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Background and The Tracking Outcomes and Practice in Pediatric Pulmonary Hypertension (TOPP) registry is a global network estab-
aims lished to gain insights into the disease course and long-term outcomes of paediatric pulmonary arterial hypertension
(PAH). Previously published cohorts in paediatric PAH are obscured by survival bias due to the inclusion of both prevalent
(previously diagnosed) and incident (newly diagnosed) patients. The current study aims to describe long-term outcome

and its predictors in paediatric PAH, exclusively of newly diagnosed patients.

Methods and Five hundred thirty-one children with confirmed pulmonary hypertension, aged >3 months and <18 years, were enrolled

results in the real-world TOPP registry at 33 centres in 20 countries, from 2008 to 2015. Of these, 242 children with newly
diagnosed PAH with at least one follow-up visit were included in the current outcome analyses. During long-term
follow-up, 42 (17.4%) children died, 9 (3.7%) underwent lung transplantation, 3 (1.2%) atrial septostomy, and 9 (3.7%)
Potts shunt palliation (event rates: 6.2, 1.3, 0.4, and 1.4 events per 100 person-years, respectively). One-, three-, and
five-year survival free from adverse outcome was 83.9%, 75.2%, and 71.8%, respectively.
Overall, children with open (unrepaired or residual) cardiac shunts had the best survival rates. Younger age, worse World
Health Organization functional class, and higher pulmonary vascular resistance index were identified as independent
predictors of long-term adverse outcome. Younger age, higher mean right atrial pressure, and lower systemic venous
oxygen saturation were specifically identified as independent predictors of early adverse outcome (within 12 months
after enrolment).

This comprehensive analysis of survival from time of diagnosis in a large exclusive cohort of children newly diagnosed
with PAH describes current-era outcome and its predictors.
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Introduction

Pulmonary arterial hypertension (PAH) is a progressive incurable
disease of the pulmonary vasculature with substantial morbidity and
mortality, especially in children.! Considerable progress has been
made in the management of paediatric PAH over the last few
decades.? This has coincided with advancements in the diagnosis and

management of the disease in adults, including the use of paediatric
treatment algorithms modified from those used in adults with PAH.3->

Retrospective evaluations have suggested that the outcome of
paediatric PAH has improved since the availability of PAH-targeted
drugs.5~'° However, the survival rates of previously published cohorts
in paediatric PAH are obscured by survival bias due to the inclusion of
both prevalent (previously diagnosed) and incident (newly diagnosed)
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patients. Prospectively collected outcome data from incident cohorts
are essential to obtain a representative view of the clinical course and
current outcome in paediatric PAH.

Previous reports have also identified valuable candidate predic-
tors of adverse outcome in paediatric PAH,*? 11716 very welcome
for risk stratification of children with PAH at the time of diagnosis
and for guiding treatment decisions throughout the disease course."”
The currently proposed predictors, however, were often identified
in relatively small patient series. Consequently, a systematic review
demonstrated a high degree of heterogeneity regarding the prognostic
value of the reported predictors.’® Adequate risk stratification, being
the cornerstone of current treatment strategies in PAH, requires
the identification of independent predictors of outcome, preferably
identified from a well-defined prospectively followed cohort of newly
diagnosed patients.* The Tracking Outcomes and Practice in Pediatric
Pulmonary Hypertension (TOPP) registry is a global network that was
established in 2007 to provide real-world epidemiological, diagnostic,
clinical, and outcome data on children with PAH confirmed by heart
catheterization and prospectively enrolled newly diagnosed (incident)
patients and previously diagnosed (prevalent) patients.'® The current
study aims to describe the current outcome and its predictors in
this large worldwide cohort of paediatric patients, exclusively newly
diagnosed with PAH.

Methods
Study design and population

The TOPP registry is a real-world multicentre, prospective observational
registry; the design and baseline characteristics have been detailed pre-
viously."® In short, children with pulmonary hypertension (PH) aged >3
months and <18 years from 33 centres in 20 countries were enrolled
between January 2008 and July 2015 if they were diagnosed with PAH
(World Symposium on Pulmonary Hypertension, PH Group 1), PH asso-
ciated with respiratory disorders (PH Group 3), chronic thrombo-embolic
PH (PH Group 4), or PH due to miscellaneous causes (PH Group 5).*
PH caused by left-heart disease with increased left-sided filling pressures
(PH Group 2) forms a distinct clinical and haemodynamic entity; hence,
these patients were not enrolled. The diagnosis of PH required right-heart
catheterization (RHC) with mean pulmonary artery pressure (mPAP) of
at least 25 mmHg at rest, a pulmonary vascular resistance index (PVRi) of
at least 3 WU'm?, and mean pulmonary capillary wedge pressure below
or equal to 12 mmHg. Both newly diagnosed patients (incident; diagnostic
RHC within 3 months of enrolment) and previously diagnosed patients
(prevalent; diagnostic RHC >3 months before enrolment) were enrolled
in TOPP. In July 2015, the first phase of the registry (TOPP-1) closed
after enrolling 531 children with confirmed PH. For the current study,
only newly diagnosed (incident) patients with PAH (PH Group 1) with at
least one follow-up visit at any time after enrolment were included.

The TOPP registry was conducted in accordance with the Declaration
of Helsinki and Good Clinical Practice as outlined in the International
Conference of Harmonization. Ethical approval was obtained from the
relevant Institutional Review Board or Independent Ethics Committee for
each participating centre. Written informed consent was obtained from
all patients or their legal guardians. All authors had full access to the study
data and take responsibility for the integrity of the data and the accuracy
of the data analyses. All authors were involved in the development and
review of the manuscript.

Patient follow-up and data collection

Patient characteristics specifically collected for the current study included
demographics, PAH aetiology, comorbid conditions, weight, occurrence
of syncope, World Health Organization functional class (WHO-FC), 6
min walk distance (6MWD), and haemodynamics assessed by RHC at
the time of diagnosis. To guarantee the accuracy of haemodynamic cal-
culations, RHC data of all included patients were manually reviewed by

the TOPP registry executive board members. 6MWD was not analysed
in patients under 7 years of age and in children with trisomy 21 as the
test was regarded not reliable in these children. Aetiology of PAH was
defined according to the following subgroups that are in congruence with
the WSPH classification system: idiopathic/heritable PAH (IPAH/HPAH),
PAH associated with congenital heart disease (APAH-CHD), and PAH
associated with other conditions (APAH-other). Because of the different
clinical and haemodynamic profiles within the APAH-CHD subgroup with
potential prognostic consequences, a further distinction was made be-
tween patients with open shunts (unrepaired or residual shunt defects)
and patients without open shunts (fully repaired shunt defects or patients
who never had shunts).

During follow-up, adverse outcomes, including all-cause death, heart
and/or lung transplantation, atrial septostomy, and Potts shunt palliation,
were prospectively registered. Causes of death were also captured in the
registry.

Statistical analysis
For subgroup comparisons, descriptive statistics are provided, including
counts and percentages for categorical data and medians [interquartile
range (IQR)] for continuous data. No imputation methods were used
for missing data. P-values <0.05 were considered statistically significant.
In the analyses, outcome was defined in two ways: (1) long-term adverse
outcome, defined as the occurrence of either death, heart and/or lung
transplantation, atrial septostomy, or Potts shunt palliation; and (2) early
adverse outcome, defined as death, heart- and/or lung-transplantation, atrial
septostomy, or Potts shunt palliation within 12 months from diagnosis.
Kaplan—Meier estimates were conducted for the time to the first occur-
rence of either Potts shunt palliation, atrial septostomy, transplantation,
or death. The prognostic value of candidate predictors of both long-term
and early adverse outcomes was evaluated using Cox proportional hazards
models. The proportional hazards assumption was checked by observing
reasonable parallelism in the log(—log) plots for categorical variables and
by inspecting the pattern of Schoenfeld residuals for continuous vari-
ables. Individual candidate predictors of outcome found to be significant
(P < 0.05) in the univariable models were considered as covariates in
adjustment models to provide adjusted hazard ratios. In addition, age and
sex were forced in the adjustment models, and stepwise multivariable
modelling was used to identify any additional predictors. Univariable pre-
dictors with >20% missing values were not used as adjustment covariates
to prevent omission of patients and power reduction in the adjustment
models. The final choice of covariates for the adjustment models was
guided by the principle of ensuring around 10 events per predictor vari-
able.” In the long-term outcome models, all adverse outcome events
during the full follow-up period were considered: Patients who did not
undergo an adverse outcome event were censored at the last recorded
visit. In the early adverse outcome models, right-truncation was applied
from 12 months so that only adverse outcome events and follow-up
durations up to 12 months were considered; patients who did not undergo
an adverse outcome event within 12 months were censored at 12 months.
In all models, PAH aetiology was handled as a multi-level categorical vari-
able existing of the following four subgroups: (1) IPAH/HPAH (reference
category), (2) APAH-CHD with open shunts, (3) APAH-CHD without
open shunts, and (4) APAH-other.

Results

Patient characteristics

Of 531 PH-confirmed patients enrolled in TOPP-1, 456 patients were
diagnosed with PAH and had at least one follow-up visit. For the
current analysis, 214 prevalent patients were excluded, leaving a final
study cohort of 242 incident patients with newly diagnosed PAH (see
flowchart Figure 1). The median year of diagnosis was 2010 (IQR
2009-11, range 2008-15).
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531 PH patients

in TOPP
| 23 no follow-up |
| 52 PH group 3/4/5 |
456 PAH
(PH group 1)

|
| |

242 incident
PAH patients

214 prevalent
PAH patients

145 IPAH/HPAH 85 APAH-CHD* 12 APAH-othert

Figure | Flow chart of patient inclusion. A total of 531 patients
with PH were enrolled in TOPP between 2008 and 2015. Of these,
242 incident patients with pulmonary arterial hypertension (PAH,
PH Group 1 according to the World Symposium on Pulmonary
Hypertension classification) were included in the current evaluation.
One hundred forty-five had idiopathic or heritable PAH, 85 had
PAH associated with congenital heart disease [*53 with open shunts
(unrepaired or residual shunts) and 32 without open shunts (either
fully repaired or never shunt)], and 12 had PAH associated with
other conditions (T3 chronic liver disease, 3 connective tissue dis-
ease, 3 pulmonary veno-occlusive disease, 2 hereditary haemorrhagic
telangiectasia, and 1 other). TOPP indicates Tracking Outcomes
and Practice in Pediatric Pulmonary Hypertension Registry; PH, pul-
monary hypertension; PAH, pulmonary arterial hypertension; IPAH,
idiopathic PAH; HPAH, heritable PAH; APAH-CHD, PAH associated
with congenital heart disease; APAH-other, PAH associated with
other conditions.

Of the 242 incident patients that comprise the current study
cohort, median (IQR) time between diagnostic RHC and enrolment
was 0.3 (0.0-1.1) months. Median (IQR) age was 7 (2-12) vyears,
and most patients were female (59%). Of the included patients, 145
(60%) had IPAH/HPAH, 85 (35%) had APAH-CHD, and 12 (5%)
had APAH-other. Clinical and haemodynamic baseline characteristics
are provided in Table 1. Compared to patients with APAH-CHD,
patients with IPAH/HPAH had worse WHO-FC, higher levels of brain
natriuretic peptide (BNP) and N-terminal pro-BNP (NT-proBNP),
higher incidence of syncope, higher systemic arterial oxygen satura-
tion (SA-SO5), and lower pulmonary pulse pressure. The proportion
of patients with trisomy 21 was the highest in the APAH-CHD group.
Treatment characteristics of the cohort at baseline are enumerated
in Supplementary material online, Table S1.

Of the patients with APAH-CHD, 53 (62%) patients had open
(unrepaired or residual) shunts, 29 (34%) had repaired shunts, and 3
(4%) never had shunts. An overview of the types of cardiac shunts
and repair status of the patients with APAH-CHD is available in
Supplementary material online, Table S2. An overview of baseline
characteristics stratified by shunt repair status is available in Supple-
mentary material online, Table S3.

The subgroup of APAH-other consisted of patients with
PAH associated with chronic liver disease (n = 3), connective

tissue disease (n = 3), pulmonary veno-occlusive disease (n = 3),

hereditary haemorrhagic telangiectasia (n = 2), and other
(n=1).
Outcome

The median (IQR) time between diagnosis and the last registered
follow-up visit before study closure was 2.6 (0.9—-4.5) years ranging to
6.8 years for the full study cohort, and was 3.2 (1.2-5.0) years ranging
to 6.8 years for the patients who survived without adverse events.
The median (IQR) time between diagnosis and end of observation
was 4.1 (1.7-5.8) years ranging to 7.4 years for the full study cohort,
and was 5.0 (3.4-6.2) years ranging to 7.4 years for the patients
who survived without adverse events. During follow-up, 42 (17.4%)
patients died, of whom 29 (69.0%) died within 1 year after diagnosis.
Nine (3.7%) patients underwent lung transplantation, three (1.2%)
atrial septostomy, and nine (3.7%) Potts shunt palliation. Potts shunt
palliation, atrial septostomy, lung transplantation, and death occurred
with event rates of 1.4, 0.4, 1.3, and 6.2 events per 100 person-years,
respectively. The top three causes of death were PH crisis (n = 9),
progressive right heart failure (n = 9), and sudden death (n = 8)
(Figure 2).

Figures 3 and 4 depict absolute survival and survival free from
Potts shunt palliation, atrial septostomy, or lung transplantation. One-,
three-, and five-year adverse outcome free survival from time of diag-
nosis was 83.9%, 75.2%, and 71.8%, respectively. Panels B of Figures 3
and 4 show stratification by aetiology subgroups and demonstrate
the best adverse outcome free survival for children with APAH-CHD
with open shunts.

Predictors of outcome

Table 2 shows the results of Cox regression analysis taking the full
long-term follow-up into account, and with time to adverse outcome
(death, lung transplantation, atrial septostomy, or Potts palliation)
defined as analysis endpoint. The following candidate predictors were
significantly associated with long-term adverse outcome in the uni-
variable model: younger age, lower body weight, worse WHO-FC,
higher PVRI, higher pulmonary to systemic vascular resistance ratio,
higher PAP/SAP-ratio, and lower systemic venous oxygen satura-
tion (SV-SO,). Aetiology correlated with outcome as well, with
lower risk of adverse outcome for patients with APAH-CHD with
open shunts. In the adjustment model, age, aetiology, WHO-FC,
and PVRi were identified as independent predictors of long-term
adverse outcome (P = 0.013, P = 0.031, P = 0.004, and P = 0.012,
respectively).

Table 3 shows the results of Cox regression analysis after apply-
ing 12-month right-truncation, with time to early adverse outcome
(death, lung transplantation, atrial septostomy, or Potts palliation
within 12 months) defined as analysis endpoint. The following can-
didate predictors were significantly associated with early adverse
outcome in the univariable model: younger age, worse WHO-FC,
higher mRAP, and lower SV-SO;. In the adjustment model, age, aeti-
ology, mRAP, and SV-SO, were identified as independent predictors
of early adverse outcome (P = 0.006, P = 0.024, P = 0.032, and
P = 0.024, respectively).

Stepwise multivariable modelling did not identify any further inde-
pendent predictors of outcome across the models. An exploratory
subgroup analysis of the group of children with IPAH/HPAH only is
shown in Supplementary material online, Table $4. In this subgroup,
younger age and worse WHO-FC were identified as independent
predictors of long-term adverse outcome (P = 0.028 and P = 0.010,
respectively).

For a subset of the patients, levels of BNP or NT-proBNP were
available at baseline. Due to substantial missing data (>50%), these
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Table |

Clinical and haemodynamic baseline characteristics

Full cohort

n (N =242) n
Patient characteristics
Age at diagnosis (years) 242 7(2,12) 145
Sex (female) 242 142 (58.7) 145
Weight (kg) 240 22.8 (12.0, 42.9) 144
Trisomy 21 242 29 (12.0) 145
Clinical characteristics
WHO functional class 241 144
| 34 (14.1)
I 105 (43.6)
Il 76 (31.5)
\% 26 (10.8)
6 min walk distance (m) 80 445 (369, 489) 50
BNP (log units) 88 4.61 (3.37,6.18) 60
NT-pro BNP (log units) 78 5.77 (4.37,7.77) 50
Syncope 241 144
Never 184 (76.3)
Once 25 (104)
Several times 28 (11.6)
Regularly 4(1.7)
Haemodynamics
Mean RAP (mmHg) 232 7(5,9) 139
Mean PAP (mmHg) 236 57 (41,71) 141
Cardiac Index (L/min/m?) 224 3.32(2.51,4.11) 137
PVRi (WUm?) 236 13.6 (8.0, 22.1) 141
PVR/SVR ratio (log units) 216 —0.25 (—0.65, 0.08) 132
SV-SO; (%) 186 68 (61,73) 104
SA-SO; (%) 226 95 (91, 98) 134
Systolic SAP (mmHg) 231 90 (79, 104) 138
Diastolic SAP (mmHg) 231 52 (44, 62) 138
Mean SAP (mmHg) 230 66 (58, 78) 138
PAP/SAP ratio (log units) 230 —0.17 (—0.42, 0.04) 138
Pulmonary pulse pressure 233 39 (31, 50) 139
(mmHg)
Systemic pulse pressure 231 37 (30, 46) 138
(mmHg)
Positive response to 221 82 (37.1) 133

vasodilator testing

IPAH/HPAH APAH-CHD
(N = 145) n (N = 85) P-value?
7 (3, 12) 85 5(2,12) 0395
89 (61.4) 85 45 (52.9) 0210
232 (133, 41.9) 85 18.7 (9.5, 41.5) 0.112
4(28) 85 25 (29.4) <0.001%
85 0.004%
18 (12.5) 14 (16.5)
53 (36.8) 47 (55.3)
52 (36.1) 21 (247)
21 (14.6) 3(3.5)
432 (366, 489) 24 450 (380, 509) 0390
5.05 (3.86, 6.35) 24 412 (2.80, 5.20) 0.039*
6.75 (4.75, 8.07) 25 474 (411, 6.13) 0.006*
85 <0.001*
96 (66.7) 78 (918)
19 (13.2) 5(5.9)
25 (17.4) 2 (24)
4(28) 0(0.0)
6(5,9) 82 7(5,9) 0332
59 (42,73) 84 58 (44, 71) 0.986
3.34 (2.55, 4.42) 76 321 (251, 3.84) 0391
14.4 (8.3, 22.4) 84 117 (7.9, 219) 0.259
—021(—055008 73 —0.38 (=0.73,0.10) 0239
68 (61, 73) 74 67 (61,73) 0.710
96 (93, 98) 81 94 (88, 97) <0.001*
90 (79, 104) 82 90 (79, 103) 0.767
53 (46, 62) 82 51 (43, 60) 0.348
66 (59, 78) 81 65 (55, 78) 0692
—015(—043,006) 81 —0.15 (—0.35,0.01) 0938
39 (30, 48) 83 42 (34, 54) 0.017*
36 (30, 45) 82 39 (30, 47) 0309
49 (36.9) 77 29 (37.7) 0.892

Values are n (%) or median (interquartile range). PAH indicates pulmonary arterial hypertension; IPAH/HPAH, idiopathic or hereditary PAH; APAH, associated PAH; CHD,
congenital heart disease; WHO-FC, World Health Organization functional class; RAP, right atrial pressure; PAP, pulmonary arterial pressure; PVRi, pulmonary vascular
resistance index; PVR/SVR, pulmonary to systemic vascular resistance ratio; SV-SO,, systemic venous oxygen saturation; SA-SO,, systemic arterial oxygen saturation; SAP,
systemic arterial pressure; PAP/SAP, pulmonary to systemic arterial pressure; BNP, brain natriuretic peptide; NT-pro BNP, N-terminal Pro-B-type natriuretic peptide. *P < 0.05.
2Comparison of IPAH/HPAH with APAH-CHD: uncorrected x? test for categorical variables, Mann-Whitney U test for continuous variables (12 patients with APAH-other

not included in this comparison).

markers could not be included in the main models and could not
be analysed in a multivariable fashion. In a subset of 88 patients with
available BNP at baseline, unadjusted hazard ratios of 1.33 [confidence
interval (Cl) 0.95-1.86] and 1.81 (Cl 1.09-3.03) per log-unit increase
were calculated for the association with long-term and early adverse
outcomes, respectively (P = 0.099 and P = 0.023, respectively). In a
subset of 78 patients with available NT-proBNP at baseline, these re-
spective unadjusted hazard ratios were 1.46 (Cl 1.14-1.87, P = 0.003)
and 1.55 (Cl 1.13-2.13, P = 0.007).

Discussion

The results of this study in children with newly diagnosed PAH from
the global TOPP registry show that outcome in paediatric PAH in
the current management era is still poor, although survival rates
are now slightly improved when compared to historical cohorts.
Especially early mortality remains substantially high and needs fur-
ther improvement. Adequate risk stratification is the cornerstone
of modern treatment strategies in PAH and is required for optimal
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Acute PH crisis [ -
Progressive RV failure [ N EEEEE—
Sudden death or arrhythmia [ N R
Hemoptysis or massive bleeding [ NGTGTNINININGNN
Intervention complications including HC [ R
Pneumonia/ARDS  [ININEGEGEGEGEGN

Sepsis (including CVL related) [ NNNREEEE

Other NN

o

B Early deaths (<I year)

| 2

3 4 5 6 7 8 9 10

H Late deaths (> year)

Figure 2 Causes of death stratified by early [<1 year from diagnostic right-heart catheterization (RHC)] and late (>1 year from diagnostic RHC)
deaths. PH indicates pulmonary hypertension; RV, right ventricular; HC, heart catheterization; ARDS, acute respiratory distress syndrome; CVL,

central venous line.

tailoring of personalized treatments for children with PAH. This entails
reliable independent predictors of adverse outcome, from a well-
defined prospectively followed cohort. The key predictors of adverse
outcome identified in this study include young age, aetiology, WHO-
FC, and a set of haemodynamic predictors.

An important finding is that younger age independently predicts
adverse outcome in newly diagnosed children with PAH. Previous
paediatric studies that consisted of a mix of both prevalent and
incident patients with PAH have yielded contradictory findings: In
some cohorts, younger age tended to correlate with outcome,?%2!
whereas others demonstrated older age to be prognostically un-
favourable.8%:12.17:22 These contradictions might be explained by the
varying proportions of prevalent patients in previous cohorts, illus-
trating one of the biases that may be introduced when analysing
incident and prevalent patients together. Our prospective study in
a pure incident cohort may put an end to the discussion regarding
the prognostic value of age by demonstrating younger age to be a
strong, consistent, and robust predictor of adverse outcome in newly
diagnosed children with PAH.

The aetiological subgroup APAH-CHD has repeatedly been re-
ported to carry a better prognosis than other forms of PAH.7%3
However, within this patient group, the pace of disease progression is
known to depend on the presence, anatomical location (pre-tricuspid
or post-tricuspid), and size of a cardiac shunt.23** We subdivided
the APAH-CHD group in patients with and without open shunts,
and our results confirmed a better long-term prognosis for children
with open shunts. In these children, the shunt defect may contribute
to preservation of cardiac output despite PAH progression and to
off-loading of the right-sided heart structures in the end-stage of the
disease. This underlines the clinical importance of the currently pro-
posed shunt-based World Symposium on Pulmonary Hypertension
sub-classification of APAH-CHD.*25:26

WHO-FC has historically been considered a robust indicator of
disease severity in paediatric PH."” In this study, a worse WHO-FC
at the time of diagnosis was associated with a 2.4-fold increase in the
risk of long-term adverse outcome. This finding is in line with previous
studies in paediatric PAH and supports its role in currently proposed
risk stratification guidelines.*>2”:28 The applicability of WHO-FC in
the youngest children has previously been questioned,”” but also in

the current cohort, consisting of a large proportion of very young
children, worse WHO-FC does indeed predict worse long-term ad-
verse outcome.

Syncope occurs more frequently in children compared to adults,'®
and has been considered an important prognostic element in history
taking in PH. Details of syncope events have been carefully registered
in TOPP at each follow-up visit, with the aim to reliably explore
whether syncope could be of prognostic significance in children in the
same way as in adults. However, the current results do not support
this hypothesis. Syncope is more common in IPAH, but in the IPAH
subgroup analyses, its occurrence did not correlate with outcome.
This negative finding is consistent with previous studies in paediatric
PAH that specifically evaluated the prognostic importance of syncope
and failed to show a relevant correlation.”-?3

The value of 6MWD might be regarded controversial in paediatric
PAH, as its use is restricted to those old enough to comply with the
test protocol. In addition, developmental capabilities and motivational
issues may affect the test results. Previous studies on the 6MWD and
its association with outcome have yielded contradictory findings."33'
Paediatric cohorts consisting of more patients sufficiently able and
old enough to perform a reliable test (e.g. >7 years) were more likely
to demonstrate significant associations with outcome.3"32 Although
we excluded patients <7 years for this particular analysis, our study
could not demonstrate a correlation between 6MWD and outcome
in the TOPP-1 paediatric population. Limitations to consider are the
fact that TOPP-1 did not prospectively collect 6MWD at specific time
points and that 6MWD data could only be analysed for one-third of
the current cohort after excluding children <7 years of age for this
analysis.

Multiple haemodynamic measurements were identified as outcome
predictors in the current cohort. PVRi and mRAP are established
predictors of outcome, both in paediatric and adult PH.">33 The
prognostic value of these parameters is confirmed in this study, albeit
with an important nuance: mRAP carries independent prognostic
value at the short term (early adverse outcome), while PVRi is specifi-
cally prognostic regarding long-term adverse outcome. This distinctive
prediction pattern might be explained by the fact that increased mRAP
represents failure of right ventricular adaptation to right-sided heart
overload, whereas high PVRi indicates high RV afterload, independent
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with congenital heart disease; APAH-other, PAH associated with other conditions.
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Table 2 Predictors of long-term adverse outcome (59 events)

Univariable Adjusted®
n HR (95% CI) P-value n HR (95% CI) P-value
Age at diagnosis (per year increase) 242 0.941 (0.894-0.990) 0.020* 229 0.932 (0.882-0.985) 0.013*
Sex (female compared to male) 242 0.758 (0.454-1.266) 0.289 229 0.867 (0.493-1.526) 0.621
Weight (per kg increase) 240 0.983 (0.968-0.999) 0.037* 228 1.001 (0.972-1.032) 0.935
Aetiology group 242 0.060 229 0.031*
IPAH/HPAH 145 1.000 (reference) N.A. 137 1.000 (reference) N.A.
APAH-CHD with open shunts 53 0.315 (0.125-0.796) 0.015% 50 0.344 (0.132-0.895) 0.029%
APAH-CHD without open shunts 32 0.828 (0.389-1.765) 0.626 31 1.070 (0.456-2.511) 0.876
APAH-other 12 1.620 (0.579-4.531) 0.358 11 3238 (0.935-11.213) 0.064
Trisomy 21 242 0.550 (0.199-1.519) 0.249 229 0.793 (0.278-2.262) 0.664
WHO-FC (lli/IV compared to I/1l) 241 2.864 (1.671-4.911) <0.001* 229 2.356 (1.314-4.224) 0.004%*
6 min walk distance (per m increase) 80 0.995 (0.990-1.000) 0.066 77 1.001 (0.992-1.009) 0.891
Presence of syncope 241 0.447 229 0.602
Never 184 1.000 (reference) N.A. 172 1.000 (reference) N.A.
Once 25 1.730 (0.873-3.575) 0.139 25 1.593 (0.744-3.412) 0.231
Several times 28 1.405 (0.679-2.906) 0.360 28 1.396 (0.632-3.082) 0410
Regularly 4 0.941 (0.129-6.862) 0.952 4 0.827 (0.110-6.220) 0.853
Haemodynamics
Mean RAP (per mmHg increase) 232 1.056 (0.991-1.125) 0.091 226 1.055 (0.970-1.147) 0.213
Mean PAP (per mmHg increase) 236 1.009 (0.996-1.022) 0.161 229 0.973 (0.944-1.002) 0.072
Cardiac index (per L/min/m? increase) 224 0.962 (0.779-1.189) 0.723 218 1.033 (0.803-1.330) 0.799
PVRi (per WU'm? increase) 236 1.026 (1.006—1.045) 0.009%* 229 1.029 (1.006-1.053) 0.012%
PVR/SVR ratio (per log-unit increase) 216 2374 (1.325-4.252) 0.004* 215 3.292 (0.904-11.981) 0.071
SV-SO; (per % increase) 186 0.953 (0.926-0.981) 0.001* 180 0.983 (0.948-1.020) 0.363
SA-SO; (per % increase) 226 0.996 (0.952-1.043) 0.864 221 1.026 (0.981-1.072) 0.265
Mean SAP (per mmHg increase) 230 0.989 (0.969-1.009) 0.266 228 0.977 (0.950-1.004) 0.092
PAP/SAP ratio (per log-unit increase) 230 2,620 (1.165-5.892) 0.020% 229 1.033 (0.394-2.705) 0.948
Positive response to vasodilator testing 221 0.764 (0.411-1.420) 0.395 215 0.840 (0.438-1.609) 0.599

Long-term adverse outcome is defined as the occurrence of either death, heart and/or lung transplantation, atrial septostomy, or Potts shunt palliation during the full follow-up

duration. During long-term follow-up, 59 events occurred. *P < 0.05.

#Adjustment variables are age, sex, WHO-FC, PVRi, and PAP/SAP ratio (5 adjustment variables, 11.8 events per adjustment variable). PAH indicates pulmonary arterial
hypertension; HR, hazard ratio; Cl, confidence interval; IPAH/HPAH, idiopathic or heritable PAH; APAH-CHD, PAH associated with congenital heart disease; APAH-other:
PAH associated with conditions other than congenital heart disease; WHO-FC, World Health Organization functional class; RAP, right atrial pressure; PAP, pulmonary arterial
pressure; PVRi, pulmonary vascular resistance index; PVR/SVR, pulmonary to systemic vascular resistance ratio; SV-SO2, systemic venous oxygen saturation; SA-SO2, systemic
arterial oxygen saturation; SAP, systemic arterial pressure; PAP/SAP, pulmonary to systemic arterial pressure.

of RV adaptation, or compensation state. A systematic review of
prognostic factors in paediatric PH has identified PVRi as the most fre-
quently identified haemodynamic predictor of adverse outcome.®?13

In the current analyses, lower SV-SO; correlated with higher risk
of (especially early) adverse outcome, even in the cohort including
children with open shunts and Eisenmenger physiology with lower
SV-SO; due to right-left shunting. This might seem somewhat in
contrast to our finding of a better prognosis for children with open
shunts. However, it is important to note—in line with previous find-
ings in paediatric PH—that SV-SO; did not remain an independent
predictor of long-term adverse outcome when adjusted for other
clinical characteristics.” In the current cohort, also in the subgroup
analysis of children with IPAH without shunts, SV-SO; did not remain
a significant predictor of long-term outcome.

Cardiac index is considered an important predictor of outcome
in adults with PAH but was not identified as predictor of outcome
in the current paediatric cohort, neither regarding early nor long-
term adverse outcome. Earlier reports on the prognostic value of

the cardiac index in paediatric PAH are marked by a high degree of
inconsistency: Although some paediatric studies did identify cardiac
index as predictor of outcome at least in an unadjusted fashion,”'2
the majority of previous reports could not demonstrate its prognostic
value in children,!":20-22:34.35

The prognostic value of a positive response to acute vasodila-
tor testing during RHC could not be confirmed in the current
study. This might be due to the obscuring effects of many differ-
ent vasodilator agents and different responder criteria that were
applied by the centres participating in this observational registry.
Previous studies have shown a more favourable outcome for chil-
dren who responded to acute vasodilator testing and were treated
with calcium channel blockers.?'2:3¢-38 Also, a previous study from
the TOPP registry, devoted to a far more detailed level evalua-
tion of used agents and criteria in performed acute vasodilator
response tests in TOPP, described the clinical usefulness of the Sit-
bon response criteria and its prognostic significance in children with
PAH.>
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Table 3 Predictors of early adverse outcome (36 events)

Univariable Adjusted®
n HR (95% CI) P-value n HR (95% CI) P-value
Age at diagnosis (per year increase) 242 0.910 (0.850-0.975) 0.007* 231 0.896 (0.828-0.970) 0.006*
Sex (female compared to male) 242 0.596 (0.310-1.146) 0.121 231 0.922 (0.432-1.996) 0.834
Weight (per kg increase) 240 0.979 (0.958-1.000) 0.052 230 1.020 (0.982-1.060) 0.302
Aetiology group 242 0.067 231 0.024%*
IPAH/HPAH 145 1.000 (reference) N.A. 138 1.000 (reference) N.A.
APAH-CHD with open shunts 53 0.337 (0.102-1.120) 0.076 51 0.438 (0.127-1.514) 0.192
APAH-CHD without open shunts 32 0.916 (0.349-2.401) 0.858 31 0.963 (0.307-3.020) 0.948
APAH-other 12 2.580 (0.892-7.459) 0.080 1" 5.441 (1.465-20.210) 0.011%*
Trisomy 21 242 0.885 (0.313-2.503) 0.818 231 1.027 (0.339-3.118) 0.962
WHO-FC (IlI/IV compared to I/Il) 241 2482 (1.250-4.927) 0.009%* 231 1.777 (0.841-3.756) 0.132
6 min walk distance (per m increase) 80 0.996 (0.987-1.006) 0.461 79 0.999 (0.986-1.013) 0.929
Presence of syncope 241 0.850 231 0.547
Never 184 1.000 (reference) N.A. 174 1.000 (reference) N.A.
Once 25 1.454 (0.556-3.797) 0.445 25 1.703 (0.603—-4.810) 0.315
Several times 28 1.331 (0.510-3.477) 0.559 28 1.960 (0.688-5.581) 0.207
Regularly 4 no event N.A. no event N.A
Haemodynamics
Mean RAP (per mmHg increase) 232 1.112 (1.030-1.201) 0.007* 231 1.116 (1.009-1.233) 0.032*
Mean PAP (per mmHg increase) 236 0.997 (0.979-1.015) 0.725 231 0.988 (0.967-1.010) 0.284
Cardiac Index (per L/min/m? increase) 224 1.044 (0.821-1.327) 0.725 219 0.994 (0.767-1.286) 0.961
PVRi (per WU'm? increase) 236 1.009 (0.981-1.039) 0.534 231 1.014 (0.982-1.047) 0.399
PVR/SVR ratio (per log-unit increase) 216 2.046 (0.977-4.284) 0.058 215 1.373 (0.634-2.971) 0.421
SV-SO; (per % increase) 186 0.943 (0.911-0.975) 0.001* 182 0.958 (0.924-0.995) 0.024*
SA-SO; (per % increase) 226 0.980 (0.928-1.034) 0.459 221 0.985 (0.932-1.040) 0.582
Mean SAP (per mmHg increase) 230 0.979 (0.952-1.006) 0.124 225 0.983 (0.952-1.015) 0.288
PAP/SAP ratio (per log-unit increase) 230 1.617 (0.579-4.520) 0.359 226 0.905 (0.302-2.715) 0.859
Positive response to vasodilator testing 221 0.966 (0.431-2.169) 0.934 217 1.020 (0.447-2.324) 0.963

Early adverse outcome is defined as death, heart and/or lung transplantation, atrial septostomy, or Potts shunt palliation within 12 months from diagnosis. During the first 12

months, 36 events occurred. *P < 0.05.

?Adjustment variables are age, sex, WHO-FC, and mean RAP (four adjustment variables, nine events per adjustment variable). PAH indicates pulmonary arterial hypertension;
HR, hazard ratio; Cl, confidence interval; IPAH/HPAH, idiopathic or heritable PAH; APAH-CHD, PAH associated with congenital heart disease; APAH-other: PAH associated
with conditions other than congenital heart disease; WHO-FC, World Health Organization functional class; RAP, right atrial pressure; PAP, pulmonary arterial pressure; Cl,
cardiac index; PVRI, pulmonary vascular resistance index; PVR/SVR, pulmonary to systemic vascular resistance ratio; SV-SO2, systemic venous oxygen saturation; SA-SO2,
systemic arterial oxygen saturation; SAP, systemic arterial pressure; PAP/SAP, pulmonary to systemic arterial pressure.

The long-term follow-up data from our study show RV fail-
ure to be the main cause of death in paediatric PAH, highlighting
the importance of RV function assessment throughout the dis-
ease course. Echocardiography is the most commonly used clinical
tool for this, but its measurements are difficult to standardize and
severely suffer from operator dependency, hampering its evalua-
tion in a decentralized global registry setting.® Cardiac magnetic
resonance imaging has emerged as the most accurate method for
evaluating RV function and has proved useful for risk stratification
in paediatric PAH, but the required infrastructure and expertise
are not globally available and therefore not captured in the current
evaluation.*0#1

Both BNP and NT-proBNP are established prognostic biomarkers
reflecting RV dysfunction in patients with PAH.*>* Inconsisten-
cies between centres regarding biomarker collection in TOPP-1
have hampered extensive multivariable evaluations of BNP and NT-
proBNP in the current study. Our results from preliminary univariable
explorations in subgroups confirm associations with both early
and long-term adverse outcomes, but the independent prognostic

value in the context of other outcome predictors deserves further
evaluation.

Strengths and limitations

The TOPP registry is the first global prospective registry designed to
describe the disease course and outcome of newly diagnosed pae-
diatric PH. Important strengths include the sample size, well-defined
enrolment criteria, manually reviewed haemodynamic evaluation, the
broad patient representation, and the high-quality longitudinal regis-
tration without significant loss to follow-up.

Limitations of the study are inherent to the observational design
of the registry: no randomization was applied, and enrolment criteria
might have introduced selection bias. RHC requirement for confirma-
tion of diagnosis is a major strength of the study, but this could have
led to under enrolment of patients with PH. Although many centres
from many countries have participated, TOPP is not population-based
and its coverage is not fully global. Not all clinical data were collected;
for instance, imaging modalities, genetic testing, serial evaluation of
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serum biomarkers, and changing treatment strategies were not part
of TOPP-1 and could not be analysed regarding their prognostic value.
TOPP-2, the successive registry of TOPP-1, addresses some of these
limitations and is specifically designed to evaluate treatment goals and
compare treatment strategies (NCT02610660). It was considered
inappropriate to evaluate treatment in the context of the current
survival analyses, as its effects on outcome should preferably be
analysed in a randomized controlled setting.

Since the conception of TOPP, international diagnostic criteria to
define PAH have slightly evolved over time. A cut-off of mPAP > 20
mmHg has recently been proposed to identify abnormal elevation of
mPAP based on healthy controls.?’ In TOPP, the diagnosis of PAH
required RHC with mPAP > 25 mmHg, PVRI > 3 WU'm?, and
PCWP < 12 mmHg, ensuring a representative cohort of children with
PAH.

We used a composite endpoint of all-cause death, lung transplanta-
tion, atrial septostomy, and Potts shunt palliation. A general caveat of
composite endpoints in prognostic studies is reduced interpretabil-
ity compared to single endpoints, especially when the incorporated
components have different clinical meaning.* The indications for and
availability of lung transplantation, atrial septostomy, and Potts shunt
palliation might slightly differ between subgroups and study centres.
However, all four endpoint components are unignorable adverse out-
come events in PH, and their occurrences clearly indicate progression
of irreversible, often end-stage disease, justifying their use as compos-
ite endpoint components.

Clinical implications

The currently reported adverse event-free survival rates of children
with PAH are still unsatisfactory and underline the need for further
optimization of management strategies in these children. Adequate
risk stratification is essential for the optimization of tailored treatment
strategies. The currently identified key predictors of both early and
long-term adverse outcomes provide an important basis for further
development and refinement of treatment strategies and practice
guidelines in paediatric PAH and for the tailoring of treatment of the
individual child with PAH.

Conclusions

This study describes current-era, real-world outcome of children
with newly diagnosed PAH in a large, representative global cohort.
Especially early mortality is substantially high and needs urgent im-
provement. The current study identifies key predictors of adverse
outcome to be used for risk stratification and tailoring of PAH-
targeted treatment.

Supplementary material

Supplementary material is available at European Heart Journal—
Quality of Care and Clinical Outcomes online.
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