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Objective: To investigate the prognostic value of the 6-minute walking distance (6-MWD), transcutaneous satu-
ration (tcSO2) and heart rate (HR) obtained during the 6-minute walk test (6-MWT) in pediatric pulmonary ar-
terial hypertension (PAH).
Methods: This was an observational study with forty-seven pediatric PAH patients, aged ≥7 years, and diagnosed
and followed at the national referral center for pediatric PAH in the Netherlands. All patients performed a com-
prehensive 6-minutewalk test (6-MWT), whichmeasures 6-MWDand tcSO2 andHRbefore (“baseline”), during
(“exercise”) and 5 min after (“recovery”) the walk test.
Results: The 6-MWD expressed either in meters or in sex- and age-corrected z-scores, was associated with
transplant-free survival, independently from sex, age, and the presence of a shunt-defect. Shorter 6-MWD corre-
lated with higher WHO-FC and increased NT-pro-BNP. Absolute tcSO2 at exercise and tcSO2-decrease during
6-MWT were associated with transplant-free survival, independent from 6-MWD. Combining tcSO2-decrease
with 6-MWD provided the strongest prognostic model. Patients with 6-MWD N 352 m (the median 6-MWD)
had a better outcome than thosewith smaller 6-MWD. A large tcSO2-decrease during 6-MWT (N19% for patients
with and N5% for patients without a shunt defect) identified patients with worse transplant-free survival both in
patients with a 6-MWD above and below the median 6-MWD.
Conclusions: The 6-MWD is an independent predictor of prognosis in pediatric PAH, that reflects disease severity
and clinically relevant exercise-tolerance and therefore qualifies as a treatment goal. The magnitude of tcSO2-
decrease during 6-MWT, adjusted for the presence of a shunt, indicates an additional risk factor for prognosis
in children with PAH.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Pulmonary arterial hypertension (PAH) is a progressive disease
characterized by pulmonary arterial remodeling that leads to an
increased pulmonary vascular resistance and pressure, eventually
resulting in right ventricular failure. Despite the introduction of
PAH-targeted therapies, outcome of PAH is still rather poor, especial-
ly in children [1–3]. Current guidelines recommend a goal-oriented

therapy to improve outcome [4,5]. However, in pediatric PAH such
treatment strategy is limited due to the lack of well-defined treat-
ment goals. Treatment goals proposed for adult PAH patients cannot
simply be translated to children with PAH [6].

In adult PAH, improvement in 6-minute walking distance (6-MWD)
is regarded as a clinical meaningful treatment goal. 6-MWD has been
demonstrated to correlate with other parameters of disease severity,
such as WHO—functional class (WHO-FC), and has been suggested to
be a predictor of outcome. Therefore the 6-MWD has been commonly
used as an endpoint in treatment efficacy studies [4,7–9]. Moreover, in
addition to the 6-MWD, the magnitude of desaturation during the
6-minute walk test (6-MWT) and heart rate recovery after performing
the 6-MWT are reported additional predictors of outcome in adult
PAH patients [10–12].

In children the use of 6-MWD is restricted to those old enough to
perform the test. Data concerning the 6-MWD in these children is limit-
ed. Of recent outcome papers for pediatric PAH, three report on 6-MWD
and its association with clinical outcome, however with contradictory
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results [2,3,13–15]. Lammers and co-workers report 6-MWD to be a
strong predictor of transplant-free survival, whereas van Loon et al.
and Ploegstra et al. could not demonstrate a relation between 6-MWD
and outcome in children with PAH [1,16]. The predictive values of
desaturation during and heart rate recovery after the 6-MWT have not
been previously studied in children.

The current study investigates, in children with PAH aged ≥7 years,
the prognostic value of the 6-MWD and of heart rate and transcutane-
ous oxygen saturation (tcSO2) measured before, during and after the
walk test.

2. Methods

This was an observational study within a national patient cohort. In the Netherlands,
all pediatric patients suspected for PAH are referred to the National Referral Center for Pe-
diatric Pulmonary Hypertension at the University Medical Center Groningen and undergo
a standardized diagnostic work-up, including confirmation of the diagnosis by cardiac
catheterization [17]. Subsequently treatment is initiated and up-titrated according to con-
temporary international guidelines adapted for children [4]. All patients have standard-
ized follow-up visits at the referral center every 3–12 months, ensuring the surveillance
of patients for clinical endpoints and follow-up [1,17–22]. Data concerning the diagnostic
work-up, follow-up and treatment of these patients are prospectively collectedwithin the
Dutch pediatric PAH patient registry. This local electronic database system with automat-
ed data range checks and surveillance for quality control is maintained at the referral cen-
ter by a dedicated coordinator. The study protocol conforms to the ethical guidelines of the
1975Declaration of Helsinki as reflected in a priori approval by the institution's human re-
search committee and written informed consent from patients/caregivers was obtained.

All includedpatients underwent hemodynamic assessment by right heart catheteriza-
tion and fulfilled current hemodynamic criteria for diagnosis of PAH. At diagnosis and
every follow-up visit, a 6-MWT is performed by all patients regarded eligible for this
test. The test is conducted according to the guidelines reported by the American Thoracic
Society (ATS), with adjustment of the track distance from 30 to 8 m to prevent children
from getting distracted on a long track [23]. Additionally, transcutaneous oxygen satura-
tion (tcSO2) and heart rate (HR) are measured directly before (“baseline”), during (at
the end of 6 minwalking: “exercise”) and 5min after the end of the 6-MWT (“recovery”),
further referred to as “comprehensive 6-MWT”. HR and tcSO2 were measured using a
handheld pulse oximeter placed on the index finger of the patient's right hand. HR-
increase is defined as HR-exercise minus HR-baseline, and tcSO2-decrease is defined as
tcSO2-baselineminus tcSO2-exercise. We included patients with either idiopathic/herita-
ble PAH (IPAH/HPAH) or PAH associated with congenital heart disease (PAH-CHD) seen
between 2001–2013,who performed at least one comprehensive 6-MWT at the Dutch re-
ferral center at an age ≥ 7 years. The latter was done to ensure the ability of performing a
reliable and reproducible 6-MWT [24,25]. For all included patients, the first comprehen-
sive 6-MWTat age of ≥7 yearswasused for analysis. To evaluate the effect of hemodynam-
ic significant shunt defects on the variables measured during the comprehensive 6-MWT,
patientswere separated in 1) patientswith a hemodynamically significant intra-cardiac or
arterial shunt defect (patients with shunt) and 2) patients without such a defect (patients
without shunt).

2.1. Statistical analyses

The 6-MWD andHR at baseline and exercisewere analyzed using absolute values and
z-scores based on recently reported reference values [26]. Reference values for HR-
increase and -recovery are, as far as we are aware, not available. Comparisons between
shunt-groups weremade using t-test, Mann–Whitney U and Chi-Square test. Correlations
were tested using Spearman's or Pearson's correlation coefficients. Treatment was
depicted at the moment of the 6-MWT and at end of follow-up, at which maximal treat-
ment up-titration during the follow-up period for the individual patient was reached.

Transplant-free survivalwas determined from the time of analyzed 6-MWT to an event
(death or lung transplantation) or the last follow-up visit. Cox regression analysis was used
to investigate the association of the 6-MWD (meters and z-scores) and the additional com-
prehensive test variables with transplant-free survival. A multivariate analysis was per-
formed to test the additional prognostic value to the 6-MWD of the comprehensive test
variables with the strongest association to transplant-free survival in univariate analysis.
To rule out potential confounding effects of age, sex, and shunt-defect these variables
were forced into the survival model. Harrell's C-statistic was used to identify the model
with the best discriminating ability between patients with worse or better outcome.

Kaplan–Meier curves with log-rank tests were plotted for patients below and above
the median 6-MWD. To identify patients with a worse prognosis Kaplan–Meier curves
were plotted for the highest versus the two lower tertiles (thereby choosing the cut-off
value at the second tertile of the variable) of the additional comprehensive test variable
that was identified to be the strongest predictor of outcome in addition to the 6-MWD
in the Cox-regression analysis [22,27]. To illustrate the prognostic value in addition to
the 6-MWD, these curves were plotted for patients with a 6-MWD below and above the
median 6-MWD separately. Tertiles of the additional comprehensive test variable were
determined separately for the patients with and without a shunt defect. Analyses were
performed using SPSS 18.0 (SPSS Inc., Chicago, IL, USA) and STATA 11.0 (Stata Corp.,
Texas, USA). The level of significance was defined as p b 0.05, two-sided.

3. Results

The study included 47 patients, 15with PAH-CHDand a shunt defect
and 32 without a shunt defect; including 2 PAH-CHD patients with
PAH N 1 year after complete closure of a shunt-defect and 30 patients
with IPAH/HPAH (Table 1). PAH was diagnosed by cardiac catheter-
ization (mPAP ≥ 25 mm Hg, pulmonary capillary wedge pressure
(mPCWP) ≤ 15 mm Hg and PVRi ≥ 3 WU m2) in all patients but one.
In this latter patient with severe PAH based on Eisenmenger's syn-
drome, cardiac catheterization was not performed because the pro-
cedural risk was considered too high. The diagnosis was confirmed by
echocardiography. There was a slight female predominance. Three
Down syndrome patients were included, that were regarded to be
able to perform a reliable 6-MWT (Table 2). Patients with a shunt-
defect had lower systemic arterial and transcutaneous oxygen satura-
tions and a higher baseline heart rate.

The tcSO2 decreased significantly after 6 min of walking (tcSO2-
exercise) in both the patients with and without a shunt, and had re-
covered 5 min after the end of the test (tcSO2-recovery) (Fig. 1). The
tcSO2-decrease was significantly more pronounced in patients with
shunt-defects compared to those without shunt-defects (Table 2).
The HR increased significantly during 6-MWT (HR-exercise) in
both patient groups and had recovered 5 min after the end of the
test (HR-recovery) (Fig. 1). The HR-increase did not differ between
both patient groups (Table 2).

3.1. Comprehensive 6-MWT and disease severity

The 6-MWD correlated negatively with WHO-FC and log10NT-
proBNP (r = −0.402 p = 0.005; r = −0.439 p = 0.011 respectively).
The tcSO2-exercise correlated negatively with WHO-FC (r = −0.363
p = 0.013), whereas tcSO2-decrease correlated positively with WHO-
FC (r = 0.316 p = 0.032). Both were not correlated with age and NT-
proBNP. HR-increase was larger in older patients (r = 0.379 p =
0.009), but did not correlate with WHO-FC or NT-proBNP. TcSO2-
baseline, tcSO2-recovery, HR-baseline, HR-exercise, and HR-recovery
(absolute values) did not correlate with age, WHO-FC or NT-proBNP.

3.2. Comprehensive 6-MWT and outcome

Patients were treated according to contemporary treatment guide-
lines adapted for children (Table 3). Of the 47 patients, 17 reached an
endpoint (11 died, 6 underwent lung transplantation). Of the 30 IPAH/
HPAH patients 6 died and 4 had a lung transplantation. Of the 17 PAH-
CHD patients 5 died, 1 had a lung transplantation and 1 a heart–lung
transplantation. All deaths were PAH related or PAH treatment related.
Reasons of death include progressive right ventricular failure (n = 4),
hemoptoewith circulatory failure (n= 5), circulatory failure during sep-
sis due to venous access port infection and peri-operative death during a
lung transplantation procedure. Median time to reaching the endpoint
was 2.8 (0.7–4.9) years. All deaths were PAH-related.

Cox regression analyses were performed and corrected for age, sex,
and shunt-defect to rule out their potential confounding effects. Longer

Table 1
Characterization of shunt defects.

Pre-tricuspid shunt:
Atrial septal defect (n = 2)

Post-tricuspid shunt:
Ventricular septal defect (VSD) (n = 3)
Persistent ductus arteriosus (PDA) (n = 5)
VSD, PDA, and partial abnormal pulmonary venous return (n = 1)
Complete atrioventricular septal defect (n = 2)
Univentricular heart with PDA (uncorrected) (n = 1)
Double inlet left ventricle, double outlet right ventricle with a straddling
tricuspid valve and side-by-side transposition of the great arteries (uncorrected)
(n = 1)
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