that may function
as “pop-off” for the right ventricle, preserving left ventricular fill-
ing and cardiac output. Despite this, children in group 1 were in
higher WHO FCs, which might be explained by the accompanying
cyanosis that aggravates during exercise.'®

Objective criteria are lacking for “coincidental CHD,” in which
the presence of a (small) shunt defect itself is not considered to
account for the development of PAH. In our study, this was ad-
dressed by independent review of the treating physician’s assess-
ment. Nevertheless, children in group 3 indeed seemed to form a
distinct disease entity, with a preponderance of pretricuspid shunt
defects and no complex CHD. Although comorbidities are fre-
quent in all forms of pediatric PAH-CHD, as shown in this and

. 10,19,2
other studies,'®'**°

children in group 3 showed a different pattern
of extracardiac comorbidities, characterized by lower frequency of
Down syndrome and greater frequency of other (un)defined syn-
dromes. These features are in line with those found in children
with idiopathic PAH, justifying previous reports that classified this
condition as “idiopathic-like PAH.”'® It seems that, in children, extra-
cardiac comorbidities, such as undefined syndromes or certain ge-
netic traits, are associated with the development of PAH. Increased
genetic susceptibility for a normally nonpathogenic “hit” may be
the mechanism, where in these group 3 children the small heart de-
fect and normally nonrelevant shunt may form this second hit and
initiate or accelerate the pulmonary vascular remodeling of PAH.

Remarkably, in this contemporary cohort, group 4 (postopera-
tive PAH) was the largest group. This is in line with earlier data
from the Spanish Registry for Pulmonary Hypertension and the
Tracking Outcomes and Practice in Pediatric Pulmonary Hyper-
tension (TOPP) registry.”>*' Shunt closure in early stages of PVD
can reverse and resolve PAH.® Therefore, it is generally advised to
close shunt defects early in life, usually within the first 1-2 years
of life, depending on the defect, as was done in most of the chil-
dren in this study. However, this study shows that early closure does
not always prevent the development of progressive PAH. This is in
line with epidemiological data on pediatric PAH showing that 1%-—
2% of children with PAH-CHD developed PAH despite early closure
of their shunt defect.” Also, in our study extracardiac factors were
frequent in the group with postoperative PAH: one-third had Down
syndrome, and 22% had other comorbidities. These factors may af-
fect susceptibility for PVD and play a role in progression of PAH
after shunt closure. Therefore, next to young age and hemodynamics,
such factors should also be taken into account when determining

eligibility for shunt closure.***

Therapy

Remarkably, although there is no evidence supporting the use of
CCBs in PAH-CHD, 7 children without hemodynamically rele-
vant shunt defects received CCB monotherapy in this study.

Most children received PAH-targeted therapies, confirming
previous current-era reports.”*>** Interestingly, children in group 3
received more intense PAH-targeted therapy than children in other
groups, although they did not have more advanced disease, ac-
cording to WHO FC or hemodynamic profile. This suggests that
these children were considered more similar to patients with idio-
pathic PAH and different from the other children with PAH-CHD.

In the original cohort, we have shown that children with PAH-
CHD were treated less intensely than children with idiopathic/
hereditary PAH.>** In the current study, about half of the chil-
dren did not receive PAH-targeted dual or triple therapy. In light
of the unfavorable prognosis for these children, with a 3-year mor-
tality rate of approximately 10%, it should be questioned whether
this less intense treatment is justified and whether more intense treat-
ment might improve survival in these children. Further research is
required to answer these questions.

Survival
Overall 5-year survival in this study was 88%, which was within
the range of previously reported survival rates in pediatric PAH-
CHD.”?%2%262% Iy contrast to the recent report of Manes et al."”
describing outcomes in adult PAH-CHD, we could not demonstrate
survival differences within the Nice CHD classification. The rela-
tively low number of patients and end points and the relatively
short follow-up time in this study, resulting in lack of power, ham-
pered conclusions from the exploratory survival analysis in the cur-
rent study.

In this study, ES was diagnosed in three infants within the first
6 months of life, and all died during follow-up. Rather than the
classic disease evolution into ES, these infants probably had a
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Table 3. Patient and disease characteristics at baseline stratified by the hemodynamic relevance of the shunt defect

Hemodynamically
relevant shunt defect

No hemodynamically
relevant shunt defect

N Value N Value P value

Age at PAH diagnosis, years 51 6.1 (1.7-11.9) 81 4.8 (2.5-10.1) 0.865
Female 51 35 (69) 81 56 (69) 0.951
WHO EC 45 66 0.076

I 1I 21 (47) 42 (64)

IIL IV 24 (53) 24 (36)
mPAP, mmHg 51 60 = 16 81 53+19 0.019
mPCWP, mmHg 51 9+2 81 9+3 0.585
mSAP, mmHg 51 63 +15 80 67 + 14 0.126
mRAP, mmHg 50 6+3 78 73 0.031
PVRi, WU-m? 51 18.1 £12.3 81 13.0 + 8.6 0.006
SVRi, WU-m? 33 20.1 £11.8 72 19.0 £ 9.9 0.623
CI, L/min/m? 36 3.6+1.7 80 3.7+1.5 0.628
Qpi, L/min/m* 51 40+24 81 41+19 0.760
mPAP/mSAP 51 0.97 £ 0.21 80 0.81 £ 0.31 0.002
PVR/SVR 33 1.03 £ 0.75 72 0.70 £ 0.36 0.003
Treatment strategy 51 81 0.001

No PAH specific 6 (12) 4 (5)

CCB mono 0 7 (9)

PAH-targeted mono 23 (45) 27 (33)

PAH-targeted dual 20 (39) 22 (27)

PAH-targeted triple 2 (4) 21 (26)

Note: Data in “Value” columns are presented as no. (%), median (interquartile range), or mean + SD. See Tables 1

and 2 for abbreviations.

failure of postnatal adaptation with remodeling of the pulmonary
vascular bed. These observations are in line with the statement of
the Pulmonary Vascular Research Institute (PVRI) task force that
perinatal and in-utero factors affecting the pulmonary vascular bed
are important in determining postnatal outcome.®® This maladapta-
tion may contribute to a rapid progression of PAH, and such in-
fants presenting with “accelerated PAH” have been shown to have a
very poor prognosis.””?! In fact, these children may represent a
form of persistent pulmonary hypertension of the newborn with
associated CHD or coinciding with CHD.

None of the children in group 2 died or underwent lung trans-
plantation. This could very well be due to the artificial distinction
between group 1 and group 2, as children in group 2 will first pro-
gress into group 1 before they die or undergo lung transplantation.

In this study, survival of children in group 3 seemed better than
that reported for children with idiopathic PAH.*”>** Although not
sufficient to explain the PAH, their shunt defect may contribute to
preservation of cardiac output despite progression of PVD."?

While children and adults in group 4 have been reported to
have worse survival than children with other CHD, this could not

be demonstrated in this study.”** This may be due to patient se-
lection and inclusion. Only children with PAH confirmed during
cardiac catheterization at least 1 year after cardiac surgery were
included in this study. Therefore, the sickest patients may not
have been included, as they might have been too sick to undergo
cardiac catheterization or died within the first year after cardiac
surgery. Also, it may be that the worse survival of children with
postoperative PAH occurs only after a longer period of follow-up.

It is important to notice that the inclusion criteria of this study
were designed to study a contemporary cohort with predominantly
incident patients but also allowed the inclusion of a small subset of
prevalent patients (n = 18). Prevalent patients were seen in the re-
ferral centers between 2000 and 2010 but had diagnostic cardiac
catheterization between 1997 and 2000. To avoid immortal-time
bias, data of these patients were left truncated. For patients with
PAH after repaired CHD, the inclusion criteria required a diagnos-
tic cardiac catheterization performed more than 1 year after correc-
tive surgery. Children who died within 1 year after surgery were thus
not included in this cohort. This might have introduced a limited
form of immortal-time bias.
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Figure 3. Transplantation-free survival of all children with pulmo-
nary arterial hypertension associated with congenital heart disease.
Survival at 1, 3, and 5 years was 96%, 91%, and 88%, respectively.

Not-classifiable PAH-CHD

The Nice CHD classification is based on the presence or history of
shunt defects. However, a significant number of children (13%) had
CHD other than shunt defects. Only two of these children, with
major aortopulmonary collateral arteries, could be classified as group 5
PH, according to the Nice classification, whereas the remaining chil-
dren could not be classified. The heterogeneity of CHD associated
with PH and the difficulties and limitations of simple classification
have been repeatedly raised and are at odds with the advantages of
stratification for risk or treatment effect that may be associated
with such classification.®® The Panama classification, as proposed
by the PVRI task force, aims to address this heterogeneity in pedi-
atric PAH but awaits validation with respect to its value for risk strat-
ification, prognostication, or treatment consequences.”® More research
is needed to further characterize children with not-classifiable PAH-
CHD.

Strengths and limitations

Bringing together the consecutive, contemporary cohorts of three
major pediatric PAH referral centers has led to one of the largest
contemporary cohorts in the field of pediatric PAH and provided
the opportunity to assess the applicability of the Nice CHD classi-
fication in children. Nevertheless, this study was limited by the rela-
tively low number of events, resulting in lack of power and thereby
hampering definitive conclusions regarding survival. Also, its retro-
spective nature can be regarded a limitation. However, the standard-
ized diagnostic and treatment strategies of three dedicated pediatric
PH centers and a dedicated review at the level of individual patient
data for this study allowed for a meticulous characterization of the
patients and minimized differences in definitions or data inconsis-
tencies. In our cohort, only children who had a diagnosis of PAH
confirmed during cardiac catheterization were included, which
strengthened disease definition but also introduced a selection bias
by exclusion of children with PAH-CHD without cardiac catheteri-

zation. Furthermore, baseline was defined as the moment of diagnos-
tic cardiac catheterization, which also strengthened disease definition
but may have postponed time of diagnosis, affecting survival analyses.
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Figure 4. Transplantation-free survival. A, Stratified by the Nice
CHD classification. Survival at 1, 3, and 5 years was 96%, 92%
and 82% for children in group 1, 100%, 100%, and 100% for
children in group 2, 94%, 89%, and 89% for children in group 3,
and 97%, 94%, and 89% for children in group 4, respectively (P =
0.45). Also shown is survival for children with not-classifiable
PAH-CHD, with 1-, 3-, and 5-year survival of 90%, 70%, and 70%,
respectively. B, Stratified by the hemodynamic relevance of the shunt
defect. Survival at 1, 3, and 5 years was 98%, 95%, and 89% for
children with a hemodynamically relevant shunt defect (groups 1+2)
and 95%, 89%, and 86% for children without a hemodynamically
relevant shunt defect (groups 3+4 and not-classifiable PAH-CHD),
respectively (P = 0.30). CHD: congenital heart disease; PAH: pul-
monary arterial hypertension.
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Conclusions

Pediatric PAH-CHD is a heterogeneous condition frequently asso-
ciated with extracardiac, syndromal, and developmental factors that
are believed to affect PAH evolution and progression. The recently
proposed Nice CHD classification identifies groups with specific
patient and disease characteristics, also in children. However, the
fact that a substantial proportion of children with PAH-CHD, 11%,
could not be classified within this classification forms a serious
limitation. Group 3, PAH with coincidental CHD, forms a distinct
disease entity similar to idiopathic PAH. The prognostic value of the
Nice CHD dlassification in children with PAH-CHD could not be
determined by this study because of the relatively low number of
events during a median follow-up of 4.3 years. The proposed Nice
CHD cdlassification supports clinical characterization of PAH-CHD;
however, further refinement is needed in order to adequately classify
all children with PAH-CHD.
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