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ABSTRACT: Appropriate parameters are needed for the monitoring
of children with pulmonary arterial hypertension (PAH). Various
biologic markers seem to be of use in adults with PAH. No data are
available on their value in children with PAH. In this study, the
relation between serum markers, functional parameters, and hemo-
dynamic variables in pediatric PAH and their ability to predict
survival is determined. Serum N-terminal pro brain natriuretic pep-
tide (NT-proBNP), uric acid, norepinephrine, and epinephrine were
measured and correlated with invasive hemodynamics, functional
parameters, and outcome in 29 pediatric patients with PAH who
visited a tertiary reference center for pediatric PAH between 1997
and 2005. NT-proBNP correlated with functional class (R � 0.36;
p � 0.03) and 6-min walking distance (6MWD) (R � �0.53; p �
0.001). Uric acid correlated with mean pulmonary arterial pressure,
pulmonary vascular resistance, and cardiac index (R � 0.63, p �
0.01; R � 0.71, p � 0.03, and R � �0.65, p � 0.007, respectively).
After initiation of treatment, NT-proBNP decreased. This decrease
correlated with an increased 6MWD. Finally, norepinephrine and
NT-proBNP levels were highly predictive for mortality. In this series
of children with PAH, biologic markers were correlated with hemo-
dynamics and functional capacity, as parameters of disease severity.
The data indicate that these markers can be used to monitor treatment
effects and predict mortality in pediatric PAH. (Pediatr Res 63:
321–327, 2008)

Pulmonary arterial hypertension (PAH) is a chronic, pro-
gressive, and usually fatal disease. It is characterized by

proliferation of pulmonary vascular cells and obliteration of
small pulmonary arteries, leading to increased pulmonary vascu-
lar resistance and eventually right heart failure and death. PAH
may present at any age, from infancy into high age. In the last
decade, new pharmacological therapies have been developed that
improve hemodynamics, exercise capacity, and survival in these
patients. For optimal clinical decision-making, it has become of
growing importance to accurately assess disease severity, effec-
tiveness of therapy, and prognosis in the individual patient with
PAH.
Several correlates of disease severity and survival have

been described in adults with PAH. Hemodynamic and func-
tional capacity parameters are currently the cornerstones in

characterizing disease progression. Invasively obtainable he-
modynamic parameters have been shown to represent disease
severity and to predict survival (1). Noninvasive parameters
for functional capacity are used for the assessment of clinical
condition, severity of disease, and effectiveness of therapy.
Six-min walking distance (6MWD) has been shown to corre-
late well with World Health Organization (WHO) functional
class, and also with hemodynamic parameters (2). Further, max-
imal cardiopulmonary exercise testing can be safely performed in
these patients using specific guidelines, and is used with increas-
ing frequency (3).
In pediatric patients with PAH, the use of these parameters

has specific drawbacks. As in adults, cardiac catheterization is
invasive and is associated with specific risks. In the pediatric
age group, however, cardiac catheterization is mostly per-
formed under general anesthesia, making repetitive catheter-
izations for follow-up unattractive. Exercise capacity tests as
the 6MWD or maximal exercise tests are often not feasible
and less validated in young childhood (4). Therefore, addi-
tional parameters to monitor disease severity, prognosis, and
efficacy of treatment are highly needed in pediatric patients
with PAH.
In PAH, the neurohumoral axis is activated, as evidenced by

elevated circulating levels of brain natriuretic peptide (BNP),
N-terminal pro brain natriuretic peptide (NT-proBNP), cat-
echolamines, and other neurohumoral markers (5–9). Also, uric
acid levels have shown to be increased in adults with PAH, both
idiopathic and secondary (10). Studies in adult patients with PAH
have suggested that NT-proBNP (7), norepinephrine (9), and uric
acid (11) are correlated with hemodynamic and functional pa-
rameters and could be used for monitoring therapy effects and
prognosis in these patients. Although appropriate reference val-
ues are lacking in children, preliminary data suggest that BNP
and NT-proBNP levels are useful in diagnosing and managing
pediatric heart failure, congenital heart disease, and cardiac trans-
plantation (12).
In this study, we aimed to investigate the value of uric acid,

NT-proBNP, epinephrine, and norepinephrine in a cohort of

Received July 25, 2007; accepted November 3, 2007.
Correspondence: Rolf M. F. Berger, M.D., Ph.D., Pediatric Cardiology, Beatrix

Children’s Hospital, University Medical Center Groningen, Postbus 30.001, 9700 RB
Groningen, The Netherlands; e-mail: r.m.f.berger@bkk.umcg.nl

Abbreviations: 6MWD, six-minute walking distance; BNP, brain natriuretic
peptide; GFR, glomerular filtration rate; NT-proBNP, N-terminal pro brain
natriuretic peptide; PAH, pulmonary arterial hypertension; WHO, World
Health Organization

0031-3998/08/6303-0321
PEDIATRIC RESEARCH

Vol. 63, No. 3, 2008

Copyright © 2008 International Pediatric Research Foundation, Inc.
Printed in U.S.A.

321



children with PAH, with respect to predicting prognosis and
monitoring disease severity and effectiveness of therapy as
assessed by hemodynamic and functional parameters.

METHODS

Patients. Twenty-nine consecutive pediatric patients in whom PAH was
diagnosed in a tertiary reference center for pediatric pulmonary hypertension
between 1997 and 2005 were followed using a standardized protocol, in
which WHO functional class, physical examination, blood withdrawal for
biologic markers, and a 6-min walking test were performed every 3–6 mo.
The study was approved by the Institutional Review Board. Informed consent
was obtained from the parents of all children.

Cardiac catheterization. Cardiac catheterization was performed under
general anesthesia at presentation to confirm the diagnosis PAH. In 16
patients, concomitant blood samples were collected before the catheterization
procedure. Complete hemodynamic data were obtained, including systemic
and pulmonary blood flows using the Fick method and vascular resistances,
indexed for body surface.

Blood sampling and assays. Peripheral venous blood samples were further
obtained at each outpatient visit. For prognostic value, serum uric acid was
determined at presentation, whereas the other serum markers were collected
from 2003, when the role of the neurohumoral axis in pulmonary hypertension
became more obvious. Blood samples drawn at start of new therapy (either as
first line or add-on therapy) and 3 mo later were used to determine the value
of the different serum markers in the assessment of therapeutic efficacy.

To determine NT-proBNP, blood was collected in EDTA tubes, trans-
ported on ice and stored at �20°C. Plasma NT-proBNP was determined with
an Elecsys® proBNP assay (Roche Diagnostics, Basel, Switzerland). Uric
acid and serum creatinine were measured using standard clinical chemical
methods with a MEGA (Merck, Darmstadt, Germany). For determination of
catecholamines, samples were stored at �20°C in glass tubes containing
glutathione solution and measured using chromatography. All blood samples
were drawn after a 10-min stabilization period of the patient in a horizontal
position.

Statistical analysis. All data are expressed as mean value � SEM unless
otherwise indicated. Log transformation was used to normalize the distribu-
tion of variables. Correlations between variables were measured using Pear-
son’s correlation coefficient or, in case of noncontinuous variables, Spear-
man’s � correlation coefficient. To analyze the relation between the two
functional parameters WHO-class and 6MWD and simultaneously derived
serum markers, we included the first three visits per patient to increase sample
size, leaving 20 patients and 60 data points. The relation between WHO-class
and serum markers was obtained by logistic regression analysis, after trans-
formation of the classification scores into a dichotomous variable (either �3
or �3). An estimated glomerular filtration rate (GFR) was calculated for each
patient at the time of cardiac catheterization using the formula (38 � height
(cm))/creatinine (�mol/L) and the relation between hemodynamics and uric
acid was corrected for GFR and diuretic use in a multivariate regression
analysis. Multivariate regression analysis was further used to correct for
diagnosis, discriminating between idiopathic, and secondary forms of PAH.

To determine the value of the biologic markers in relation to effectiveness
of therapy, serum levels at the start of treatment were compared with those 3
mo later with a paired sample t test or a Wilcoxon signed ranks test when data
were not normally distributed.

For Kaplan-Meier survival curves, patients were divided into high, middle,
and low categories, with an equal number of patients in each group, using a
log-rank test based on trends. Cox regression analyses were performed to be
able to correct for diagnosis group. Receiver operating characteristics were
generated from multiple sensitivity/specificity pairs. All analyses were per-
formed using SPSS© version 12.02 for Windows (SPSS Inc., Chicago, IL). A
p-value �0.05 was considered to be significant.

RESULTS

Twenty-nine patients were included in this study. Eighteen
children were diagnosed with idiopathic PAH and 11 patients
with PAH due to a congenital left to right shunt. Of these, 10
had Eisenmenger syndrome with a posttricuspid defect: patent
arterial duct (PDA) n � 2, ventricular septal defect (VSD) n �
7 (4 of which combined with a PDA), AVSD n � 1. One
patient had a surgically corrected truncus arteriosus. Median
age at inclusion was 7.0 y (range, 0.1–17.3). Girls were

slightly older than boys [median age in girls 7.8 (2.9–17.3)
and in boys 4.0 (0.1–15.2), p � 0.06]. Median and range of all
serum markers at the first sample collection for survival
analysis was as follows: NT-proBNP 138 (27–7589) pg/mL,
uric acid 0.29 (0.12–0.56) mmol/L, norepinephrine 1.46
(0.39–9.60) nmol/L, epinephrine 0.19 (0.03–1.68) nmol/L. Two
patients were not included in the survival analysis due to incom-
plete data. The characteristics of the patients included in the
survival analysis are provided in Table 1.
Patients were treated as clinically indicated. At the time of

inclusion, 19 patients received anticoagulants, 9 patients received
diuretics, 7 patients received a calcium-antagonist, 1 patient
received digoxin, 6 patients received bosentan, 2 patients re-
ceived epoprostenol, and 1 patient received beraprost sodium.
During follow-up, 6 patients were started on anticoagulants, 2 on
diuretics, 1 on digoxin, and 14 patients were started on bosentan;
4 patients were started on epoprostenol and 1 patient received
treatment with sildenafil.
Median follow up was 30 mo (range, 4–156 mo). During

this follow-up, 9 patients (31%) died because of circulatory
insufficiency due to progressive right ventricular failure, one
of these during massive hemoptysis.
Demographic data. Uric acid was correlated with age (R �

0.431, p � 0.03) and sex (males 0.25 � 0.02 mmol/L versus
females 0.32 � 0.03 mmol/L, p � 0.04). Uric acid did not
differ between patients with idiopathic or secondary PAH
(idiopathic 0.28 � 0.03 mmol/L versus secondary 0.32 � 0.03
mmol/L, p � 0.36). NT-proBNP, norepinephrine, and epi-
nephrine did not correlate with sex, age, or diagnosis.
Hemodynamics. In 16 patients, concomitant biologic mark-

ers and invasive hemodynamic data were available. Serum
uric acid correlated with mean pulmonary arterial pressure (R �
0.63, p � 0.01, Fig. 1A) and pulmonary vascular resistance (R �
0.71, p � 0.03, Fig. 1B). A negative relation with cardiac index
was demonstrated (R � �0.65, p � 0.007, Fig. 1C). After
correction for GFR, these correlations remained basically un-
changed (R � 0.66, p � 0.08; R � 0.69, p � 0.03; and R �
�0.65, p � 0.04, respectively). In addition, after correction for
diuretic use or diagnosis group, the correlations remained un-
changed (correction for diuretic use R � 0.67, p � 0.03; R �
0.71, p � 0.02; and R � �0.71, p � 0.01, respectively and
correction for diagnosis group R� 0.67, p� 0.03; R� 0.74, p�
0.01; and R � �0.73, p � 0.007, respectively). Further, a
positive correlation between right atrial pressure and norepineph-
rine was suggested (R � 0.62, p � 0.06). NT-proBNP and
epinephrine levels did not correlate with hemodynamic variables.
Functional capacity. A higher WHO classification was

associated with a decreased 6MWD (logistic regression R �
�0.58, p � 0.001). NT-proBNP correlated with 6MWD as
tested on the day of blood sampling (R � �0.527, p � 0.001,
Fig. 2A). A higher NT-proBNP was also associated with
higher WHO-classification (logistic regression R � 0.34, p �
0.04; Fig. 2B). These correlations were independent from
diagnosis group (R � �0.57, p � 0.001 and R � 0.55, p �
0.002, respectively). No correlations could be demonstrated
between the other biologic markers and these functional
parameters.
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Treatment effect. In 13 patients, biologic markers, WHO-
class and 6MWD were compared at initiation of therapy with
either bosentan (n � 10), epoprostenol (n � 2), or sildenafil
(n � 1) and 3 mo later. NT-proBNP levels were significantly
decreased after 3 mo of therapy compared with levels before

therapy (mean � SEM 631 � 228 pg/mL versus 1484 � 600
pg/mL, respectively, p � 0.016). In these patients, 6MWD
increased more than 50 m (302 � 32 m before therapy versus
367 � 30 after 3 mo of treatment, p � 0.03) and WHO-class
improved (3.0 � 0.1 before therapy versus 2.5 � 0.1 after 3

Figure 1. Relation between serum uric acid and (A) mean pulmonary arterial pressure (R � 0.63, p � 0.01), (B) pulmonary vascular resistance (R � 0.71, p �
0.03), and (C) cardiac index (R � 0.65, p � 0.007).

Table 1. Patient characteristics of patients in survival analysis

Age Sex
Weight
(kg) Diagnosis

WHO-
class

Treatment at
presentation

Treatment at
follow-up

Died
during

follow-up
Follow-up
time (mo)

NT-pro
BNP

(pg/mL)
Uric acid
(mmol/L)

Norepinephr.
(nmol/L)

Epinephrine
(nmol/L)

9 mo M 5.1 Idiopathic 3 Diur, CCB,
anticoag

Diur, anticoag,
bos

Y 32 2161 0.29 6.76 1.38

1 y M 7.7 Idiopathic 3 None None Y 58 NA 0.42 NA NA
2.8 y M 13.6 Idiopathic 1 CCB, anticoag Diur, CCB N 109 68 0.17 2.65 1.68
2.9 y F 10.8 Idiopathic 4 Diur, anticoag Diur, anticoag,

dig, epo
Y 8 3094 0.44 9.6 0.45

3.2 y F 12.7 Idiopathic 2 Diur, CCB,
anticoag, epo

CCB, anticoag,
epo, bos

N 41 27 0.16 0.66 0.20

3.7 y M 13.7 Idiopathic 3 Anticoag, bera Anticoag,
bos

N 46 607 0.26 1.45 0.27

5 y F 20 Idiopathic 3 Anticoag, epo Anticoag, epo, bos N 70 58 0.18 1.58 0.17
5.1 y M 14 Idiopathic 2 CCB, anticoag Bos N 41 604 0.20 1.37 0.46
7 y F 18.5 Idiopathic 3 None Anticoag, epo,

bos
N 24 7589 0.40 1.47 0.19

7.1 y M 18.9 Idiopathic 2 CCB CCB N 22 55 0.18 0.73 0.03
7.8 y F 22.3 Idiopathic 1 None Anticoag, bos N 21 267 0.24 0.82 0.28
10.2 y M 40 Idiopathic 1 Anticoag Anticoag N 29 138 0.20 1.35 1.07
10.8 y F 38 Idiopathic 3 Diur, anticoag Diur, anticoag,

bos
N 35 27 0.28 0.56 0.06

11.8 y F 43.5 Idiopathic 3 Bos Diur, anticoag,
epo, bos

Y 26 4947 0.56 1.42 0.06

15.2 y M 66 Idiopathic 2 CCB, anticoag None N 25 65 0.29 1.70 0.08
15.4 y F 47.5 Idiopathic 3 None Anticoag, bos N 30 179 0.31 1.52 0.88
12 y F 27.1 Corrected truncus,

closed shunt
4 Diur, anticoag,

bos
Diur, anticoag Y 8 NA 0.40 3.47 0.04

11.8 y F 55 Eis (PDA) 3 Diur, anticoag Bos N 23 83 0.42 0.39 0.18
17.3 y F 41.3 Eis (PDA) 3 Anticoag, bos Anticoag N 41 56 0.45 2.06 NA
3.1 y F 14.1 Eis (VSD, PDA) 3 None Anticoag, bos Y 156 1935 0.28 NA NA
3.6 y F 15 Eis (VSD, PDA) 4 Diur, anticoag,

epo
Diur, anticoag,
epo, sild, bos

Y 51 1934 0.12 1.67 0.27

13.4 y M 39.8 Eis (VSD, PDA) 3 Anticoag Anticoag, bos N 21 83 0.33 4.17 0.18
14.8 y F 48 Eis (VSD, PDA) 2 Anticoag, bos Anticoag N 23 53 0.33 0.73 0.05
1.6 y M 7.4 Eis (VSD) 3 Diur, anticoag None N 38 NA 0.30 NA NA
4.4 y M 16.4 Eis (VSD) 3 Anticoag Anticoag, bos N 27 89 0.25 NA NA
7 y F 21 Eis (VSD) 3 Anticoag, bos None N 29 1393 0.30 0.94 0.06
15.8 y F 69.9 Eis (AVSD) 3 Bos Bos N 33 45 NA 1.03 0.10

M, male; F, female; mo, months; y, years; Eis, Eisenmenger; VSD, ventricular septal defect; PDA, patent ductus arteriosus; AVSD, atrioventricular septal
defect; diur, diuretics; CCB, calcium-channel blocker; anticoag, anticoagulant; epo, epoprostenol; bera, beraprost; sild, sildenafil; bos, bosentan; NA, not
available.
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mo of treatment, p � 0.006). The size of the change in
NT-proBNP was related to the size of the change in 6MWD
(R � �0.63, p � 0.04) and in WHO class (R � 0.72, p �
0.02). No changes in the levels of uric acid, norepinephrine,
and epinephrine could be demonstrated after 3 mo of
treatment.
Prognosis. Of the 29 patients studied, 9 (31%) died during

follow-up, 3 boys and 6 girls. The Kaplan-Meier survival
curves of the different serum markers are shown in Fig. 3.
High NT-proBNP, uric acid, and norepinephrine levels all

predicted increased mortality (Cox-regression: �2 � 9.93, p �
0.002; �2 � 5.93, p � 0.015; and �2 � 15.39, p � 0.001,
respectively), independently of diagnosis (Cox-regression
with diagnosis as covariate: �2 � 10.79, p � 0.005; �2 � 6.29,
p � 0.043; and �2 � 15.56, p � 0.001, respectively). ROC-
curves for NT-proBNP, uric acid, and norepinephrine predict-
ing mortality are provided in Fig. 4. NT-proBNP and norepi-
nephrine both had an area under the curve �0.85. When using
a cutoff value of 1664 pg/mL for NT-proBNP, the test would
have a 100% sensitivity and a 94% specificity in predicting
mortality. Norepinephrine with a cutoff of 1.63 nmol/L has a
80% sensitivity and 77% specificity in predicting mortality.
The area under the ROC curve for uric acid was 0.65 and did
not differ significantly from 0.5.

DISCUSSION

This study demonstrates that serum levels of NT-proBNP,
uric acid, and norepinephrine can be used in the assessment of
disease severity, prognosis, and effectiveness of therapy in
children with PAH.
Uric acid serum levels correlated with invasively obtained

hemodynamic data, whereas NT-proBNP levels correlated with
functional outcome parameters as WHO-class and 6MWD.
NT-proBNP levels decreased after initiation of therapy and this
decrease correlated with the functional response to the initiation
of this treatment. Furthermore, serum levels of NT-proBNP and
norepinephrine were highly predictive for mortality in the indi-
vidual patient.
Neurohumoral axis activation occurs in different types of

cardiovascular conditions, including heart failure and congen-
ital heart disease and is evidenced by increased serum levels
of markers such as epinephrine, norepinephrine, and NT-pro-
BNP. Therefore, it has been suggested that serum levels of
neurohormones may function as biologic markers for disease
progression and prognosis and may be useful in the detection
and diagnosis of heart failure and in predicting morbidity and
mortality in several cardiovascular conditions (13–17). Fur-
thermore, an increased serum level of uric acid is associated
with increased morbidity and mortality in heart failure and
congenital heart disease (18–21). Increased serum uric acid in
heart failure is most probably caused by increased activity of

Figure 2. Relation between serum markers and functional parameters: (A)
log N-terminal pro-BNP and 6MWD (n � 3 per patient in 20 patients). (B) log
N-terminal pro-BNP and WHO-classification (n � 20).

Figure 3. Kaplan-Meier survival curves for the different biochemical markers: Cumulative survival estimated by Kaplan-Meier curves for (A) NT-proBNP,
indicates NT-pro-BNp �80 pg/mL, indicates NT-pro-BNP between 80 and 605 pg/mL, and indicates NT-pro-BNp �605 pg/mL, p �

0.004; (B) for uric acid, indicates uric acid �0.25 mmol/L, indicates uric acid between 0.25 and 0.32 mmol/L, and indicates uric acid �0.32
mmol/L, p � 0.01; (C) for norepinephrine, indicates norepinephrine � 1.00 nmol/L, indicates norepinephrine between 1.00 and 1.68 nmol/L, and

indicates norepinephrine �1.68 nmol/L, p � 0.04. p-values are derived from over all log-rank testing for trends.
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the enzyme xanthine oxidase. Xanthine oxidase catalyzes the
oxidation of xanthine to uric acid. In patients with heart
failure, inhibition of xanthine oxidase activity with allopurinol
improved vascular function (22), indicating that xanthine ox-
idase activity is directly contributing to the pathogenetic pro-
cess in heart failure patients. Because uric acid has been
shown to be increased in pulmonary hypertensive patients
(11), xanthine oxidase activity may also be a mediator in the
pathobiological mechanisms of pulmonary hypertension.
Disease severity in PAH is characterized by hemodynamics

and functional capacity.
Hemodynamic parameters, including right atrial pressure,

pulmonary arterial pressure, pulmonary vascular resistance,
and cardiac index, are considered indicators for the severity of
disease in PAH and are associated with prognosis (1,23,24). In
the present study, of the biologic markers investigated, uric
acid level displayed the strongest correlations with invasive
hemodynamics. It correlated with mean pulmonary arterial
pressure, pulmonary vascular resistance and cardiac index, but
not with right atrial pressure. To exclude the possibility that
hyperuricemia was caused by impaired kidney function or
diuretic use, a multivariate analysis was performed to correct
for these variables. However, the correlations appeared to be
independent of these factors in our pediatric series. Further,
relations were identical in patients with either idiopathic PAH
or PAH associated with congenital heart defects. In adult PAH
patients, uric acid has been correlated with right atrial pressure
(10,25), pulmonary vascular resistance (11), and cardiac index
(11,25). Norepinephrine levels have also been described to
correlate with hemodynamic parameters in adult PAH, al-
though reported data are not conclusive. Nootens et al. (9)
found a significant correlation between norepinephrine levels
and pulmonary arterial pressures, pulmonary vascular resis-
tance and cardiac index in 21 adult patients with idiopathic
pulmonary hypertension, whereas Nagaya et al. (6) could only
demonstrate a correlation with cardiac index. In the current
pediatric study, we found that norepinephrine tended to cor-
relate with right atrial pressure, but not with other hemody-
namic parameters.
No correlations between serum levels of NT-proBNP and

hemodynamic parameters could be demonstrated in the cur-

rent study. This is in contrast with studies in adult patients
with PAH and systemic sclerosis, in which NT-proBNP was
found to correlate with pulmonary arterial pressure (26,27).
Similar to our data, Fijalkowska et al. could not demonstrate
a relation with pulmonary arterial pressure in patients with
idiopathic PAH (7).
Correlations of NT-proBNP levels with right atrial pressure,

pulmonary vascular resistance and cardiac index have been
described in adults with PAH (7,27,28).
Functional capacity. We found NT-proBNP to correlate

well with the functional status of pediatric PAH patients,
characterized by WHO-functional class and 6MWD, indepen-
dent of diagnosis group. This is in concordance with findings
in adult patients, in whom also correlations with these param-
eters have been described (7,27,28). At present, 6MWD is
generally accepted as a valuable parameter for clinical status
and a predictor for outcome in PAH patients. In pediatric
patients, the 6MWD is not always feasible because of young
age or lack of cooperation. Furthermore, 6MWD has not been
validated in children younger than 8 y of age. Our findings
indicate that NT-proBNP serum levels may form a substitute
for the 6MWD in pediatric patients with PAH. Serum levels of
uric acid and norepinephrine did not correlate with parameters
of functional class in our study. In contrast, both uric acid and
norepinephrine have been reported to be correlated with WHO
functional class in adult patients with PAH (9,11).
Increased levels of NT-proBNP have been associated with

poor long-term prognosis in adults with pulmonary hyperten-
sion. Fijalkowska et al. reported that a serum NT-proBNP
higher than 1400 pg/mL identified patients with a poor long-
term prognosis with a 88% specificity and a 53% specificity
(7). In this pediatric study, 5 of 6 patients (83%) with a
NT-proBNP level higher than this level died within 2 y, while
all patients with a level below 1400 pg/mL survived during
follow-up. When we used a cutoff value of 1664 pg/mL,
sensitivity and specificity for predicting mortality could even
be improved to 100% and 94%, respectively. In other words,
in this study NT-proBNP showed to be an excellent predictor
of mortality that can be used in the individual pediatric patient
with PAH.

Figure 4. ROC-analysis for serum NT-proBNP (A; AUC � 0.94, p � 0.003), uric acid (B; AUC � 0.65, p � 0.294), and norepinephrine (C; AUC � 0.85,
p � 0.02) in the prediction of death in pediatric patients with PAH. AUC � area under the curve.
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Norepinephrine serum level was also a predictor for mor-
tality in our study. Although not as strong as NT-proBNP, the
area under the ROC curve was 0.85. These findings are in
congruency with data in adult patients with iPAH as reported
by Nagaya et al. (6). In contrast, no correlation could be
demonstrated between epinephrine levels and mortality. This
also is in congruency with findings in adults with PAH (8).
Further, uric acid serum level has been described as a

prognostic factor in adult PAH (29). In the current pediatric
series, uric acid levels also appeared to be correlated with
mortality. However, the ROC-curve showed that uric acid
level was less valuable in predicting mortality in the individ-
ual child. It should be noted that, in the current study, the
different biologic markers predicted mortality, irrespective of
the received treatment.
Additionally, our study suggests that NT-proBNP can be

useful in monitoring treatment effects in pediatric patients
with PAH. Treatment was associated with a decrease in serum
NT-proBNP levels and this decrease correlated with improve-
ment in 6MWD. The number of patients and observations in
this study did not allow answering the question if the magni-
tude of changes in NT-proBNP serum levels after initiation of
therapy was predictive for outcome or affected the value of
baseline NT-proBNP level in predicting mortality in the indi-
vidual patient. Our data indicate that NT-proBNP may be used
to evaluate the effect of treatment in children with PAH. This
is of especially great importance in the youngest patients in
whom the accepted clinical endpoints applied for PAH are
often not feasible to obtain.
No healthy control group was used in this study. Normal

values for serum levels of the described biologic markers in
children are not fully established. Therefore, the value of
biologic markers in diagnosing the presence of PAH in chil-
dren could not be determined in this study. However, the value
of these markers as correlates for disease severity, prognosis,
and treatment effect in the specific condition of pediatric PAH
could be established.
The 6-min walking test has not been validated in children

younger than 8 y of age. Lack of cooperation at younger age
may hamper its results. Seven of our patients underwent at
least one 6-min walking test between 5 and 7 y of age. In our
experience, familiarizing the young child with the test by
training can result in reproducible 6MWD assessments from
the age of 5 y.
In conclusion, this study demonstrates that serum levels of

NT-proBNP, uric acid, and norepinephrine can be used for the
assessment of disease severity, prognosis, and effectiveness of
therapy in children with PAH. These biologic serum markers
may therefore allow to support clinical decision making in the
management of the individual child with PAH, especially in
those in whom obtaining accepted endpoint parameters is not
feasible (exercise capacity tests) or unattractive (repeated
invasive hemodynamic evaluation). Further prospective stud-
ies are warranted, to assess the predictive value of treatment
induced changes in the serum levels of these markers.
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Erratum
In the article, “Upper Airway Dynamic Responses in Children with the Obstructive Sleep Apnea Syndrome,” by Carol

L Marcus, et al., appearing in Pediatric Research 2005; 57:99–107, Figures 2–5 did not reproduce adequately and are
being reprinted in erratum for clarity.

Fig. 2 Fig. 3

Fig. 4 Fig. 5
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