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Abstract

Muscle strength is decreased in adults with pulmonary arterial hypertension
(PAH). We aim to investigate muscle strength in children with PAH in
relation to a cohort of healthy children, and investigate correlations with
disease severity markers. This prospective study included children with PAH
aged 4—18 years, who visited the Dutch National Referral Center for
Pulmonary Hypertension in Childhood between October 2015 and March
2016. Muscle strength was assessed using handgrip strength and maximum
voluntary isometric contractility (MVIC) of four peripheral muscles. Dynamic
muscle function was evaluated with the Bruininks—Oseretsky test of motor
proficiency (BOT-2). These measurements were compared with those in two
cohorts of healthy children and correlated with 6-minute walk distance
(6MWD), World Health Organization functional class (WHO-FC), N-terminal
pro-brain natriuretic peptide (NT-proBNP), and time since diagnosis. Eighteen
children with PAH aged 14.0 [interquartile range: 9.9—16.0] years showed
reduced muscle strength. Handgrip strength z-score —2.4 + 1.2, p < 0.001, total
MVIC z-score —2.9 + 1.2, p <0.001, and BOT-2 z-score —1.0 + 0.9, p < 0.001.
6MWD (67 +11% predicted) correlated with most muscle measurements
(r=0.49—0.71, p = 0.001). Dynamic muscle function (BOT-2) differed between
WHO-FC, whereas handgrip strength and MVIC did not. NT-proBNP and time
since diagnosis did not show significant correlations with muscle strength
measurements. Muscle strength was significantly reduced in children
with PAH and correlated with 6MWD, but not with disease severity markers

Abbreviations: 6MWD, six-minute walk distance; BOT-2, Bruininks—Oseretsky test of motor proficiency-2nd edition; HHD, hand-held
dynamometer; IQR, interquartile range; MVICs, maximum voluntary isometric contractions; NT-proBNP, N-terminal pro-brain natriuretic peptide;
PAH, pulmonary arterial hypertension; RSA, running, speed and agility; SDs, standard deviations; WHO-FC, World Health Organization functional

class.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare, severe,
and progressive disease of the small pulmonary arteries.’
Although the survival of patients with PAH has
improved in recent years, the prognosis remains
unfavorable.”’ Key symptoms in patients with PAH are
dyspnea, fatigue, and exercise intolerance, all affecting
quality of life.> The pathogenesis of these symptoms is
multifactorial but has been attributed mostly to the
cardiopulmonary impact of this disease.’

Studies in adult patients with PAH have shown that
besides the cardiopulmonary system, also muscles are
affected.”® Muscle strength, skeletal muscle mass, and
contractility were shown to be reduced.” Additionally,
alterations on microscopic level were detected: altered
skeletal muscle morphology, changes in micro-
circulation and metabolism.'%'* These alterations corre-
lated with measurements for exercise capacity including
6-minute walk distance (6MWD) and maximal oxygen
uptake (peakVO0,).”® In various diseases, measures for
muscle strength, such as handgrip strength, are reported
to be predictive of frailty and severity of morbidity."?

Whether muscle strength is affected in children with
PAH has not been investigated yet. However, muscle
strength is reduced in children with chronic diseases,
such as mild to moderate kidney disease.'* We hypothe-
size that muscle strength in children with PAH is
reduced compared with healthy children. In this study,
we aim to investigate muscle strength in children with
PAH and compare it with a cohort of healthy children.
Furthermore, we aim to investigate whether muscle
strength in children with PAH correlates with markers of
disease severity.

METHODS
Design, setting, and patients

This study is an exploratory, prospective, and observa-
tional study to measure muscle strength in children with

WHO-FC and NT-pro-BNP. The nature of this reduced muscle strength is yet
unclear, but its occurrence in children with seemingly mild or well-controlled
PAH supports the concept of PAH being a systemic syndrome involving
peripheral skeletal muscles.

cardiopulmonary physiology and pathophysiology, muscle, pulmonary arterial hypertension

PAH and to compare these measurements with those of a
cohort of healthy children. In the Netherlands, all children
diagnosed with PAH are followed at the Dutch National
Referral Center for Pulmonary Hypertension in Child-
hood."®> Patients aged 4—18 years were consecutively
screened for eligibility between October 2015 and March
2016. PAH was confirmed by cardiac catheterization
(defined according to contemporary recommendations
including mean pulmonary artery pressure 225 mmHg,
mean pulmonary capillary wedge pressure <15 mmHg,
and indexed pulmonary vascular resistance 23 Wood
units.m2). Exclusion criteria comprised: mental or physi-
cal limitations that prohibit the execution of the functional
tests (i.e., age <4 years, mental retardation, severe autism,
or Down syndrome), interfering secondary diseases
including muscular dystrophic disease and spondylo-
epimetafysal dysplasia. The Medical Ethical Review Board
of the University Medical Center of Groningen approved
the Dutch National Registry for Pulmonary Hypertension
in Childhood (approval number M11.097816) and all
children and/or their guardians provided written informed
consent.

Patient and disease characteristics were collected
including age, sex, age at diagnosis, body mass index,
PAH etiology, time since diagnosis, and measures of
disease severity: 6MWD, World Health Organization
functional class (WHO-FC), and serum levels of
N-terminal pro-brain natriuretic peptide (NT-proBNP).
Patients were classified into PAH subgroups according to
the updated Clinical Classification for Pulmonary Hyper-
tension (2013).'° Physical functional parameters (i.e.,
6MWD and WHO-FC) were collected at the time of
muscle strength tests or within 3 months before or after
the test. The 6 min walk test was conducted as previously
described'® and walking distance was expressed as
meters, and the percentage of predicted.'’

Muscle strength measurements

To obtain a comprehensive image of muscle strength and
function, we selected three tests that are widely accepted
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as representative measurements of general muscle
strength: handgrip strength, maximal voluntary iso-
metric contraction,'® and dynamic muscle function.'®*
Handgrip strength and maximal voluntary isometric
contraction of the upper and lower extremities were
tested using previously validated instruments (Jamar
Dynamometer and Hand-Held Dynamometer Citec; type
CT 3001; CIT Techniques)."*"** Dynamic muscle func-
tion, as a reflection of daily activity, was tested using the
Bruininks—Oseretsky test of motor proficiency edition 2
(BOT-2)" All tests were performed in the same room,
under the same circumstances by two experienced
physiotherapists.

Handgrip strength was measured according to the
guidelines of the American Society of Hand Therapists:
in a sitting position with shoulders adducted and
neutrally rotated, the elbow 90° flexed, and the forearm
and wrist in a neutral position. Patients were allowed
three attempts per hand, the highest of three was used for
the analyses. In the healthy cohort, two attempts per
hand were allowed, also the highest was used for the
analyses. To overcome the effect of hand dominance,
the mean handgrip (highest value of the left hand plus
the highest value of the right hand, divided by two) was
used for the analyses. Results were compared with
measurements in a cohort of healthy children, previously
described by Hepping et al.**

Maximal voluntary isometric contractions (MVIC)
were measured bilaterally of the arm and hip flexors, and
the arm and knee extensors. The “break” technique was
used: the participant kept a certain position, the
examiner gradually overcame the muscle force and
stopped when the extremity gave away. Out of three
attempts per muscle group, the highest was reported and
averaged for the left and right sides to prevent the
influence of left-to-right differences. Results were com-
pared with measurements in a cohort of healthy
children, previously described by Beenakker et al.'®

Dynamic muscle function was measured by the BOT-
2, consisting of a standard summary score (Strength and
Agility) and two subtests scale scores “Running, speed,
and agility” and “Strength.” The summary score was a
calculated score based on both subtests. The subtest
Running, speed, and Agility included: shuttle run,
stepping sideways, one-legged hop stationary and side-
ways, and two-legged side hop. The Strength subtest
included: standing long jump, push-ups, and sit-ups in
30s, wall sit, and V-up in maximal 60s. There was a
30s resting interval between all exercises to prevent
fatigue. Exercises were verbally and visually explained
and participants were verbally encouraged. Another
trial was allowed in case of unreliable results. All

on Access

measurements were compared with references separated
for age and sex as provided in the BOT-2 manual.

Statistical analyses

Patient characteristics and disease severity markers were
described as mean with standard deviation or median
with interquartile ranges (IQR) as appropriate. All
variables were checked for normality using histograms,
PP- and QQ-plots, and the Shapiro—Wilk test. Ordinal
data were presented as percentages. A p-value <0.05 was
considered statistically significant. Patients’ muscle
strength was compared with the cohorts of healthy
children by calculating z-scores based on the mean and
standard deviation of the healthy populations,'®** taking
age and sex into account. One-sample ¢-test was used to
compare z-scores to the reference z-score=0. The
software RefCurv was used to construct reference curves
of the muscle strength measures.

Differences between WHO-FC were analyzed using
one-way ANOVA for normally distributed variables and
Kruskal-Wallis for skewed variables. Correlations
between muscle strength measurements and 6MWD
and NT-proBNP were analyzed using the Pearson's
correlation coefficient for continuous, normally distrib-
uted variables, and the Spearman's rank correlation for
skewed distributions or ordinal variables.

RESULTS

A total of 18 patients (67% female) were included
(Table 1). One patient did not perform handgrip strength
measurements and 1 patient did not perform the BOT-2
test. PAH diagnoses included: 14 (78%) patients with
heritable or idiopathic PAH, 3 (17%) patients with PAH
associated with congenital heart disease, and 1 (5%)
patient with PAH associated with connective tissue
disease.

Muscle strength

All muscle strength measurements showed significantly
lower results (below the 50th percentile) compared with
the healthy cohorts (Figures 1 and 2). Most patients were
right-hand dominant (89%), this was similar to the
prevalence in the healthy cohorts.®> Mean handgrip
strength in patients with PAH was 16 + 9 kg, significantly
lower compared with healthy controls (z-score
—2.4+ 1.2, p<0.001), Figure 3. All MVICs of the upper
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TABLE 1 Patient characteristics.
n=18

Age, years 14.0 [9.9-16.0]
Female sex, n 12 67%
Age at diagnosis, years 6.2 [2.0-12.2]
Time since diagnosis, months 50 [6—124]
Body height, cm 154 [134-165]
Body weight, kg 41.7 +16.8
Body mass index, kg/m? 18.2 +3.4
Vasodilator therapy

Mono (B) 4 22%

Dual (B +S) 12 67%

Triple (B+ S + E) 2 11%
Disease severity markers
WHO functional class

I 4 22%

I 10 56%

111 4 22%

v 0
NT-proBNP, ng/L 131 [49—247]
6-MWD, m 430 +82

% predicted® 67 +11

Note: Patient characteristics of 18 patients with PAH.

Abbreviations: B, bosentan; Cm, centimeters; E, continuous intravenous
epoprostenol; IQR, interquartile range; Kg, kilograms; M, meters;

Ng/L, nanograms per Liter; NT-proBNP, N-terminal pro-brain natriuretic
peptide; PAH, pulmonary arterial hypertension; S, Sildenafil.

Percentage predicted based on Geiger et al.'” Mean + SD when normally
distributed, median [IQR] when skewed. Counts with percentages.

and lower body muscles were decreased compared with
healthy controls (total muscle strength z-score —2.9 +1.2,
p <0.001), and this was most pronounced in the lower
extremities (Table 2). Dynamic muscle function (BOT-2)
showed significantly lower results on the summary score
and both subtests compared with reference values
(Table 2).

Correlations with disease severity markers

6MWD (in meters) correlated significantly with handgrip
strength (r = 0.53; p = 0.03) and with MVICs of the upper
and lower body muscles (Table 3). Additionally, 6 MWD
correlated significantly with the BOT-2 standard sum-
mary score (r = 0.52; p=0.03) and the subtest, Running,
Speed, and Agility (r=0.65; p=0.005). The summary

score of the BOT-2 differed significantly between WHO-
FC (p=0.02), while both BOT-subtests showed differ-
ences that did not reach statistical significance (Running,
Speed, and Agility p=0.054, Strength p=0.082),
Figure 4. Handgrip strength and MVIC did not differ
significantly between WHO-FC. No correlations between
NT-proBNP levels and muscle strength measurements
could be demonstrated (Table 3). In this small sample
size, we could not identify correlations between muscle
strength measures and time since diagnosis (Supporting
Information: Table 1). Neither did we find a relation with
treatment intensity, defined as the number of pulmonary
vasodilators used.

DISCUSSION

This is the first study to show that isometric muscle
strength and dynamic muscle function (BOT-2) are
significantly reduced in children with PAH compared
with healthy controls. Remarkably, reduced muscle
strength occurred in children in all classes of WHO-FC,
not just in the compromised classes (WHO-FC III).
Furthermore, muscle strength measures in almost all
measured muscle groups correlated with reduced func-
tional capacity expressed as 6MWD (r = 0.49—0.71).

The pathophysiological origin of decreased muscle
strength in patients with PAH is unclear. Whether
decreased muscle strength is primarily related to systemic
pathobiology of the disease PAH or secondary to muscle
underuse due to cardiorespiratory limitations has still to
be unraveled. Our study showed that decreased muscle
strength is correlated with reduced functional capacity, for
example, 6 MWD (mean 67 + 11% of predicted). Exercise
intolerance and inactivity have been associated with
limited muscle oxygenation in patients with PAH.***
This limitation in muscle oxygenation might lead to
skeletal muscle dysfunction and possibly impaired muscle
growth and underuse.’ In addition to exercise intolerance,
Zijlstra et al. reported that children with PAH show
reduced physical activity levels compared with healthy
controls.*® Until recently, exercise training was generally
believed to be unsafe in patients with PAH and was
discouraged due to the risk of syncope and cardiac
events.?® In children with PAH, the combination of
anxiety and concerns of patients, parents, or relatives,
and healthcare professionals often leads to protection and
restricted physical activity.?® Currently, the assumption of
exercise training being harmful in patients with PAH is
gradually rejected. The most recent guidelines for
pulmonary hypertension recommend moderate aerobic
activity, but avoidance of strenuous and isometric exer-
tion.! Furthermore, the implementation of rehabilitation
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programs by centers experienced in both PAH patient care
and rehabilitation is being recommended in the most
recent pulmonary hypertension guidelines.' It remains to
be investigated whether such rehabilitation programs will
improve muscle function in PAH. However, our results
confirm the importance of monitoring physical activity as
suggested by Zijlstra et al.*® In this study, young children
with a relatively good clinical condition (mainly WHO-FC
I and IT) supported by relatively low median NT-pro-BNP
values of 131 [IQR: 49—247] nanogram per liter,>® showed
decreased muscle strength and reduced 6MWD. This may
imply that the decrease in muscle strength and exercise
intolerance is not solely secondary due to compromised

cardiac performance. This could explain the lack of
correlation of isolated muscle strength with WHO-FC,
whereas the BOT-2 test, a composite reflecting motor
skills, may correspond more with daily activity and thus
WHO-FC.

Adult studies have suggested that PAH might be a
systemic syndrome.® Respiratory muscle strength and
function are decreased in PAH patients.”*” Mitochondria
were reported to have a different structure and decreased
density compared with those in healthy controls.*® Also,
there is a strong relationship between mitochondrial
metabolism and angiogenesis.” It is not clear whether
such mitochondrial alterations are a secondary
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phenomenon associated with decreased perfusion and
oxygenation, and loss of microcirculation, or a primary
phenomenon, intrinsically associated with PAH.'"'*?* In
patients with PAH, microRNA-126, an endothelial-
specific regulator of angiogenesis, is downregulated. This
could hypothetically lead to loss of muscular micro-
circulation, which may correlate with early reduced
muscle strength and possibly, secondary exercise
intolerance.'? Alterations in the microcirculation were
associated with decreased oxygenation but not with
cardiac output.'** This implies that altered micro-
circulation in the peripheral muscles of PAH patients
might affect exercise capacity independent of cardio-
pulmonary function.'? Both the loss of microcirculation
and alterations of mitochondrial metabolism resulting in
impaired skeletal and respiratory muscle function may
be, at least partly independent from cardiovascular
performance, supporting the concept of PAH being a
systemic syndrome involving peripheral skeletal muscles.

In summary, the underlying pathology of decreased
muscle strength in PAH remains insufficiently known. A
decreased cardiopulmonary function, the systemic effects

of PAH, independent of cardiorespiratory function, and
muscle underuse may all contribute to decreased muscle
strength. Therefore, further research is needed. Specifi-
cally, studies including cardiac performance, monitoring
physical activity and muscle strength, microcirculation
and oxygenation, and muscular metabolic activity, both
at rest and during exercise will be helpful. Also, the
effects of training programs or metabolic supplements
might identify therapeutic interventions that improve
skeletal muscle function and thereby may improve
quality of life.

This study is exploratory and is limited by its small
sample size precluding definitive conclusions on correla-
tions of specific muscle group strengths with exercise
tolerance or disease severity and precluding the use of
multivariate analysis. In this study, the time points of
muscle strength measurements were not aligned with
cardiac catheterization or cardiac function measure-
ments by cardiac magnetic resonance imaging or
cardiopulmonary exercise tests, precluding analyses of
its association with muscle strength. Instead, we used
6MWD, a submaximal exercise assessment, as a relevant
outcome parameter in PAH. Also, measurements of
muscle mass or lean body mass were not performed in
this study. Nevertheless, this study is the first to evaluate
muscle strength in pediatric PAH in relation to healthy
controls'®** and showed that isometric muscle strength
and dynamic muscle function were significantly reduced
in children with PAH compared with healthy children.
Reduced muscle strength correlated with a prominent
clinical manifestation of PAH, namely reduced exercise
tolerance, measured as 6MWD, which is regarded as an
important contributor to quality of life. Given the
improved prognosis of children with PAH, addressing
quality of life is of great importance in the management
of pediatric PAH. A better understanding of the etiology
of reduced muscle strength in patients with PAH will
help us to design interventions such as physical activity
programs, aimed at improving the quality of life and
perhaps even prognosis in these patients. Skeletal muscle
dysfunction was present not only in patients with long-
standing PAH or advanced clinical (WHO-FC) or
biochemical (NT-pro-BNP) compromise but also in
children with a seemingly satisfactory clinical condition.
These observations are in line with the concept of a
systemic syndrome in PAH involving peripheral skeletal
muscles. Deconditioning due to chronic inactivity,
however, may also cause skeletal muscular alterations.
More research is needed to clarify the exact underlying
mechanisms and to investigate the possible prognostic
value of muscle strength and whether muscle strength
may represent a therapeutic target in pediatric PAH.
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TABLE 2 Muscle strength measurements in PAH.
Grip strength n=17 p Value®
Hands Absolute z-scores
Left, kg 14.9 +9.4 =23 +1.4 <0.001
Right, kg 15.8 +9.1 —-2.4 +1.1 <0.001
Maximum voluntary isometric n=18 p Value?
contraction (MVIC)
Upper extremity Absolute z-scores
Elbow flexor, Nm 94 +29 2.2 +1.0 <0.001
Elbow extensor, Nm 74 [58—88] -1.7 +1.3 <0.001
Lower extremity Absolute z-scores
Hip flexor, Nm 101 +48 —-2.7 [—3.3 to —2.5] <0.001
Knee extensor, Nm 118 [83—169] -2.2 +1.0 <0.001
Dynamic muscle function (BOT-2) n=17 p Value®
Strength and agility Absolute z-scores
Standard summary score 40 +9 -1.0 +0.9 <0.001
Subtest scale score running, speed, 11 +5 0.8 +1.0 0.004
and agility
Subtest scale score strength 10 +5 —0.9 +0.9 0.001

Note: Muscle strength in patients with PAH. Mean + SD when normally distributed, median [IQR] when skewed. Bold values indicate significant differences
between patients with PAH and z-score of zero.

Abbreviations: BOT-2, Bruininks—Oseretsky test of motor proficiency-2nd edition; IQR, interquartile range; Kg, kilograms; Nm, nanometer; PAH, pulmonary
arterial hypertension.

21,22

“Differences between these z-scores of the healthy population and the z-scores of the patient population by Student ¢-test.

PDifferences between BOT-scores and z-score =0 by one-sample t-test.

TABLE 3 Univariate correlations between muscle strength and disease severity markers.

Univariate correlation Univariate correlation
coefficient (r) coefficient (r)
Determinants 6MWD p Value log NT-proBNP p Value
Handgrip strength 0.53 0.03* —-0.22 0.40%
Elbow flexor 0.71 0.001* —0.19 0.45%
Elbow extensor 0.70 0.001° —0.27 0.29°
Hip flexor 0.39 0.11% —0.08 0.75%
Knee extensor 0.49 0.04° —0.07 0.80°
Standard score 0.52 0.03* —0.22 0.39*
BOT-2
Scale score running, 0.65 0.01* —0.25 0.33%
speed, and agility
Scale score strength 0.21 0.42° —-0.11 0.68*

Note: The univariate correlation coefficient between disease severity markers (6MWD [m]) and log (NT-proBNP [ng/L]) and muscle strength measures.
Univariate correlation coefficient (r) based on Pearson's correlation (a) or Spearman'’s rank test (b) depending on the distribution of the determinant. Bold
values indicate significant correlations between muscle strength and 6MWD.

Abbreviations: BOT-2, Bruininks—Oseretsky test of motor proficiency-2nd edition; NT-proBNP, N-terminal pro-brain natriuretic peptide; 6MWD, 6-minute
walk distance.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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