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Background: Pulmonary arterial hypertension (PAH) is often associated with cardiac autonomic 
dysfunction, and heart rate variability (HRV) as marker of cardiac autonomic function is even related to 
disease severity. Knowledge about the effects of physical activity on HRV is limited in these patients. We 
aimed to assess whether HRV parameters can be influenced by a supervised exercise training program and 
whether respective changes are related to levels of activity.
Methods: Six children and adolescents with moderate PAH (3 female, mean age 15.0±4.4 years; mean 
pulmonary to systemic arterial pressure ratio 0.5±0.2) performed supervised endurance and resistance 
training for 16 weeks. PAH-specific targeted medication remained unchanged during the study period. 
HRV was assessed before training and after 16 weeks of training by the use of ECG Move accelerometers. 
HRV indices included: standard deviation of normal-to-normal (NN) intervals (SDNN), square root of 
the mean of the sum of the squares of differences between successive NN-intervals (RMSSD), proportion 
of the number of pairs of successive normal-to-normal intervals that differ by more than 50 ms divided by 
total number of normal-to-normal interval (pNN50), and the Baevsky stress index (BSI) calculated by the 
histogram method.
Results: Before and after the training program, SDNN, RMSSD and pNN50 correlated with the level 
of physical activity. Mean values of SDNN, RMSSD and pNN50 did not change significantly due to the 
training program. Notably, activity level depending SDNN increased markedly after the exercise program 
(during activity +12.4%, at rest +6.6% and reclining +8.1%, Hedge’s g of 0.28, 0.14 and 0.27, respectively). 
BSI decreased during activity due to the training program reflecting a reduction of stress level (Hedge’s g 
−0.87 indicating an effect of clinical relevance).
Conclusions: According to the experience of this pilot study a workout program of 16 weeks revealed an 
activity level dependent effect on parameters of autonomic cardiac function in children and adolescents with 
PAH. This mechanism might contribute to the positive effects of exercise training in patients with PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is a rare and 
complex disease characterised by vasoconstriction and 
progressive remodelling of the pulmonary arterial wall 
leading to increased pulmonary vascular resistance (PVR) 
and right heart failure. Despite recent advances in PAH-
targeted therapies and evolving treatment guidelines, the 
prognosis of PAH is still very unfavorable in children (1-6).

Little is known about the diagnostic and prognostic 
implication of cardiac autonomic function and the effects 
of exercise in children with PAH and their underlying 
mechanisms (7-15).

Impaired cardiac autonomic regulation is not uncommon 
in PAH patients (16) and seems to be related to disease 
severity and prognosis (17,18). In PAH patients, mean heart 
rate is significantly higher and heart rate variability (HRV) 
is decreased resulting in a higher burden of arrhythmias (19). 
Dysregulation is associated with increased mortality risk in 
healthy adults and in patients with PAH (20).

Recently, exercise training as add-on to medical 
treatment has shown to have beneficial effects on symptoms 
and hemodynamic function in pulmonary hypertension (7).

Regular exercise training is thought to modify cardiac 
autonomic control although there is a heritable component 
of heart rate regulation and response to exercise (21). 
Individuals who exercise regularly generally have higher 
HRV than individuals with sedentary lifestyle (22). Time-
domain measurements correlate with aerobic fitness (23). 
Changes in daily step count and time spent physically active 
correlate with 6 minutes walk distance suggesting that 
accelerometry may be a useful monitoring tool (24-26).

Interestingly, we were previously able to show that an exercise 
training in PAH patients as add-on to optimized medical therapy 
resulted in improvement of chronotropic competence and a 
significant increase of chronotropic index (27).

According to these results we hypothesized that cardiac 
autonomic regulation might be positively influenced by 
exercise training and that changes might also be activity level 
dependent. We therefore performed a pilot study in children 
and adolescents with PAH using accelerometry before and at 
the end of a 16-weeks exercise program to assess activity level 
depending training-related effects on HRV.

Methods

Study population and design

Children and adolescents with non-severe PAH were 

offered to participate in this prospective study. Diagnosis 
was previously established by cardiac catheterization 
including testing for pulmonary vasoreactivity prior to the 
study. All patients were stable under optimized advanced 
PAH specific therapy for a minimum of 3 months before 
entering the study. Medication remained unchanged during 
the complete study period.

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This study 
was reviewed and approved by the Ethical Review board 
of the Justus-Liebig-University Giessen (approval number 
219/13). All patients enrolled completed the informed 
consent form.

Cardiopulmonary exercise testing

To individualize the workout and for safety reasons 
cardiopulmonary exercise testing was performed on each 
patient before entering the study and after completion 
of the training. All patients underwent treadmill testing 
according to a modified Bruce protocol as described 
previously (28).

Exercise training

For a total of 16 weeks patients performed a supervised 
endurance and strength workout programm in an 
ambulatory setting.

The endurance training consisted of a heart rate 
controlled bicycle ergometer training, performed twice a 
week, starting with a low workload (20–25 W) for 20 to  
25 min/d, achieving approximately 50% to 69% of the 
heart rate they had reached during peak oxygen uptake at 
the initial exercise test. The training intensity was increased 
(e.g., up to a maximum of 70 W) with respect to the 
individual tolerability and improvement, and limited by peak 
heart rate (not more than 140 bpm), and subjective physical 
exertion. Training duration was limited to a maximum of 
80 minutes weekly. Furthermore, a set of seven different 
resistance band workouts have been performed on two 
separate days apart from the bicycle training twice a week. 
All patients were advised to avoid heavy exercise. Resistance 
band workouts have been practised with support of local 
physiotherapists and further assisted by web-based training 
films and limited to 10–15 repetitions and 2–3 sets. During 
the home-based exercise training, all patients were asked 
to keep in close contact with the physicians of the training 
program, and to complete a short online-questionnaire at 
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each day of training. Furthermore, the amount of training 
at home and patient well-being was supervised by phone 
calls every 2 weeks by members of the study team.

HRV and activity measurements

Analysis of HRV has become a standard in the estimation 
of cardiac autonomic regulation, with multiple indices 
derived from HRV being routinely used. HRV provides an 
understanding of sympathetic and parasympathetic nervous 
system interaction, the so-called sympathovagal balance. 
HRV can be assessed either as a time domain analysis or 
frequency domain analysis. Basis of every calculation is the 
difference in time between two consecutive QRS-complexes 
in the obtained electrocardiogram (ECG) at rest.

Time domain measures are simply to calculate, 
frequency domain analyses are due to non-overlapping 
frequency bands well-equipped to discriminate between 
the contributions of the sympathetic and parasympathetic 
nervous system.

In this study, heart rate and parameters of HRV were 
therefore assessed by accelerometry using ECG Move 
Accelerometer (Movisens GmbH, Karlsruhe, Germany). 
The movisens activity sensor consists of a three-axial 
acceleration sensor (weight 32 g, size 5.0×3.6×1.7 cm3) 
which was attached with adhesive electrodes on the chest 
underneath the clothes with direct skin contact. The sensor 
collected single channel ECG data with a resolution of 12 
bits and a sampling rate of 1,024 Hz.

Accelerometric measurements were performed on three 
consecutive days during the working week at baseline before 
start of training and after 16 weeks of training in each 
patient. The movisens DataAnalyzer software was used to 
convert the ECG signals into HRV indices.

The time domain HRV indices included: (I) standard 
deviation of normal-to-normal (NN) intervals (SDNN); 
(II) square root of the mean of the sum of the squares of 
differences between successive NN-intervals (RMSSD); (III) 
proportion of the number of pairs of successive normal-
to-normal intervals that differ by more than 50 ms divided 
by total number of normal-to-normal interval (pNN50); 
and (IV) the Baevsky stress index (BSI) calculated by the 
histogram method.

Calculation of frequency domain HRV measures 
employed power spectral density characteristics of 
cardiointervals using Fourier transformation and calculated 
the following parameters from the spectrum: HRV low 
frequency (LF) power (describes the spectral power in the 

frequency band between 0.04 and 0.15 Hz), HRV high 
frequency (HF) power (describes the spectral power in the 
frequency band between 0.15 and 0.4 Hz), and the LF/HF 
ratio as an index of vasosympathetic interaction.

Statistical analysis

Values of continuous variables were presented as mean ± 
standard deviation. Values before and after exercise were 
compared by the paired samples t-test. Differences have 
been visualized by Dependent sample difference assessment 
plots. 95% confidence intervals using the t-distribution 
and Cohen’s d effect size applying Hedge’s correction for a 
paired t-test in small samples (= Hedge’s g) were reported 
to explore the magnitude of potential clinical relevant 
changes. A change of at least medium effect size (Hedge’s g 
>0.5) was considered to indicate potential clinical relevance. 
Analysis was performed using R software version 3.2.0  
(R Foundation for Statistical Computing, Vienna, Austria), 
R package granovaGG version 1.4.0 and R package effsize 
version 0.8.0 (29,30).

Results

Study population

Six children and adolescents with PAH (3 female, mean age 
15.0±4.4 years) were included in this pilot study. Baseline 
characteristics of the patients including demographic data, 
diagnosis, PAH specific drug therapy, and hemodynamic 
data are displayed in Table 1. None of the patients received 
treatment with Betablockers or other heart-rate influencing 
drugs. According to the WHO classification five patients 
(83.3%) were in functional class II and only one (16.7%) was 
in functional class III. Catheterization data showed a mean 
pulmonary artery pressure (mPAP) of 42.8±15.7 mmHg,  
and an indexed PVR of 9.4±5.4 WU·m2 (Table 1).

Effects on cardiopulmonary exercise testing

All patients tolerated the workout program well without any 
adverse events. After 16 weeks of supervised training patients 
showed improved exercise capacity. Both, loading time 
(baseline 10:24±2:01; after training 11:46±2:27 minutes)  
and treadmill distance (baseline 563.54±169.79; after 
training 692.62±232.14 meters) increased clinically relevant 
(Hedge’s g =0.59).

No relevant change in peak oxygen consumption (peak 
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VO2 at baseline 1,717.00±639 mL/kg/min, after training 
1,677.67±598 mL/kg/min) could be observed, while oxygen 
consumption at the anaerobic threshold improved clinically 
relevant from 1,328.83±483 to 1,403.67±486 mL/kg/min 
(Hedge’s g =0.5). Maximum heart rate increased from 
175.2±15.7 to 181.7±13.1 beats per minute (Hedge’s g =0.82)  
(Table 2), while mean heart rate remained unchanged (75.98 

vs. 75.77 bpm). Accelerometric assessed heart rate at rest 
and during activities of daily living did not reveal significant 
changes due to the workout program (percentage of change 
−0.6% resp. −3.4%) (Table 3).

Effects on SDNN, RMSSD and pNN50

At baseline and after the training program, SDNN, 
RMSSD and pNN50 were related to the extent of activity. 
Mean values of SDNN, RMSSD and pNN50 did not show 
significant changes due to the training program. Notably, 
SDNN showed an activity level depending increase due to 
the exercise program (during activity +12.4%, at rest +6.6% 
and reclining +8.1%, Hedge’s g of 0.28, 0.14 and 0.27, 
respectively) (Figure 1). There were no relevant activity 
level depending changes of RMSSD and pNN50 values.

Effects on BSI

BSI was positively related to the extent of physical activity 
at baseline and after the training program (baseline: 
activity 305.76±132.07, rest 179.57±87.55 and reclining 
115.29±14.00). BSI values decreased due to the training 
program reflecting a reduction of stress level (after training: 
activity −34.3%, rest −15.9%, reclining −10.1%). The 
benefit of the training program was particular clinically 
meaningful during activities of daily living (Hedge’s g −0.87) 
(Figure 2).

Effects on frequency domain HRV measures

HRV LF and HF power bands were related to the extent of 
physical activity (Table 3). LF/HF ratio was also related to 
activity and increased from 1.0±0.53 while reclining to 2.53±0.82 
during physical activity reflecting activity-related increased LF 
power. Remarkably, LF/HF ratio further increased due to the 
training program (+24.3%, Hedge’s g =0.64).

Discussion

To our knowledge, this pilot study is the first, which assessed 
cardiac autonomic regulation by accelerometry allowing an 
estimation of activity level depending interactions between 
the parasympathetic and sympathetic regulatory influences 
on the cardiovascular system after 16 weeks of supervised 
exercise training.

Patients with PAH frequently suffer from exercise 
limitation, while the reasons for this appear to be 

Table 1 Baseline characteristics (values are mean ± standard 
deviation)

Characteristics Outcome 

Study population

Male/female 3/3

Age (years) 15.0±4.4

Height (cm) 162.4±16.9

Weight (kg) 64.6±33.4

WHO functional class, No. (%)

II 5 (83.3%)

III 1 (16.7%)

Diagnosis

Idiopathic pulmonary arterial hypertension 5 (83.3%)

PAH-CHD (recurrent after shunt closure) 1 (16.7%)

Catheterization data

Right atrial pressure (mmHg) 6.0±2.2

Mean pulmonary arterial pressure (mmHg) 42.8±15.7

Diastolic pulmonary arterial pressure (mmHg) 28.2±12.6

Mean systemic arterial pressure (mmHg) 83.3±11.2

mPAP/SAP 0.5±0.2

Pulmonary arterial wedge pressure (mmHg) 9.5±1.9

Pulmonary vascular resistance index (WU·m2) 9.4±5.4

PAH-targeted medication

Endothelin receptor antagonists 4 (66.7%)

Phosphodiesterase-5-inhibitors 3 (50%)

Calcium channel blockers 3 (50%)

Combination therapy

Monotherapy 2 (33.3%)

Dual therapy 4 (66.7%)

PAH, pulmonary arterial hypertension; mPAP, mean pulmonary 
arterial pressure; CHD, congenital heart disease; mSAP, mean 
systemic arterial pressure; WU, Wood units.
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multifactorial beyond right ventricular dysfunction. 
Exercise training improves the function of different body 
organs such as heart, lung and skeletal muscle, and can 
modulate several mechanisms acknowledged in PAH 
pathophysiology such as oxidative stress, inflammation, 
vasoconstriction, vascular remodelling, and thrombosis. It 
has previously been shown that chronotropic incompetence 
and autonomic dysregulation may also play an important 
role in exercise limitation and can be improved by exercise 
training (15,17,18).

Different mechanisms have been discussed in the 
literature, that contribute to impaired HRV in patients 
with PAH. For example, stretching of the sinoatrial node 
or chronic increased sympathetic nerve activity may result 
in a reduction of HRV (31). Another reason might be a 
down-regulation of beta-adrenergic receptors which has 
been previously shown to impact HRV in left and right 
ventricular failure (32).

In this study the analysis of parameters of cardiac 
autonomic regulation revealed clinically remarkable 
effects with a shift towards less sympathetic activity after  
16 weeks of exercise training, which was more obvious 
under physical activity. The most distinct training effects 
have been detected for the BSI, which originates from 
Russian space medicine and describes the stress state of 
a person (33). The Baevsky index reflects the rhythm 
stabilisations and disorder reductions in the cardio-interval 
length calculated by the histogram of the heart rhythm 
distribution curve. The effects on the Baevsky index in our 
study were more obvious during physical activity assuming 
less sympathetic stress presumably due to the training effect.

SDNN is the “gold standard” in the evaluation of HRV 
and is a strong predictor of morbidity and mortality (34). 
Interestingly, SDNN correlated with the activity level 
and increased due to the training program, which can be 
interpreted as improvement of HRV since it has previously 
been shown that lower SDNN is correlated with a more 
severe disease state in PAH patients (17,18). The effect 
was even more visible during intense physical activity. 
Also, RMSSD and pNN50 correlated before and after the 
training with the extent of physical activity.

The effects on frequency domain HRV measures, which 
is mainly determined by the parasympathetic system (35), 
revealed also interesting findings, most notably for the 
ratio of HRV LF and HF power bands. While power of 
the HF component can be taken as an index of cardiac 
parasympathetic tone and the LF component as a marker 
of cardiac sympathetic outflow, the LF/HF ratio reflects 
the sympathovagal balance, which is usually interpreted 
as reflecting the relative sympathetic contribution to the 
control of heart rate. The increase of LF/HF ratio due to 
the training program might therefore reflect the increased 
LF power as adaptation to a more active lifestyle of the 
patients.

Impairment of frequency domain HRV measures in PAH 
patients has previously been demonstrated by Mc Gowan 
and colleagues (36). They concluded that a combination of 
diminished sympathetic neural heart rate modulation and 
increased right atrial stretch may attenuate HRV in PAH 
patients.

Our observed partial recovery of functional activity level 
dependent measurements of HRV due to exercise program 

Table 2 Training effects on cardiopulmonary exercise testing (values are mean ± standard deviation)

Variable Baseline After training
Mean 

difference
95% CI

Change  
in %

Effect size, Hedge’s g (95% CI)

Loading time (min) 10:24±2:01 11:46±2:27 1:22±1:56 −0:40 to 3:24 13.1% 0.59 (−0.24 to 1.42)

Treadmill distance (m) 563.54±169.79 692.62±232.14 129.97±184.43 −64.47 to 322.62 22.9% 0.59 (−0.24 to 1.42)

Heart rate at rest (L/min) 92.50±17.93 91.00±12.12 −1.50±8.76 −10.69 to 7.69 −1.6% −0.14 (−0.91 to 0.63)

Heart rate max (L/min) 175.17±15.68 181.67±13.06 6.50±6.69 0.52 to 13.52 3.7% 0.82 (−0.07 to 1.70)

VO2@AT (mL/kg/min) 1,328.83±483.79 1,403.67±486,64 74.83±127.21 −58.66 to 208.33 5.6% 0.50 (−0.32 to 1.31)

VO2max (mL/kg/min) 1,717.00±639.01 1,677.67±598.01 39.33±101.16 −146.54 to 67.88 −2.3% −0.32 (−1.11 to 0.46)

Oxygen pulse (mL) 9.73±3.09 9.22±3.10 −0.52±0.40 −0.93 to −0.10 −5.5% −1.1 (−2.06 to −0.13)

EqO2 max 35.85±5.89 40.75±5.47 4.90±3.55 1.18 to 8.62 13.7% 1.16 (0.17 to 2.16)

EqCO2 max 34.42±4.43 35.58±4.19 1.17±4.58 −3.64 to 5.98 3.4% 0.21 (−0.56 to 0.99)

@AT, at the anaerobic threshold.
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Table 3 Activity level depending training effects on cardiac autonomic regulation (accelerometry) (values are mean ± standard deviation)

Variable Baseline After training Mean difference 95% CI
Change in 

%
Effect size, Hedge’s g  

(95% CI)

Mean heart rate (bpm) 75.98±9.37 75.77±8.66 −0.22±6.75 −7.30 to 6.87 −0.3% −0.03 (−0.79 to 0.74)

Heart rate reclining (bpm) 67.95±10.15 65.02±9.13 −2.93±9.43 −12.83 to 6.96 −4.3% −0.26 (−1.04 to 0.52)

Heart rate at rest (bpm) 81.58±6.51 81.10±9.57 −0.48±8.50 −9.40 to 8.44 −0.6% −0.05 (−0.81 to 0.72)

Heart rate during physical activity 
(bpm)

98.36±15.21 94.98±15.06 −3.38±10.40 −14.29 to 7.54 −3.4% −0.27 (−1.05 to 0.51)

Mean SDNN (ms) 55.41±16.52 53.01±8.92 −2.40±11.87 −14.86 to 10.06 −4.5% −0.17 (−0.94 to 0.60)

SDNN reclining (ms) 60.86±14.00 65.82±19.92 4.96±15.23 −20.94 to 11.03 8.1% 0.27 ( −1.05 to 0.51)

SDNN at rest (ms) 48.86±13.12 52.07±18.42 3.21±18.65 −16.36 to 22.73 6.6% 0.14 (−0.63 to 0.91)

SDNN during physical activity (ms) 34.39±12.97 38.66±8.69 4.27±12.86 −9.23 to 17.76 12.4% 0.28 (−0.50 to 1.06)

Mean Baevski stress index 167.05±87.02 145.70±51.67 −21.35±52.62 −76.57 to 33.87 −14.6% −0.34 (−1.13 to 0.45)

Baevski stress index reclining 115.29±67.56 104.70±59.95 −10.59±87.15 −102.04 to 80.87 −10.1% −0.10 (−0.87 to 0.67)

Baevsky stress index at rest 179.57±87.55 150.89±74.78 −28.68±84.08 −116.91 to 59.55 −15.9% −0.29 (−1.07 to 0.49)

Baevsky stress ind. during phys. 
activity

305.76±132.07 200.83±85.61 −104.93±101.51 −211.45 to 1.60 −34.3% −0.87 (−1.77 to 0.03)

Mean RMSSD (ms) 63.00±23.97 58.63±15.76 −4.37±16.91 −22.12 to 13.78 −6.94% −0.22 (−0.99 to 0.56)

RMSSD reclining (ms) 77.44±30.12 71.08±21.58 −6.35±21.76 −29.19 to 16.48 −8.21% −0.25 (−1.02 to 0.53)

RMSSD at rest (ms) 51.52±17.77 56.51±37.87 4.63±28.48 −25.26 to 34.51 16.1% 0.14 (−0.63 to 0.91)

RMSSD during physical activity (ms) 33.89±15.99 34.92±10.47 −1.04±16544 −15.17 to 17.24 3% 0.06 ( −0.71 to 0.82)

Mean pNN50 (%) 33.61±14.61 37.45±18.75 −3.84±22.53 −19.81 to 27.49 −11.4% −0.14 (−0.62 to 0.91)

pNN50 reclining (%) 42.23±17.74 41.87±15.94 −0.36±15.71 −16.85 to 16.13 −1.1% −0.02 (−0.79 to 0.75)

pNN50 at rest (%) 26.70±12.53 29.48±19.98 2.78±22.71 −21.05 to 26.16 10.4% 0.10 (−0.66 to 0.87)

pNN50 during physical activity (%) 13.72±10.58 13.24±7.89 −0.48±10.54 10.58 to 11.54 −3.95% −0.04 (−0.80 to 0.73)

Mean LF (ms2) 1,423±579 1,296±270 −127±660 −820 to 566 −8.9% −0.16 (−0.93 to 0.61)

LF reclining (ms²) 1,843±762 1,667±622 −177±913 782 to 1135 −9.6% −0.16 (−0.93 to 0.61)

LF at rest (ms2) 1,198±528 1,286±598 88±680 −625 to 801 7.3% 0.11 (−0.66 to 0.88)

LF during activity (ms2) 736±510 897±360 161±607 −476 to 798 21.9% 0.22 (−0.55 to 0.99)

Mean HF (ms2) 1,912±1,385 1,521±854 −391±718 −1,144 to 363 −20.5% −0.46 (−1.26 to 0.35)

HF reclining (ms2) 2,612±1,792 2,037±1,122 −575±761 −1,374 to 224 −22.0% −0.64 (−1.47 to 0.21)

HF at rest (ms2) 1,296±936 1,439±1,733 144±1378 −1,303 to 1,590 11.0% 0.09 (−0.68 to 0.86)

HF during physical activity (ms2) 577±545 495±177 −82±480 421 to 586 −14.2% −0.14 (−0.91 to 0.63)

Mean LF/HF 1.44±0.53 1.79±0.88 0.35±0.46 −0.13 to 0.83 24.3% 0.64 (−0.20 to 1.48)

LF/HF recling 1.0±0.53 1.42±0.88 −0.42±0.49 −0.09 to 0.93 42% 0.72 (−0.14 to 1.58)

LF/HF at rest 1.83±0.72 1.85±1.01 0.03±0.72 −0.72 to 0.78 0% 0.03 (−0.74 to 0.79)

LF/HF during physical activity 2.53±0.82 2.97±0.82 0.45±0.73 −0.32 to 1.21 7.1% 0.51 (−0.30 to 1.33)

SDNN, standard deviation of normal-to-normal; LF, low frequency; HF, high frequency.
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may help to further explore the mechanisms of exercise 
training effects in PAH patients. Future studies might 
include analysis of longer sequences of cardio intervals that 
may enhance reproducibility of the assessment of regulatory 
mechanisms and its relation to the extent of physical activity. 
In particular, longer recording periods are helpful to obtain 
more reliable time-domain values (37), and should focus 
on the estimation of functional mechanisms of vegetative 
regulation under different activity levels such as activities 
of daily living. Parameters of cardiac autonomic regulation 
(i.e., stress indices) might be of specific diagnostic interest 
and potentially may serve for training control as for 
instance training memory, heart rate target zones and with 
large-scale functions in individual training counseling and 
training supervision.

Study limitations

The small number of patients studied and varying PAH 
symptoms may limit the interpretation of the data. 
However, to reduce heterogeneity we included only 
patients with IPAH or IPAH-similar disease, i.e., PAH-
CHD after shunt closure. In addition, although there was 
a longer time interval between the HRV measurement and 
the invasive assessment of hemodynamics, the patients’ 
clinical condition remained stable and medical treatment 
unchanged, suggesting that the severity of PAH did not 
change significantly during that time.

Conclusions

According to the data of this pilot-study, a sixteen-week 
endurance and resistance training program in children 
and adolescents with PAH as add-on to optimized medical 
therapy resulted in clinical meaningful changes of activation 
of the sympathetic section of the vegetative nervous system. 
The analysis of these changes may help to understand the 
functional adaptation of the human organism under varying 
stress conditions associated with pulmonary vascular disease. 
Our results may serve for sample size calculation of further 
studies which are necessary to assess the relevance of these 
findings and its impact on the effects of exercise training in 
PAH patients.
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