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ABSTRACT

The purpose of this dissertation was to evaluate the skeletal muscle deficits and the level
of central adiposity in children with cerebral palsy (CP) with four studies. The aim of the first
study was to determine whether fat-free soft tissue mass (FFST), a marker of skeletal muscle
mass, from dual-energy X-ray absorptiometry (DXA) is more compromised at the appendicular
than non-appendicular sites in children with CP. The main finding was that children with CP
have a remarkable FFST deficit that is more pronounced in the appendicular than the non-
appendicular regions and more pronounced in the lower than the upper appendages. The aim of
the second study was to determine whether DXA accurately estimates midleg muscle mass in
ambulatory children with spastic CP. The main finding was that DXA-based statistical models
accurately estimate midleg muscle mass in children with CP when the models are composed
using data from children with CP rather than typically developing children. The aim of the third
study was to determine whether serum levels of myostatin, follistatin and IGF-1 are consistent

with the muscle deficit in children with CP. The main finding was that circulating myostatin,



follistatin and IGF-1 are not different between ambulatory children with CP and typically
developing children. However, FFST per unit IGF-1 was lower in children with CP, suggesting
that IGF-1 may play an important role in their muscle underdevelopment. The aim of the fourth
study was to determine whether the level of central adiposity in children with CP is related to
their motor function and physical activity. The main finding was that the level of central
adiposity was greater in children with CP than in typically developing children, but it was not
related to the level of gross motor function or physical activity except for subcutaneous fat,
which was negatively related to gross motor function.

In conclusion, children with CP have much lower skeletal muscle mass and higher central
adiposity than their typically developing peers. Future studies should identify intervention
strategies that effectively attenuate the muscle deficits and reduce the level of central adiposity in

children with CP.
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X-ray absorptiometry; magnetic resonance imaging
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CHAPTER 1
INTRODUCTION

Cerebral palsy (CP), a disorder of movement and posture, is the most common childhood
disability. It was estimated that the prevalence of CP is about 3.1 to 3.6 per 1000 new births %,
affecting nearly about 1 million individuals in the United States 2. Children with CP exhibit a
significantly lower level of physical activity compared to their typically developing peers
without neurological disorders, with ambulatory children with CP shown 40 % reduction * and
nonambulatory children with CP shown 70 % reduction #. This is important because childhood is
viewed as a crucial period for musculoskeletal growth and development °, and a lack of
mechanical stimulation can be detrimental to such accretion. On the other hand, the lack of
physical activity could lead to global and regional body fat profile changes, which haven’t been
thoroughly investigated in children with CP.

A more pronounced deficit in fat-free soft tissue (FFST) mass, a surrogate marker for
skeletal muscle mass, at the appendages than at the trunk has been observed in other mobility
related disorders, such as spinal cord injury ®7. However, it is unclear whether a similar deficit
pattern is present in children with CP. Gaining this knowledge is essential because it will assist
scientists in understanding the level of the FFST deficit across the body of children with CP. It
has also been demonstrated that in addition to having lower muscle volume 3210 the amount of
muscle for a given amount of FFST is lower in children with CP than typically developing
children . This leads to erroneous estimates of muscle mass when it is assessed using indirect

measures, such as FFST from dual-energy X-ray absorptiometry . Therefore, prediction models



that can accurately estimate muscle mass from FFST in children with CP are needed. Further,
while the cause of the musculature deficit in children with CP is generally attributed to the
decreased levels of physical activity and unloading ?, there may be other contributing factors.
There is evidence that the availability of bioactive agents such as myostatin, follistatin and
insulin-like growth factor 1 (IGF-1) could affect skeletal muscle development, therefore may
play a role in the underdeveloped musculature in different musculoskeletal disorders. However,
this is poorly studied in individuals with CP. Lastly, while it has been reported that ambulatory
children with CP have elevated central adiposity depots compared to their typically developing
peers 13, a site where fat distribution can highly impact cardiovascular health 4, no studies have
evaluated the level of central adiposity across all levels of gross motor function in children with
CP.

Therefore, the purposes of this dissertation were four fold: 1) to determine whether FFST
is more compromised at the appendicular sites than at non in children with CP, 2) to determine
whether DXA can be used to estimate DXA to estimate mid-leg muscle mass in ambulatory
children with CP, 3) to determine whether serum bioactive agents myostatin, follistatin and
insulin-like growth factor (IGF-1) levels are consistent with the muscle underdevelopment
observed in children with CP, and 4) to determine whether a lower level of gross motor function
and a lower level of physical activity are associated with a higher level of central adiposity in

children with CP.



CHAPTER 2

LITERATURE REVIEW

2.1 Cerebral Palsy (CP)

CP is an umbrella term that refers to a group of non-progressive disorders caused by a
disturbance to a fetal or infant brain °. It is a heterogeneous disorder with multiple ways to
define the different subtypes of CP. If classified based on motor types, CP can be divided into
hypertonic (spastic), dyskinetic, hypotonic, mixed motor types and ataxic CP 1°. Spastic CP is the

predominant subtype, with more than 80 % of individuals with CP have spasticity *’.

2.2 Motor Function

It is well recognized that children with CP have problems with motor control. The
corticospinal tract, which is responsible for volitional motor control, is usually disrupted in
children with CP due to an injury to the brain. As a result, children with CP exhibit a wide range
of gross and fine motor deficiencies that impair the ability to perform the most fundamental of
activities, such as walking and running, as well as more sophisticated activities, such as bimanual

motor tasks 8.

2.2.1 Gross Motor Function in Children with CP

The gross motor function is usually measured according to the gross motor function
classification system (GMFCS). This is a five-point scale, with higher numbers indicate more
advanced motor function deficit *°. Specifically, GMFCS I indicates that the child has a the

ability to walk indoors or outdoors and climb stairs without limitations, but can only run or jJump



at a reduced speed compared to typically developing children. GMFCS Il indicates that the child
can walk indoors and outdoors, but may face difficulties walking on uneven surfaces, and need
the help of a rail when climbing upstairs. A limited ability to run and jump is also observed in
children with CP who had GMFCS Il. GMFCS Il indicates that the child has the ability to walk
indoors and outdoors with the help of assistive devices, such as a cane, and may need a
wheelchair to assist long-distance movement. GMFCS IV indicates that the child needs a
wheelchair to move around but still preserves certain mobility. GMFCS V indicates that the child
completely lacks the ability for independent mobility and all types of motor function are limited.
The validity and reliability of using GMFCS to assess gross motor function in children with CP
is established %°.

Depending on their ambulatory status, children with CP are sometimes divided into
ambulatory group and nonambulatory subgroups. By definition, children with GMFCS | and 11
are considered “ambulatory”, however the classification for those with GMFCS III has been
somewhat conflicting, with some studies considering them ambulatory 2?2 and some considering
them nonambulatory 3. The distinction may be whether the child can ambulate independently.
For studies focused on bone and muscle, where independent ambulation is very important, it may

be better to classify children with CP who have GMFCS 111l as nonambulatory.

2.2.2 Fine Motor Function in Children with CP
The Manual Ability Classification System (MACS) was developed specifically to classify
the upper extremity fine motor function in children with CP 24, Similar to GMFCS, MACS is a

five-point scale system with higher numbers indicating more fine motor deficiency. MACS |



indicates that achild has the ability to handle objects easily and successfully. MACS Il indicates
that a child can handle most objects in a reduced speed or quality. MACS 111 indicates that a
child handles things with difficulty and may need external help. MACS 1V indicates that a child
can only handle a limited selection of things that can be easily managed. MACS V indicates that
a child cannot handle things and has a very limited ability to perform simple actions. It is
important to notice that this scale was developed to assess the coordination of both hands rather
than the ability differences between different hands. Therefore, it is going to be reflective of
one’s ability perform fine motor skills that are closely related to daily life, like eating, brushing
teeth, putting clothes on, etc.

The validity and reliability of the MACS scale has been evaluated and deemed to be
excellent 2425, In addition, there is a growing interest in identifying the relationship between
GMFCS and MACS in children with CP. While discrepancies do occur 2, in general, a moderate
to high level of correlation has been observed between gross and fine motor classification scales

24.21.28 (r ranges from 0.62~0.79).

2.3 Typical Muscle Growth and Development

During embryonic development, the middle portion of the embryo, which is referred to
as the mesoderm, condenses into somites. The dorsal portion of the somites become
dermomyotome which give rise to skeletal muscle progenitor cells (also named myoblast). The
myoblasts eventually fuse together to form multinucleated muscle fibers, a process that is
controlled by a multitude of factors 2°. Myoblasts that do not differentiate into muscle fibers
become satellite cells, which are a group of cells with a single nucleus generated around
myofibers that are mitotically quiescent but important for later mature skeletal muscle

hypertrophy=°3L,



In the event of external stimulation, such as exercise or mechanical loading, satellite cells
become activated from quiescent status to provide additional myonuclei for muscle fibers and
fuse with them to achieve muscle hypertrophy. A crucial mediator of this process is insulin-like

growth factor 1 (IGF-1) 3.

2.4 Muscle Spasticity and Related Muscle Changes

A classic, and perhaps the most cited, definition for spasticity was created by Lance who
defined spasticity as “a motor disorder characterized by a velocity-dependent increase in tonic
stretch reflexes with exaggerated tendon jerks, resulting from hyperexcitability of the stretch
reflex, as a component of the upper motor neuron syndrome” 32, However, there is still no
consensus on whether this is the most accurate definition for spasticity. Other definitions for
spasticity have been proposed 3%, with some people questioning whether those definitions truly
capture the spasticity phenomena 3. The lack of agreement among researchers on how to definie
such an impairment may, at least partly, lie in the heterogeneous nature of spastcity *’.
Nevertheless, it’s clear that clinically, spasticity is characterized by increased involuntary

hypertonia and is associated with compromised movement ability.

2.4.1 Muscle Stiffness in Children with CP

It has come to the attention of clinicians and researchers that children with CP also have
increased muscle stiffness, which may contribute to their abnormal gait and diminished force
generation capacity *. The exact causes of such phenomena is uncertain, but was suggested to be
more than just the abnormal muscle-tendon unit length 38,

Muscle stiffness can be quantified using elastrography, which can be achieved along with

MRI or some specialized ultrasound devices. The basic idea behind elastrography is to introduce



a local vibration to a specific tissue area and quantify the velocity of the vibration propagation
using imaging techniques was first applied to diagnose liver fibrosis .

Studies that have used ultrasound elastography to assess muscle stiffness in children with
CP suggest that children with CP have stiffer muscles than their typically developing peers %41,
A study by Kwon et al. found that medial gastrocnemius muscles are stiffer in children with CP
(n = 15) than in children without CP (n = 13) . Similarly, using ultrasonic elstography,
Brandenburg et al. showed that compared to their age and sex matched typically developing
peers (n = 13), children with CP (n = 13) have a higher level of muscle stiffness as indicated by
greater shear modulus in lateral gastrocnemius muscle at both neutral and plantarflexion ankle
positions **. Some argue that the stiffness seen in muscle in children with CP is mainly due to
alterations in collagen in the extracellular matrix but not due to changes in individual muscle

fibers 42,

2.4.2 Muscle Strength in Children with CP

It is well established that children with spastic CP have compromised muscle strength.
Using a hand-held dynamometer, Wiley et al. compared the lower extremity strength profile in
15 ambulatory children with spastic hemiplegic CP, 15 ambulatory children with spastic diplegic
CP and 16 typically developing children who had similar ages to those with CP 3. Not
surprisingly, children with spastic CP compared to typically developing children showed
significantly lower strength in all muscle groups tested, with hip extensors, ankle dorsiflexors
and plantarflexors being the weakest. Interestingly, this study also demonstrated that, in addition
to having a strength deficit on the non-dominant side, children with spastic hemiplegic CP also

showed compromised strength in the dominant side compared to their typically developing peers.



The finding suggests that there may be a generalstrength deficiency in children with spastic CP
that tends to be more prevalent on one side of the body, such as the right upper and lower
extremity, or in one region of the body, such as the lower extremities vs. the upper extremities.
In addition, to demonstrate that children with spastic CP have diminished lower-
extremity strength in general, Elder et al. went a step further to try to identify the potential
factors that contribute to muscle weakness in indviduals with CP 4. In their study of 28 children
with spastic CP (14 with hemiplegia and 14 with diplegia) and 18 typically developing children,
they used magnetic resonance imaging (MRI) to quantify muscle cross-sectional area (CSA) of
plantarflexors (PF) and dorsiflexors (DF). They also used electromyography (EMG) to assess
muscle activity of the soleus, medial gastrocnemius (MG) and tibialis anterior during voluntary
contraction. Aside from demonstrating that children with CP had lower maximal torque, they
also showed for the first time, that this population has reduced specific tension, that is, PF or DF
torque normalized by their respective anatomical CSA. The study is of particular importance
because it showed that the lower extremity strength in children with spastic CP is compromised
even after accounting for their smaller muscles. Based on EMG results during maximal
contraction, they discovered that other than the apparent muscle architectural changes, the
inability to activate the PF is the major reason for the plantarflexion weakness. Whereas, the
combined effects of incomplete activation and PF co-activation are contributing to DF weakness.
There are other studies that also looked at the strength profiles in children with spastic CP
4546 all of which clearly demonstrated a compromised ability for maximal contraction at the
lower extremities in this population. Fortunately, this pattern is not irreversible, as multiple
studies have suggested an increase in muscle strength after strength/resistance training in

children with spastic CP 479, Other training paradigms like neuromuscular electrical stimulation



51 (NMES) or whole body vibration training °? have also showed promising results to improve
strength in this population. The later ones seem to be drawing more attention, as they are passive
training paradigms and do not inflict too much perceived fatigue on the children. Therefore.

children with CP are more likely to adhere to whole body vibration training.

2.4.3 Gross Muscle Morphology Changes in Children with CP
Gross muscle architecture in children with spastic CP is generally assessed using either
ultrasound or MRI. While computed tomography (CT) has the ability to assess muscle

architecture as well, it is seldom used in muscle studies in children with CP.

2.4.3.1 Muscle Fascicle Length

One of the first studies to assess fascicle length in children with CP was done by
Shortland et al., who used ultrasound to examine MG gross muscle architecture in ambulatory
children with spastic CP °2 (n = 7). Compared to typically developing children (n = 5) and
normal adults (n = 5), children with CP had no difference in muscle fascicle length, as well as
fascicle length normalized by leg length. The importance of this study was that it suggested the
shortness seen in MG muscle belly length was not due to reduced fascicle length. The finding
was later supported by Malaiya et al. >4,

However, this conclusion was later challenged by Mohaghehi et al. who performed
ultrasound scans on 18 children with spastic CP and 50 typically developing children. They
concluded that both the absolute and normalized fascicle lengths were shorter in the
gastrocnemius muscles in the CP group . The same group also conducted another study which

reported 18 % lower gastrocnemus fascicle length in the paretic leg compared to non-paretic leg



in children with hemiplegic CP 6. Although it is currently unclear why such discrepancies exist,
contributing factors may be the different characteristics of the research participants (i.e. diplegic
only vs. mixed types of CP), the position where the ultrasound probe was placed, the joint angle
at which measurements were taken, and the range of severity of CP for children involved in the
study. More recent studies continue to present conflicting results on this matter °-%°, with some
suggesting a lack of between groups difference °, and others reporting higher 8 and lower 59
fascicle lengths in children with CP. Therefore, studies with better designs are needed before a

definitive conclusion can be drawn.

2.4.3.2 Pennation/Fascicle Angle

Interestingly, although fascicle length is usually calculated based on muscle thickness and
fascicle angle, not all studies that obtained fascicle length in children with CP also reported
fascicle angle 8. Whether children with spastic CP have altered muscle fascicle (or pennation)
angle remains uncertain.

Shortland et al. > and Malaiya et al. > reported no differences in fascicle angle in the MG
of children with CP compared to tyically developing children when the tested limb was at rest,
while a reduced fascicle angle was found at when the limb was placed at 30° of plantarflexion.
Similarly, Moreau et al. reported no difference in fascicle angle in the biceps femoris of children
with CP compared to typically developing children when rested in the supine position %,
However, the same study also reported a 3° lower fascicle angle for the vastus lateralis muscle in
children with CP. On the other hand, Gao et al. found a slightly larger, but non-significant,
fascicle angle in the MG of those with CP compared to typically developing children at the

neutral plantarflexion and dorsiflexion positions °.
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Consistent with other studies, Barber et al. °' reported no difference in the fascicle angle of
the MG in a group of young children with CP (n = 15; 2 — 5 y) compared to typically developing
children (n = 20) when the ankle was at the resting angle. However, children with CP had a smaller
MG fascicle angle when the ankle was at the maximal plantarflexion position °’. The results
suggest that if fascicle alterations occur in children with CP, they may occur at at a very early stage
of life.

To sum up, similar to muscle fascicle length, there is conflicting evidence about the
fascicle/pennation angle alterations in children with CP, with some studies suggesting no
significant changes, while others indicate either higher or lower in this population compare to
their typically developing peers. Therefore, a definitive conclusion cannot be made on this matter

until studies with better designs and quality control are conducted.

2.4.3.3 Muscle Thickness and CSA

Unlike muscle fascicle length and fascicle angle, studies have consistently demonstrated
lower muscle thickness and CSA in children with spastic CP compared to typically developing
children and has been linked to their muscle weakness. Muscle CSA can be expressed as
anatomical CSA, which is the absolute area for a muscle at the transverse plane. Muscle CSA
can also be expressed as physiological CSA, which also takes the fascicle angle into
consideration 8. Therefore, physiological CSA is bigger than anatomical CSA for a pennate
muscle. Multiple studies have confirmed that physiological CSA is closely related to force
generation capacity, perhaps even closer than anatomical CSA in human %23, However, the

precise calculation for physiologic.l CSA usually requires multiple instruments, such as MRI and
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ultrasound, to assess it. Thus, little information is available for the physiological CSA in
children with spastic CP.

Compared to their typically developing peers, children with CP were found to have
smaller muscle thickness for the MG %%, lateral gastrocnemius %, vastus lateralis °® and rectus
femoris %8 as measured by ultrasound. Mohagheghi et al. also found that the paretic limb vs. the
non-paretic limb of children with spastic hemiplegic CP has20 % lower muscle thickness in the
MG and lateral gastrocnemius when measured at the resting ankle position °¢. Given that muscle
thickness is significantly correlated with mobility and gross motor function in children and
adolescents with CP ®, and the fact that this measurement is easy to obtain with ultrasonography,
clinicians may consider including muscle thickness as part of the routine assessment in those
with CP.

Muscle anatomical CSA can be measured with either MRI or ultrasound, however, MRI
is considered the “gold standard”. using MRI, a lower muscle CSA was found for both the
anterior and posterior compartments of the leg in children with hemiplegic CP (n = 8) compared
to those without CP (n = 18), and the CSA was lower in their affected side than their non-
affected side #*. Using MRI, Bandholm et al. found that compared to typically developing
children (n = 6), children with CP (n = 9) had lower anatomical CSA. Also, in a subgroup of
children with hemiplegic CP (n = 8), a 32 % side-to-side difference was present %. Several other
studies that utilized ultrasonography also confirmed a reduced muscle anatomical CSA for the
biceps femoris and vastus lateralis %% in children and adolescents with CP. Only a limited
number of studies have assessed the physiological CSA in children with CP. In a group of very

young children with CP (n = 15, age 2-5 y), the MG physiological CSA was found to be lower
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when compared to their typically developing peers *’. Similar findings have been reported for
young adults with CP ¢’

Taken together, it is clear that the muscle thickness and CSA are compromised when
compared to typically developing children, and for children with hemiplegic CP, the paretic limb

muscle thickness and CSA are more deficient relative to the non-paretic limb.

2.4.3.4 Muscle Volume

Similar to muscle thickness and CSA, muscle volume has consistently been shown to be
lower in children with CP. Specifically, MG volume was shown to be much lower in children
with hemiplegic CP %* and diplegic CP ®, and rectus femoris and vastus lateralis were found to
have lower volumes in children and adolescents with CP when compared to their typically
developing peers *8. In addition, dorsiflexor and plantarflexor muscles groups have lower
volumes in children with CP compared to typcally developing controls #4. Research have also
demonstrated a collective lower extremity muscle volume reduction for this population 348,
Importantly, recent studies %>7° and unpublished observation from our laboratory suggest that the
volume for individual muscles at the leg in children with CP was significantly compromised as
measured by MRI , even for ambulatory children with CP when compared to their age, sex and
ethnicity matched controls. The level of deficit present in those studies ranges from 10 % to ~60
%. Interestingly, some studies also demonstrated a more compromised muscle volume distally
(leg) than proximally (thigh) %70, Moreover, a noticeable side-to-side muscle volume difference

was present in children with hemiplegic CP 4454,
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2.4.4 Muscle Fat Profile Changes in Children with CP

Only a handful of studies have quantified the adipose tissue infiltration of muscles in
children with CP. Johnson et al. * found a 2.3 fold higher mean intermuscular fat CSA and 1.7 fold
higher mean subfascial fat CSA for non-ambulatory children with quadriplegic CP at the mid-thigh
when compared to control matched to children with CP for age, sex and pubertal development.
Interestingly, no differences in subcutaneous fat CSA was observed. This is consistent with another
study which reported no group difference in subcutaneous fat volume at the mid-third compartment
of the lower leg in ambulatory children with spastic CP compared to typically developing children
3, However, there was a 3.3 fold higher subfascial fat and a 3.7 fold higher intermuscular fat
volume in the children with CP. Importantly, the same study, along with another recent study 8,
pointed out that the intramuscular fat infiltration is elevated by ~ 50 % in ambulatory children with
CP, as measured by MRI, when compared to their typically developing peers. To sum up, children
with CP have elevated intermuscular and intramuscular fat, but not subcutaneous fat when

compared to typically developing children.

2.4.5 Bioactive Agents That May Contribute to the Muscle Changes in Children with CP

It is generally believed that the underdevelopment of muscles observed in children with
spastic CP is mainly due to a lack of physical activity whch causes a lack of mechanical
stimulation, disuse and a failure to reach their full genetic potential %54 However, endocrine
factors may influence this process as well 2. It is currently uncertain whether some of the
bioactive agents that are commonly known to affect muscle growth and development play a role

in the muscle architectural and volumetric changes in children with CP.
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2.4.5.1 Growth Hormone (GH)

GH releasing hormone (GHRH) secreted by the hypothalamus located within the brain,
along with somatostatin, also known as GH inhibiting hormone (GHIH), work together to control
the GH release from the somatotropic cells located at the anterior pituitary gland. GH acts
directly on a majority of the internal organs like bone, muscle and adipocyte to promote anabolic
effects, but also on the liver to stimulate the release of IGF-1, which induces growth and
development. The status of an individual’s growth will, in turn, affect the release of GHRH and
GHIH within a feedback loop. This whole process is also known as the GH axis. Importantly, it
was pointed out that the anabolic effects of GH are more related to the increased rate of protein
synthesis rather than slowed protein degradation rate .

GH deficiency is known to affect human muscle development. For example, thigh muscle
CSA, muscle force and body weight were significantly lower in a group of adults with long
standing GH deficiency (n = 24) compared to controls (n = 41) 2. For men who have confirmed
diagnoses of GH deficiency (n = 42), total body muscle mass was significantly smaller when
compared to their age- and sex- matched controls, despite all of them having received GH
treatment during their childhood 3. On the other hand, a number of studieis have shown that GH
injection and supplementation could improve muscle quality in those with GH deficiency or in
populations characterized by diminished muscle mass and strength 747, Similar anabolic effects
were also observed in healthy adults 7.

Exercise/physical activity has been recognized as an influential factor for GH secretion
during childhood. In a study by Keenen et al. ® involving 25 typically developing children, a
two-fold higher level of serum GH was observed immediately after moderate exercise when

compared to resting status, and remained at the same elevated level for 20 minutes after the
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exercise stopped. Similar observations were also reported by Cappa et al. ”°, who found a
significant serum GH increase after either completing the Bruce walking protocol or a bicycle
ergometry test. Importantly, the same study also found that children can have a second GH spike
when the Bruce protocol was carried out again, two hours later. Whereas, no such GH increase
was observed in adults °, which indicated more endocrinological GH secretion flexibility in
children compared to adults. Interestingly, in the early days, exercise was suggested to be a
screening tool for children with GH deficiency, and the post-exercise GH level was set as the
initial exclusion criterion &. However, the lack of mobility leads to a significantly lower physical
activity level and exercise capacity in children with CP, which may potentially influence their
GH availability.

Although direct assessment of the relationship between GH deficiency and skeletal
muscle underdevelopment in children with CP are lacking, it was proposed that the prevalence of
such phenomena in this population may account for part of their slowed growth velocity 8%,
and that GH therapy may be needed for them achieve normal stature. Given the clear link shown
between GH and muscle growth in animal and human studies, it is suspected that GH is low in

children with CP and may play a role in their compromised musculature.

2.45.2 IGF-1

IGF-1 has been suggested to play a crucial role in muscle hypertrophy. During postnatal
muscle growth, myonuclei located within mature muscle fibers cease to divide. However, for the
purpose of muscle growth, additional myonuclei are needed. Satellite cells, a group of quiescent
cells located between the basal lamina and sarcolemma of myofibers, can be activated and go

through proliferation to provide more myonuclei, and eventually fuse with existing myofibers to
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achieve muscle hypertrophy. It has been shown that IGF-1 is an important regulator of this
process 31,

IGF-1 is an anabolic peptide that’s mainly produced by the liver and also locally by the
skeletal muscle. The majority of the circulating IGF-1 binds with insulin-like growth factor
binding protein 3 (IGFBP-3), until it reaches the targeted tissue to bind with IGF-1 receptors to
initialize a series of signaling cascades ®'. Importantly, other than activating satellite cells, IGF-1
has also been shown to increase gene transcription and protein synthesis %. As a result, both
proliferation and differentiation of satellite cells are being promoted, although the pathways
through which those processes are accomplished are very different &°.

IGF-1 has been shown to mediate muscle loss. In animal models, localized IGF-1 gene
expression has been shown to attenuate skeletal muscle wasting in mice with weight loss and
muscle wasting as a result of infusing angiotensin 11, a condition mimicking advanced stage of
congestive heart failure *°. In mice with induced muscle injury, localized overexpression of IGF-
1 leads to down-regulated proinflammatory cytokines and rapid muscle regeneration . In
human studies, IGF-1 with IGFBP-3 supplementation given to children who suffer a severe burn,
a condition that’s commonly associated with severe muscle wasting, leads to significant
improvement in muscle protein synthesis .

Some studies have suggested that children with CP have lower circulatory levels of IGF-
1 93% However, the studies are poorly designed. For example, in one study that reported lower
serum IGF-1 levels in children with CP compared to their typically developing peers, there was a
much wider variation in the levles of the children with CP (mean = SD: 67 £ 45 vs. 74 = 6 ng/ml)
9, The considerable variation may be the result of including children with CP across the full

range of GMFCS (I-V). Despite the significant between group difference detected, the effect
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size was small (Cohen’s d = 0.2) and the investigators used an independent t test, which assume
equal variation in IGF-1 in the two groups. Therefore, studies with better quality control with

regard to this matter are needed before definitive conclusions can be drawn.

2.4.5.3 Myostatin

Myostatin, also known as growth and differentiate factor-8 (GDF-8), is a protein that
belongs to the transforming growth factor (TGF —p) superfamily and is a potent muscle negative
regulator which acts primarily in an autocrine manner. It was first found in 1997 when
McPherron et al. *® discovered that mice with a disrupted GDF-8 gene have muscles that
weighed 2-3 times more than wild type mice. Other studies also suggested a substantial muscle
mass increase in bovine with either mutated or deleted GDF-8 %%, A similar phenomena was
also found in other animals, such as sheep *° and dogs 1, with myostatin knock out species
showing significantly enhanced muscularity.

Ever since that initial study by McPherron, there has been a growing interest in myostatin
as a mediator for muscle mass regulation. Myostatin knock-out mice consistently show increased
muscle mass in various studies 12192 Tt’s important to notice that such hypertrophy was due to
both increased muscle fiber diameter expansion as well as an increased number of muscle fibers
%, Pharmacologically suppressed myostatin led to increased skeletal muscle mass and strength in
adult mice, which indicated that myostatin could be a potential therapeutic target for muscle
wasting 1%, On the other hand, it was demonstrated that systematically injected myostatin could
lead to cachexia %4,

The mechanism through which myostatin exerts its negative effect on muscle has been
studied extensively and can be complicated. In short, it is believed that myostatin, when

activated, binds with activin receptor ActRIIB, causing the assembly of Smad2/Smad3 with
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Smad4 (Smad is a protein family responsible for transferring TGF — from the cell surface into
the cell). The heterodimer will then be translocated to the nucleus, leading to the downregulation
of MyoD, Pax3, myf5, myogenin and other genes known to affect muscle development and
repair. Recently, studies have shown that myostatin may also regulate muscle mass by activating
mitogen-activated protein kinases p38 and ERK1/2. The former has been shown to inhibit
myogenesis-related gene expression. The role of latter kinase is controversial and may be
mediated by myostatin levels and the presence of pathological conditions .

The strongest evidence to support the influential role of myostatin on muscle mass
regulation in humans is the report of a child who had a myostatin gene mutation %, The child
showed extraordinary musculature in his thighs and upper arms right after birth. At the age of 4.5
y, his quadriceps muscle CSA was 7.2 SD higher than his age- and sex-matched controls, as
examined by ultrasound. Conversely, in populations which are characterized by diminished
muscle volumes, such as aging people %7 and patients with chronic obstructive pulmonary
disease 1%, an elevated circulating myostatin level was found, and was inversely correlated with
muscle wasting. On the other hand, it was reported that in patients with cancer cachexia, serum
myostatin level was reduced compared to cancer patients without cachexia, and was positively
correlated with their muscle index 1. Similar results were found in heart failure patients who
presented with muscle wasting. Furihata et al. 1 discovered decreased serum myostatin levels
in patients with chronic heart failure, which were associated with lower muscle wasting. The
exact mechanisms behind such differences is currently uncertain. It could be that the contribution
of circulating myostatin to muscle dystrophy varies depending on the subjects’ status. The

elevated serum myostatin level seen in some patients may simply be a compensatory response to
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their existing conditions *°, In some disease status, myostatin may not affect muscle mass at all
109.

Myostatin may also be regulated by physical activity. In a study which involved subjects
who were accustomed to exercise training, prolonged post-exercise suppression of myostatin
gene-expression was found, which may contribute to the myogenesis process 1**. Other studies
also suggested that exercise intervention can reduce myostatin gene expression 2114 No
literature seems to have specifically examined the effects of sedentary lifestyle on myostatin
gene expression or its circulating levels, but it can be inferred from the aforementioned studies
that if a relationship exists, those who are physically inactive are more likely to have an
increased level of this protein secretion.

To the best of the author’s knowledge, only one prior study has looked at myostatin in
children with CP. Using surgically removed muscle tissues, Smith et al. described an increased
myostatin gene expression in children with spastic CP 1°. However, the sample size was very
small with only 6 children with CP and 2 control children. Furthermore, the average age of the
children with CP was considerably higher (12.8 + 1.5 vs. 8.5 + 2.1 y). Therefore, whether serum
myostatin level is altered in children with spastic CP, a population known to have weak,
underdeveloped muscles and a low level of physical activity, hasn’t been determined and

warrants further investigation.

2.4.5.4 Follistatin
Follistatin plays a role in muscle metabolic regulation as well. It acts as an antagonist of
the transforming growth factor (TGF —B) superfamily by directly binding with it to ihibit its

activity and thus promote muscle growth ¢, Using a mice model, administering follistatin
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showed promising results in both reducing disease-induced sarcopenia !’ and facilitating
skeletal muscle healing after injury 8. Interestingly, in one study which looked at the effects of
follistatin overexpression on mice muscle, greater muscle mass accumulation was observed in
myostatin-null mice compared to wild type mice, suggesting that the effects of follistatin on
muscle is not entirely through inhibiting myostatin activity, but also other potential signaling

pathways °

, Which has yet to be elucidated. Nevertheless, few studies have directly evaluated
the association of circulating follistatin levels and muscle development in human, and the serum

follistatin profile in children with CP remains to be explored.

2.5 Ectopic Fat Depots in Children with CP

Other than increased fat infiltration in and around skeletal muscle, children with CP also
have increased bone marrow fat infiltration, as pointed out by Whitney et al 3. This is of
particular importance, because bone marrow contains mesenchymal stem cells, with the potential
to promote both osteogenesis and adipogenesis. However it has been suggested that adipocytes
are generated at the expense of osteoblast 2. The increased bone marrow fat accumulation
would mean that less osteoblasts are available for bone repair and formation, a process that may
partly account for the decreased bone volume and quality in children with CP 2123 Increased
bone marrow fat may also affect new red blood cell formation in this population, as the long
bone marrow is a major site for hematopoietic stem cells depot after birth *24. The increased
intramuscular fat implies there is a higher intramyocellular lipids (IMCL) content, which has

been tied to higher insulin resistance %°.

2.6 Central Adiposity in Children with CP
Fat distribution, especially fat depots at the abdominal regions of the body has been

suggested to have a great influence on cardiovascular risk 126128, Visceral and subcutaneous
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adipose tissue seem to play rather different roles in the physiological system. Visceral adipose
tissue tends to be more metabolically active and more inclined to respond to stimuli due to the
better vasculature and more inflammatory cells, and prone to generate free fatty acids. In
contrast, subcutaneous adipose tissue is less metabolically active, and prone to absorb free fatty
acids and thus serving as a “buffer” site for excessive energy intake *2°. Importantly, some of the
recent reviews and studies have suggested that visceral fat may release free fatty acids and
cytokines to the liver directly via the portal vein, a process that can substantially compromise the
insulin sensitivity at the liver *3°. Therefore, an alteration in the abdominal fat profile, especially
fat mass accumulation at the visceral cavity, may lead to the increased metabolic risks 12%131:132,
Plenty of studies have demonstrated a link between visceral fat accumulation and insulin
resistance 13313 however, such studies are lacking in children with CP. There is evidence that
ambulatory children with CP have greater central adiposity when compare to their age, sex and
race matched typically developing children 3. However, no studies have evaluated the level of
central adiposity across all levels of GMFCS in children with CP. Therefore, whether the level of
central adiposity is related to GMFCS is currently unknown. In addition, very low level of
physical activity is present in children with CP 3413 and studies have suggested a clear link
between physical activity and central adiposity accumulation in other clinical populations 13139,
Yet, the relationship between physical activity and central adiposity hasn’t been evaluated in

children with CP and warrants further investigation.

2.7 Cardiometabolic Risks in Children with CP
As previously discussed, children with CP exhibit a wide range of ectopic fat
accumulation. Locations includes, but are not limited to, within and between skeletal muscles,

bone marrow, whole body and abdominal sites, all of which have been shown to be linked to
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increased cardiometabolic risk. It has been reported that in 435 adults with CP between the age
of 40 and 60, 252 (57.8 %) were found to have multimorbidity, including 137 unique multiple
combinations of multimorbidities *4°. However, epidemiological studies examining whether
similar trends can be observed in younger populations with CP are lacking.

As mentioned before, the increased intramuscular fat accumulation observed in children
with CP could indicate a higher skeletal muscle IMCL content, although more research is needed
to confirm that. Skeletal muscle is a major site for glucose uptake and thus help keep circulating
glucose at an acceptable level. However, other than serving as a competitive fuel source may
decrease the needs for muscle to uptake glucose, high level of IMCL accumulation may also
activate a series of signaling cascades that eventually affect the insulin-induced glucose uptake
via impairing GLUT4 transporter, and activate intracellular pro-inflammatory pathways which
will both contribute to insulin resistance **. Quantifying IMCL used to be difficult, but the
emerging magnetic resonance spectroscopy (MRS) technique has made the in vivo assessment of
IMCL possible. A number of studies showed a significant correlation between insulin resistance
and IMCL content in skeletal muscle in healthy and glucose uptake impaired population 142146,
However, to date, whether children with CP have elevated insulin resistance when compared to
their typically developing peers, and whether there is an association between IMCL or
intramuscular fat and insulin resistance in ambulatory children with CP, is unknown.

Whole body and central adiposity have long been recognized as risk factors for insulin
resistance, especially for visceral fat in children 47148, The mechanisms for fat accumulation to
induce insulin resistance is very complicated and remains to be elucidated, functional defects and
impaired insulin signaling pathways have been identified 14°. Weiss et al. demonstrated that for

obese children with impaired glucose tolerance (n = 14), elevated abdominal subcutaneous and
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visceral fat was observed when compared to those with similar age, sex and degree of obesity,
but with normal glucose tolerance (n = 14). Moreover, visceral fat was inversely related to
glucose disposal and metabolism *°. In another study which involved 32 Hispanic children
between the ages of 8 and 13 and with a family history of type 2 diabetes, visceral fat content
showed the strongest correlation with measurements of insulin, including fasting insulin, acute
insulin response and insulin sensitivity %, total body fat mass was related to fasting insulin and
insulin resistance. However, the results in another study which involved both white (n = 68) and
African American children (n = 51) suggested that whole body fat mass is actually the
predominant factor to influence insulin sensitivity, while visceral fat content may contribute
additionally to fasting insulin 2. It should also be noted that due to the high demand of time and
costs, very few studies of this nature with the focus on children have used the glucose clamp
technique, the “gold standard” measurement for insulin resistance. Therefore, the small
discrepancies seen in those studies may be attributed to measurement error. Nevertheless, it is
clear that whole body and central fat accumulation can affect insulin action. However, the
relationship between total body, central adiposity and insulin resistance in children with CP
hasn’t been evaluated. Importantly, an epidemiological study suggested that physical activity
level is associated with insulin resistance even after adjusting for total or central adiposity in
Portuguese children 133, Considering that children with CP have a physical disability, decreased
physical activity level and increased adiposity accumulation, it wouldn’t be surprising that this
population also develops higher insulin resistance than their typically developing peers.

In vivo studies of bone marrow fat and metabolic risks are scarce, potentially due to the
difficulty of evaluating bone marrow fat content. Nevertheless, a few available studies have

focused primarily on vertebral bone, and pointed out a positive correlation between bone marrow
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fat accumulation and increased metabolic risks. It was demonstrated that human bone marrow fat
at the vertebral, femur and tibia were correlated with serum lipids level 4. In a study involving
13 postmenopausal women with type 2 diabetes, vertebral bone marrow fat content correlated
significantly with serum HbALc level, a blood marker known to reflect long term blood glucose
control ¥, The mechanisms for bone marrow fat to influence human metabolism is yet to be
explored, but the potential lack of hematopoietic stem cells in individuals with increased marrow

fat content may play a role, as they use glucose (glycolysis) as energy resources %,

2.8 Specific Aims

My long-term goal is to attenuate the compromised musculature, muscle quality and
ectopic fat deposition in children with CP. The overall objective of this project is to evaluate the
level of skeletal muscle deficits, the role for some of the bioactive agents in those changes, and
to determine the level of central adiposity across all levels of gross motor function in children
with CP. My central hypotheses are 1) FFST is more compromised in the appendicular than the
non-appendicular regions in children with CP that can be estimated using simple physical
characteristics data, 2) bioactive agents like myostatin, follistatin and IGF-1 play a role in the
muscle development compromise in children with CP and 3) the level of central adiposity is
related to the level of gross motor function in children with CP. The rationale for this project is
that it will allow us to better understand the level of muscle deficit of children with CP,
elucidating the validity of using dual-energy X-ray absorptiometry to assess these deficits, and
gain knowledge about the their long-term cardiometabolic health via understanding their regional

fat distributions.
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| plan to test my central hypothesis by using the following specific aims:
Specific Aim 1. To determine whether FFST, a marker of skeletal muscle mass, is more
compromised at the appendicular than non-appendicular sites in children with CP, and whether
simple physical characteristics can be used to accurately estimate appendicular FFST (AFFST).
Hypothesis 1.1. AFFST and non-appendicular FFST will be significantly lower in children with
CP compared to their typically developing peers, but the extent of the deficit will be more
pronounced at the appendicular regions.
Hypothesis 1.2. AFFST and its indexes (AFFST/height and AFFST/height?) will be
overestimated by models developed using data from typically developing children, but will be
accurately estimated using data from children with CP.
Specific Aim 2. To determine whether DXA accurately estimates midleg muscle mass in
ambulatory children with spastic CP.
Hypothesis 2.1. Midleg muscle mass in children with CP will be overestimated by a DXA-based
statistical model developed using data from typically developing children.
Hypothesis 2.2. Midleg muscle mass will be accurately estimated by a DXA-based model
developed using data from children with CP.
Specific Aim 3. To determine whether serum levels of the bioactive agents myostatin, follistatin
and IGF-1 are consistent with the muscle deficit in children with CP.
Hypothesis 3.1. Compared to typically developing children, children with CP will have higher
levels of myostatin and lower levels of follistatin and IGF-1 in the serum.
Specific Aim 4. To determine if the level of central adiposity in children with CP is positively

related to their motor function and negatively related to their physical activity.
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Hypothesis 4.1. Nonambulatory children with CP will have greater central adiposity when
compared to their typically developing peers and ambulatory children with CP, and the level of
central adiposity in children with CP will be positively related to their gross motor function.
Hypothesis 4.2. The level of central adiposity will be significantly and inversely related to

physical activity in children with CP.

Findings in this project will not only allow us to gain a better understanding of the
underlying mechanisms that underly the compromised musculature in children with CP, but also
elucidate how those changes may affect our ability to evaluate their muscle quantity. In addition,
findings about the level of central adiposity may help explain the greater cardiometabolic events

seen in individuals with CP at the middle stages of their lives.
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CHAPTER 3
PREFERENTIAL DEFICIT OF FAT-FREE SOFT TISSUE IN THE APPENDICULAR
REGION OF CHILDREN WITH CEREBRAL PALSY AND PROPOSED STATISTICAL

MODELS TO CAPTURE THE DEFICIT

Zhang, C., Colquitt, G., Miller, F., Shen,Y., Modlesky, C.M. Submitted to Clinical Nutrition,

4/11/2019
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3.1 Abstract

Background: Cerebral palsy (CP) is a neurological disorder characterized by a profound skeletal
muscle deficit. However, whether there is a regional-specific skeletal muscle deficit in children
with CP is unknown.

Obijective: The purpose of this study was to determine whether fat-free soft tissue mass (FFST), a
commonly used surrogate for skeletal muscle mass, is more compromised at the appendages than
at the trunk in children with CP. A second purpose was to determine whether physical
characteristics can be used to accurately estimate appendicular FFST (AFFST) in children with
CP.

Methods: Forty-two children with CP (4 — 13 y) and 42 typically developing children matched to
children with CP for sex, age and race were studied. Whole body FFST (FFSTwhole), FFST in the
upper extremities (FFSTupper), FFST in the lower extremities (FFSTiower), the ratio of AFFST to
height (AFFST/ht), the ratio of AFFST to height? (AFFST/ht?) and non-appendicular FFST were
estimated from dual-energy X-ray absorptiometry. Statistical models were developed to estimate
AFFST, AFFST/ht and AFFST/ht? in both groups of children, and the leave-one-out method was
used to validate the models.

Results: Children with CP had 21 % lower FFSTwhole, 30 % lower AFFST, 34 % lower
FFSTiower, 14 % lower non-appendicular FFST, 23 % lower AFFST/ht, 19 % lower AFFST/ht?
and 9 % lower AFFST/FFSTwnole (all p < 0.05). Statistical models developed using data from
typically developing children overestimated AFFST, AFFST/ht and AFFST/ht? by 35 %, 30 %
and 21 % (all p < 0.05), respectively in children with CP. Separate models developed using data
from children with CP yielded better accuracy, with the estimated results highly correlated (r? =

0.78, 0.66 and 0.50, respectively; all p <0.001) and not different from calculated AFFST,
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AFFST/ht and AFFST/ht? (all p > 0.99). However, when the difference in estimated values and
measured values of AFFST, AFFST/ht and AFFST/ht? were plotted against measured values,
there was an inverse relationship (r = -0.38, -0.47 and -0.61, respectively, all p < 0.05).
Conclusion: Children with CP have a remarkable deficit in FFST that is more pronounced in
appendicular than the non-appendicular regions and more pronounced in the lower than the
upper appendages. Preliminary models developed using data from children with CP can
provide reasonable estimates of AFFST and indexes of AFFST relative to height, but further

development of the models may be needed.

Keywords: cerebral palsy; appendicular fat-free soft tissue; dual-energy X-ray absorptiometry;

statistical models; muscle mass

3.2 Introduction

Cerebral palsy (CP) is a neurological disorder of movement and posture that onsets
before, during or shortly after birth and lasts across the lifespan. It currently affects about 1
million people in the United States 2. It is well established that children with CP have skeletal
muscle deficits compared to their typically developing peers. The scope of such compromise
includes, but is not limited to, decreased muscle size 34354, decreased force generation capacity
43157158 ‘and increased inter- and intramuscular fat infiltration 3*. However, the evaluation of
skeletal muscle deficits in children with CP has primarily focused on the lower extremities and
studies that have evaluated the muscle development in all limbs in children with CP are lacking

due to technical difficulties.

30



Appendicular fat-free soft tissue (AFFST), as measured by dual-energy X-ray
absorptiometry (DXA), has traditionally been used as an indicator of sarcopenia in the aging

159 “and cachexia in clinical populations . In healthy adults, the upper and lower

population
limbs contain the largest portion of total body skeletal muscle mass 1. The AFFST is calculated
by summing the FFST in the upper appendages (FFSTupper) and the lower appendages
(FFSTiower), to provide a summative index that serves as a surrogate for skeletal muscle mass in
the extremities. Because muscles at the appendicular sites are frequently involved in daily
movement and physical activity, deficits in AFFST may severely impair one’s mobility and
affect quality of life.

To our knowledge, the degree and distribution of AFFST deficit among children with CP
have not been elucidated. It has been reported that the lean tissue compromise in individuals with
spinal cord injury was more pronounced in the arms and legs than in the trunk when compared to
their sex-, age-, height-, and weight-matched controls 7. Spinal cord injury is a motor condition
that results in low level of mobility due to the injury to the central nervous system. Because of
the similar etiology, spinal cord injury is sometimes used to infer the long-term consequences of
having CP 162183 However, whether there is a regional preference for FFST deficit in children
with CP (i.e., whether the FFST deficit is more profound at the appendicular regions than at the
trunk in children with CP) is unknown.

The purpose of this study was to determine whether FFST is more compromised at the
appendicular sites than at the trunk in children with CP, and whether we can use simple physical
characteristics data to accurately estimate AFFST and its derived indexes that account for the

lower heights of children with CP. It is hypothesized that 1) AFFST and non-appendicular

(trunk) FFST would be lower in children with CP compared to their typically developing peers,
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but the extent of the deficit would be more pronounced at the appendicular regions, and 2)
AFFST and AFFST indexes of children with CP would be overestimated when derived from
models developed using data from typically developing children, but would be more accurately

estimated using models based on data from children with CP.

3.3 Methods

3.3.1 Participants

Forty-two children with spastic CP, between the ages of 4-13 were recruited from CP
programs at local hospitals to participate in this study. Forty two typically developing children
who had no known neurological disorders, had height, body mass and BMI between the 5th and
95th percentile for respective age and matched to children with CP for age (£ 1.5 y), sex and race
were also invited to participate. This study was approved by the Institutional Review Board.
Prior to any testing, consent and assent were obtained from the legal guardian and the child

participant, respectively.

3.3.2 Anthropometrics

Height and body mass for all children were assessed with minimal clothing on and
without shoes or braces. Height was assessed using a stadiometer (Seca 217; Seca GmbH & Co.
KG., Hamburg, Germany) in typically developing children and ambulatory children with CP to
the nearest 0.1 cm. For nonambulatory children with CP , height was estimated using forearm
length and methods described by Miller et al 1. Body mass for all children was assessed using a

digital weight scale to the nearest 0.2 kg (Detecto, 6550, Cardinal Scale, Webb City, MO). BMI
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was calculated based on the acquired height and body mass values. Height, body mass and BMI
percentiles were determined based on the growth charts published by the Center for Disease

Control and Prevention 19°,

3.3.3 Gross motor function

Gross motor function in children with CP was assessed by a physician or physician
assistant according to the Gross Motor Function Classification System (GMFCS). GMFCSisa5
point system with a larger number indicating a higher level of functional deficiency °.
Specifically, level I indicates the ability to walk and run but at a reduced speed while level two
indicates limited walking ability and minimal ability for running independently. Children with
GMFCS levels of 1 and Il were considered ambulatory. Level 111 indicates the ability to walk
only with an assistive device or the help of others. Level IV and V reflect minimal or lack of
independent motor function and the need for a wheelchair. Children with GMFCS levels 111 -V

were considered nonambulatory because they were unable to ambulate independently.

3.3.4 Body composition

Whole body DXA scans for all participants were acquired using a Delphi-W (Hologic,
Bedford, MA) DXA densitometer. Children with CP were secured from the waist down using a
modified version of the BodyFix (Medical Intelligence, Inc., Schwabmiinchen, GER) during
scanning acquisition to reduce potential involuntary contractions. The procedure has been
shown to have no effect on body composition measurements 1. Fat-free soft tissue mass
(FFSTwnote) and fat mass for the whole body were first determined (excluding the head). Upper

and lower extremity regions of the whole body scan were isolated, and the FFST in each limb
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were added together to calculate AFFST. In addition, FFST in each upper extremity were added
together to calculate upper body FFST (FFSTupper), and FFST in each lower extremity were
added together to calculate lower body FFST (FFSTiower). The remaining FFST (excluding the
head) was considered non-appendicular FFST. To account for the shorter statue that children

with CP usually exhibit, height-adjusted indexes were calculated as follows:

AFFST/ht = AFFST (kg) /height (m)

AFFST/ht? = AFFST (kg) /height? (m?)

3.3.5 Statistical analysis

Data were analyzed using SPSS version 24.0 (IBM Corp, Armonk, NY). All data were
checked for normality first, and mean group differences between CP and typically developing
children were compared using independent t-test or Mann-Whitney U test accordingly. To
compare data from nonambulatory children with CP, ambulatory children with CP and typically
developing children, subgroup analyses were performed using ANOVA for physical
characteristics and body composition measurements. For body composition measurements, age
was used as a covariate because the nonanbulatory children with CP were slightly older, though
the difference was not significantly different, and a Bonferroni adjustment was applied for post-
hoc comparisons to control for type I error. Effect size was estimated using Cohen’s d (d), with
0.2, 0.5 and 0.8 indicating small, medium and large effect size, respectively " when applicable.
An alpha level of 0.05 was used for all significance tests.

Multiple regression analyses were first performed in typically developing children to

determine whether simple physical characteristics data (i.e., age, sex, height, body mass and
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BMI) could be used to accurately estimate AFFST, AFFST/ht and AFFST/ht?. All independent
predictors were examined for interactions and if they were significant contributors to the model.
Models either included BMI of body mass and height depending on which explained the most
variance in the dependent variable. Models did not include all three because inclusion of all
three did not improve any of the models. The final models were cross-validated using the leave-
one-out technique . Models were also applied to children with CP to determine whether
accurate estimates could be obtained. Separate models using data from children with CP were
also created and checked for validity. Paired t-tests were used to determine if AFFST, AFFST/ht
and AFFST/ht? estimated from predictive models were significantly different from their
respective values measured using DXA. The validity of the models was also assessed using

Bland-Altman plots 1% and scatter plots.

3.4 Results

3.4.1 Physical characteristics

Eighteen children with CP were classified as nonambulatory and 24 were classified as
ambulatory. Physical characteristics for all participants were summarized in Table 1. No
significant differences were detected for age, BMI or BMI percentile between typically
developing children and children with CP. However, children with CP had lower height and
height percentile (d = 0.690 and 1.358, respectively, both p < 0.05), and lower body mass and
body mass percentile (d = 0.413 and 0.842, respectively, both p < 0.05) as compared to the

typically developing children.
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When children with CP were separated based on ambulatory status, nonambulatory

children with CP had lower height percentile and body mass percentile (d = 1.705 and 0.976,

respectively, both p < 0.05) compared to typically developing children. Ambulatory children

with CP had lower height, height percentile and body mass percentile (d =0.732, 1.091 and

0.707, respectively, all p < 0.05) compared to the typically developing children.

Table 1. Physical characteristics of children with cerebral palsy (CP) and typically developing

children (Con).

CP (n=42) NACP (n =18) ACP (n =24) Con (n=42)
Age (y) 91+25 99+21 8.5+ 2.6 92+23
Height (m) 1.26 +0.15 1.27+0.15 1.25 +0.16 1.36 +0.14
Height (%) 21 + 26 15 + 222 27 + 282 57 +27
Body mass (kg) 28.1+11.2% 28.7+12.2 27.6 +10.7 32.6 £10.6
Body mass (%) 31+33° 27 £ 332 35+ 33° 56 + 26
BMI (kg/m?) 17.2+4.3 17.3+49 17.1+3.9 17.3+2.9
BMI (%) 47 + 36 44 + 39 50+ 34 53+ 30
GMFCS (I/1I/1N/IVIV) 14/10/7/1/10 0/0/7/1/10 14/10/0/0/0

Values are mean + SD. NACP = nonambulatory CP; ACP = ambulatory CP; BMI = body mass
index. % for height, body mass and BMI reflects the percentile relative to age- and sex- based
norms; GMFCS = gross motor function classification system- 2Different from Con, p < 0.05.
bDifferent from ACP, p < 0.05.
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Figure 1. Whole body dual-energy X-ray Absorptiometry (DXA) scan for a 9.4 year old child
with cerebral palsy (A; CP) at GMFCS level Il, and a typically developing child (B; Con) with
the same age, sex and race. The white arrows point to the soft tissue, a combination of fat mass
and fat free soft tissue at the appendicular regions. Children with CP have much less soft tissue
compared to Con.
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(n = 18) (n = 24) (n = 42)

Figure 2. Appendicular fat-free soft tissue mass (AFFST) to whole body fat-free soft tissue mass
(FFSTwhote) ratios for all participants. NACP = non-ambulatory children with cerebral palsy;
ACP = ambulatory children with cerebral palsy; Con = typically developing children. *Different
from typically developing children, p < 0.05.
3.4.2 Body composition

Body composition estimates from DXA are summarized in Table 2 and representative
DXA scans from a child with CP and a typically developing child are presented in Figure 1.
There was no group difference in fat mass, but compared to controls, children with CP had 21%
lower FFSTwhole (d = 0.661, p = 0.002). AFFST and non-appendicular FFST were both lower in

children with CP than in controls, but the degree of the difference was greater for AFFST (30 %

lower, d = 0.909, p < 0.001) than non-appendicular FFST (14 % lower, d = 0.444, p = 0.019).
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Compared to controls, children with CP also had 23% lower AFFST/ht, 19% lower AFFST/ht?,
9% lower AFFST/FFSTwhote, 34 % lower FFSTiower, and 31% higher FFSTupper/FFSTiower (d =
0.909, 0.994, 0.907, 1.034, and 1.403, respectively, all p < 0.05).

When children with CP were separated based on ambulatory status, all measures of FFST
were lower in nonambulatory children with CP compared to typically developing children (d
range = 0.403 to 1.980, all p < 0.05), except FFSTupper/ FFSTiower Which was higher compared to
typically developing children (d = 1.663, p < 0.001). The ambulatory children with CP had lower
FFSTwhole cOmpared to typically developing children, although it was marginally insignificant (d
=0.576, p = 0.056). The ambulatory children with CP also had lower AFFST, AFFST/ht,
AFFST/FFSTwhole and FFSTiower, cOmpared to the typically developing children (d = 0.708,
0.647, 0.667 and 0.830, respectively, all p < 0.05). In addition, the ambulatory children with CP
had higher FFSTupper/FFSTiower cOmpared to typically developing children (d = 1.229, p < 0.001),
but there was no group difference in non-appendicular FFST or FFSTypper (d = 0.468 and 0.286,
respectively, both p > 0.05). The lower AFFST/FFSTwhole in the nonambulatory and ambulatory

children with CP compared to the typically developing children is demonstrated in Figure 2.
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Table 2. Body composition estimates of children with cerebral palsy (CP) and typically

developing children (Con) using dual-energy X-ray absorptiometry.

CP(n=42) NACP (n=18) ACP(n=24)  Con (n=42)

Fat mass (kg) 8.4+57 94+7.1 76+45 74+43
FFSTwhole (KQ) 15.3+5.8° 14.8 £5.22 15.7+6.2 19.3+6.3
AFFST (kg) 6.4 £ 2.62 57+22% 6.9+29° 9.1+33
non-appendicular FFST (kg) 8.9+3.3° 9.1+3.2% 8.8x+34 10.3+3.0
AFFST/ht (kg/m) 5.0 + 1.62 4.4 +1.22 54+1.7° 6.5+1.7
AFFST/ht? (kg/m?) 3.9+ 1.0° 3.4+0.7 42+10 48+0.8
AFFST/FFSTwhole 0.42 + 0.05% 0.39 + 0.04% 0.44 £ 0.03% 0.46 +0.03
FFSTupper (kQ) 1.7+0.7 1.6 £ 0.6* 1.8+0.7 20+0.7
FFSTiower (kg) 4.7+2.0% 41+1.6° 51+£22% 71+26
FFST upper/ FFS T iower 0.37 +0.08% 0.40 + 0.09° 0.36 = 0.07 0.29 +0.04

Values are mean + SD. NACP = nonambulatory CP (Gross Motor Function Classification
(GMFCS) level | and Il); ACP = ambulatory CP (GMFCS level 11,1V and V); FFST = fat-free
soft tissue mass; FFSTwhole = Whole body FFST; AFFST = appendicular FFST in the upper and
lower appendages; AFFST/ht = ratio of AFFST to height; AFFST/ht? = ratio of AFFST to
height?; FFSTupper = FFST in the upper extremities; FFSTiower = FFST in the lower extremities.
Different from Con, p < 0.05.
3.4.3 Statistical models developed in typically developing children

Multiple regression analysis was performed using physical characteristics data from
typically developing children to estimate AFFST, AFFST/ht and AFFST/ht?. The resulting
models yielded good estimates in typically developing children, as indicated by the high amount

of variance explained (R? = 0.92, 0.88 and 0.73, respectively, all p < 0.001; Table 3). When the

models were cross-validated using the leave-one-out technique, the estimates were strongly

40



related and not different from measured AFFST, AFFST/ht and AFFST/ht? (r> = 0.89, 0.84 and
0.65, respectively; all p > 0.91; Figure 3). However, when the difference in estimated values
and measured values of AFFST, AFFST/ht and AFFST/ht? were plotted against measured values,
there was an inverse relationship (r = -0.31, -0.39 and -0.56, respectively, all p < 0.05; Figure
5D-F). This indicated a trend for an overestimation of AFFST, AFFST/ht and AFFST/ht? for
typically developing children with lower values and an underestimation for children with higher
values.

Although the models developed using data from typically developing children yielded
estimates of AFFST, AFFST/ht and AFFST/ht? that were moderately-to-strongly related to the
measured values during the cross-validation in children with CP, they overestimated AFFST,
AFFST/ht and AFFST/ht? by 11, 14 and 15 %, respectively (all p < 0. 01; Figure 3). The
overestimation was demonstrated by most data points and the regression line residing below the
lines of identity in the scatter plots (Figure 3A-C), and by most data points and mean difference
lines above the no difference line in the Bland-Altman plots (Figure 3D-F). When the
difference in estimated values and measured values of AFFST, AFFST/ht and AFFST/ht? were
plotted against measured values, there was a significant inverse relationship for AFFST/ht? (r = -
0.60, p < 0.001; Figure 5F). This indicated a trend for a greater overestimation AFFST/ht? for
children with CP with lower values. The differences between the estimated values and the
measured values of AFFST, AFFST/ht and AFFST/ht? were significantly correlated with the low
AFFST/FFSTwnole in children with CP (r =-0.52, -0.66 and -0.74, respectively; all p < 0.001), as

shown in Figure 4.
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Table 3. Statistical models developed to estimate appendicular fat-free soft tissue (AFFST) mass and AFFST indexes in typically
developing children.

Model Outcome measure  Coefficients B t-Value SE p-Value Model R? Model adjusted R?
1 AFFST (kg) 0.917 0.908
Intercept -14.106 -4.685 3.011 0.000
Sex -0.416 -1.306  0.318 0.199
Age (year) -0.048 -0.273 0.177 0.786
Height (m) 14.485  4.112 3.523 0.000
Body mass (kg) 0.128 4,512 0.028 0.000
2 AFFST/ht (kg/m) 0.877 0.864
Intercept -3.565 -1.875 1.901 0.069
Sex -0.411 -2.044  0.201 0.048
Age (year) 0.527 0.219 0.112 0.828
Height (m) 5.487 2.468  2.224 0.018
Body mass (kg) 0.08 4.479 0.018 0.000
3 AFFST/ht? (kg/m?) 0.732 0.703
Intercept 2.238 1.672 1.339 0.103
Sex -0.352 -2.488  0.142 0.017
Age (year) 0.048 0.611 0.079 0.545
Height (m) 0.386 0.246 1.566 0.807

Body mass (kg) 0.052 4.148 0.013 0.000

AFFST/ht = ratio of AFFST to height; AFFST/ht? = ratio of AFFST to height?; male = 0 and female = 1 for sex; SEE =
Standard error of estimation. All models p < 0.001.
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Figure 3. Scatter plots demonstrating the cross-validation of models for appendicular fat-free soft

AFFST/ht£gimate (kg/m?)

AFFSTeetimate - AFFST (kg)

® CP(n=42);r=0.20,p=0205
O Con(n=42);r =-0.31, p=0.045

m

5 10 15 20
AFFST (kg)

-3

AFFST/htegimate - AFFST/ht (kg/m)

® CP(n=42);r=-020,p=0.195
O Con(n=42);r =-0.39, p=0.010

n

5 10 15
AFFST/ht (kg/m)

AFFST/ht cqmate - AFFST/hE? (kg/m?)

® CP(n=42);r =-0.66, p <0.001
O Con (n=42); r =-0.56, p < 0.001

AFFST/ht? (kg/m?)

tissue mass from dual-energy X-ray absorptiometry (AFFST), the ratio of AFFST to height

43



(AFFST/ht), and the ratio of AFFST to height squared (AFFST/ht?) developed using physical
characteristics data from typically developing children (A-C). The models were cross-validated
using the leave-one out method and data from the typically developing children. The models
were also cross-validated using data from children with CP. Estimated values are on the x-axis.
Measured values are on the y-axis. The dotted lines represent the lines of identity. The cross-
validation was also evaluated using Bland-Altman plots (D-F). The dotted lines represent
AFFST estimated minus AFFST measured + SD for the typically developing children. The thick
solid lines represent the regression lines for children with CP, and the thin solid lines represent
the regression lines for typically developing children.
3.4.4 Statistical models developed in children with CP

Multiple regression analysis was performed using physical characteristics data from
children with CP to estimate AFFST, AFFST/ht and AFFST/ht?. The resulting models yielded
good estimates, as indicated by the high amount of variance explained. (R? = 0.85, 0.77 and 0.64,
respectively, all p < 0.001; Table 4). When the models were cross-validated using the leave-one-
out method, the results were strongly related to (r? = 0.78, 0.66 and 0.50, respectively, all p <
0.001; Figure 5) and not different from measured AFFST, AFFST/ht and AFFST/ht? (all p >
0.95). Excellent estimation is indicated visually by most data points and the regression lines near
the lines of identity in the scatter plots (Figure 5A-C), and by most data points and the mean
difference lines near the no difference lines in the Bland-Altman plots (Figure 5D-F). However,
when the difference in estimated values and measured values of AFFST, AFFST/ht and
AFFST/ht? were plotted against measured values, there was an inverse relationship (r = -0.38, -
0.47 and -0.61, respectively, all p < 0.05; Figure 5D-F). This indicated a trend for an
overestimation of AFFST, AFFST/ht and AFFST/ht? for children with CP with lower values and

an underestimation for children with higher values.
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Table 4. Statistical models developed to estimate appendicular fat-free soft tissue mass (AFFST) and AFFST indexes in children with
cerebral palsy.

Model
1

Outcome measure
AFFST (kg)

AFFST/ht (kg/m)

AFFST/ht? (kg/m?)

Coefficients

Intercept

Sex

Age (year)

Height (m)

Body mass (kg)
Ambulatory status

Intercept

Sex

Age (year)

Height (m)

Body mass (kg)
Ambulatory status

Intercept

Sex

Age (year)

BMI (kg/m?)
Ambulatory status

-3.512
-0.595
0.220
4.342
0.118
-1.484

2.277
-0.449
0.179
-0.666

0.091
-1.134

1.360
-0.334
0.106

0.120
-0.839

t-Value

-1.529
-1.602
1.422
1.493
4.721
-3.696

1.323
-1.612
1.547
-0.306

4.853
-3.769

2.744
-1.561
2.500

5.062
-3.914

45

SE

2.296
0.371
0.155
2.908
0.025
0.402

1.721
0.278
0.116
2.179

0.019
0.301

0.496
0.214
0.042

0.024
0.214

p-Value

0.135
0.118
0.164
0.144
0.000
0.001

0.194
0.116
0.131
0.762

0.000
0.001

0.009
0.127
0.017

0.000
0.000

Model R?
0.854

0.770

0.637

Model adjusted R?
0.833

0.738

0.597



AFFST/ht= ratio of AFFST to height; AFFST/ht? = ratio of AFFST to height?; male = 0 and female = 1 for sex; ambulatory = 0, and
nonambulatory = 1 for ambulatory status; SEE = Standard error of estimation. All models p < 0.001.
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Figure 4. Scatter plots of the ratio of appendicular fat-free soft tissue mass to whole body fat-free
soft tissue mass (AFFST/FFSTwhole) compared to (A) the difference in appendicular fat-free soft
tissue mass (AFFST), (B) the ratio of AFFST to height (AFFST/ht), and (C) the ratio of AFFST
to height? (AFFST/ht?) and their estimates in children with cerebral palsy (CP) by statistical
models developed using data from typically developing children. AFFSTEstimate, AFFST/htestimate
and AFFST/ht%estimate represent the estimates by the models developed using data from typically
developing children. The horizontal dotted line represents the point where the difference between
AFFSTEstimate and AFFST measured is zero. The vertical dotted line represents the average
AFFST/FFSTwhote for typically developing children. The solid lines represent the regression lines
for children with CP.
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Figure 5. Scatter plots demonstrating the cross-validation of models for appendicular fat-free soft
tissue mass from dual-energy X-ray absorptiometry (AFFST), the ratio of AFFST to height
(AFFST/ht), and the ratio of AFFST to height squared (AFFST/ht?) developed using physical
characteristics data from children with cerebral palsy (CP; A-C). The models were also cross-
validated using data from children with CP and the leave-one-out method. Estimated values are
on the x-axis. Measured values are on the y-axis. The dotted lines represent the lines of identity.
The cross-validation was also evaluated using Bland-Altman plots (D-F). The dotted lines
represent AFFST estimated minus AFFST measured + SD. The solid lines represent the
regression lines for children with CP.
3.5 Discussion

To our knowledge, this is the first study to demonstrate that the FFST deficit in children
with CP is greater at the appendicular regions than at the non-appendicular region. In addition,
we demonstrated that AFFST, along with its height-adjusted indexes (AFFST/ht and
AFFST/ht?), can be estimated with reasonable accuracy in children with CP using models based
on physical characteristics. However, the models must be generated using data from children
with CP. Although models developed using data from typically developing children yield
reasonably accurate estimates of AFFST and its indexes in typically developing children,
significant overestimates result when the models are applied to children with CP. Low AFFST is
a concern because it has been linked to multiple comorbidities in adults and older people,
including functional impairment *’°, physical disabilities 1’°, impaired bone structure /%172,
impaired balance *"* and cardiovascular risks >4, The low AFFST in children with CP may be
an early indicator of these complications, which are all present at an accelerated rate in
individuals with CP 3122140.175-177

In the present study, AFFST and non-appendicular FFST were both lower in children

with CP, but there was a greater compromise in AFFST as demonstrated by the greater

percentage difference (30 % vs 14 %) and greater effect size (d = 0.909 vs. d = 0.444) when
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compared to typically developing children. These deficits are also reflected by the lower
AFFST/FFSTwhote in children with CP. The observation that the deficit in FFST is more
pronounced in the appendicular than the non-appendicular regions is consistent with previous
studies that show a proportionately smaller FFST in the arms and legs than in the trunk of
individuals with spinal cord injury %', a group that experiences exceptional loss of muscle and
physical activity after injury. The preferential deficit of FFST in the appendages versus the trunk
may be attributed to the larger proportion of muscle in the FFST of the appendages and the larger
proportion of non-muscular tissue (e.g. internal organs) in the FFST of the trunk 1. It is likely
that skeletal muscle compared to non-muscle is more affected by mobility-related issues.

The reason for the diminished AFFST in children with CP compared to their typically
developing peers is likely multi-factorial. Physical activity levels in children with CP are very
low, with some reports of 70 to 80 % lower levels in nonambulatory children with CP 478 and
~40% reduction in ambulatory children with CP 2. Such a low level of physical activity may
contribute to a muscular deficit simply by disuse; specifically, there is insufficient stimulus for
muscle growth. This problem may be exacerbated as children with CP grow older because there
is evidence that gait function declines as children with CP age, which may contribute to further
sedentary behavior in this population 1"°. Another potential contributing factor is malnutrition,
which is common in children with CP 8, It was reported that the prevalence of malnutrition is
much higher in women with sarcopenia, as defined by AFFST/ht?, than in those without
sarcopenia 8. Whether a similar phenomenon is present in children with CP is yet to be
determined. Catabolic hormones like myostatin may also play a role in this process. There is
some evidence that myostatin is upregulated in children with CP %5, It was reported that

myostatin RNA expression tends to be higher (29%; p = 0.09) in older adults with sarcopenia
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than in those without sarcopenia 8. However, to our knowledge, the relationship between
myostatin and AFFST has not been examined in children with CP. More research is required to
identify specific mechanisms underlying the lower AFFST in children with CP compared to
typically developing children.

Another novel finding in the current study was the disproportionate FFST compromise in
the lower limbs compared to the upper limbs in children with CP. Although FFST was lower in
the upper and lower limbs of the nonambulatory children with CP when compared to typically
developing children, the deficit was smaller in the upper limbs. This was confirmed by the
higher FFSTupper/FFSTiower in the nonambulatory children with CP compared to typically
developing children. In the ambulatory children with CP, a detectable compromise in FFST was
found in the lower limbs, but not in the upper limbs. The detectable FFST deficit in the upper
limbs of nonambulatory children, but not the ambulatory children with CP is probably due to a
much lower usage of the arms by the nonambulatory children. Most of the nonambulatory
children with CP (14 out of 18) were quadriplegic, where all four limbs are affected. On the
other hand, all of the ambulatory children with CP were either diplegic or hemiplegic, where one
or two lower limbs are affected and the upper limbs are usually unaffected. It is likely that a
deficit in FFST is present in children with milder forms of CP, such as those who are
ambulatory, but larger samples and/or more sensitive measures that specifically assess muscle
are needed.

The finding that models developed using data from typically developing children and
simple characteristics, such as sex, age, height, body mass, BMI and ambulatory status,
overestimate AFFST and indexes of AFFST when applied to children with CP is consistent with

previous studies. For example, DXA-based models developed using data from typically
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developing children overestimated midthigh muscle mass by 12-15 % ** and midleg muscle mass
by 13-22 % & in children with CP. The finding that AFFST and AFFST indexes can be estimated
in children with CP by models developed using data from children with CP is encouraging.
However, the models tended to overestimate AFFST in children with CP with lower values and
underestimate AFFST children with higher values. Therefore, further efforts are needed to
develop models to estimate AFFST and associated indexes.

In addition to the novel findings already reviewed, there are strengths of this study that
should be discussed. First, children with CP and typically developing children were matched for
age, sex and race. Moreover, the height, body mass and BMI for the typically developing
children were not different from the 50" sex- and age-based percentiles. Therefore, the
differences in body composition observed in the current study likely reflect the population
difference between children with CP and their typically developing peers. Second, FFST at
appendicular sites was expressed not only as an absolute value, but also as indexes that corrected
for the shorter statue of the children with CP (i.e., AFFST/ht and AFFST/ht?). A marked
reduction was still present with the relative measures of AFFST indicating that the level of
compromise in children with CP is striking.

The limitations of this study must also be addressed. First, although commonly used to
represent skeletal muscle mass at the appendicular regions, AFFST is not a perfect surrogate for
skeletal muscle mass. Apart from skeletal muscle, FFST also contains tendons, ligaments,
vessels and other connective tissues. Therefore, the actual appendicular skeletal muscle mass is
only a portion of the AFFST measured by DXA. In addition, children with CP have a lower
proportion of muscle in the FFST as reflected by a lower ratio of skeletal muscle mass to FFST

811 Therefore, the actual deficit in muscle is probably even greater in this population than is
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reflected by AFFST. Second, regression models were developed in the present study using
limited physical characteristic data, such as age, sex and height. In a previous study of adults, it
was found that AFFST is accurately estimated by models that include sex, height and weight, as
well as other predictors, such as hip circumference and grip strength *°°. Whether adding other
anthropometric measures and muscle strength can increase predictability for models specific to
children with CP is unknown and needs further investigation. Despite the limitation, the models
developed in the present study provided moderate-to-strong estimates of AFFST and indexes of
AFFST in children with CP. Lastly, it is unknown if the statistical models developed in the
present study can be used to monitor changes in children with CP due to growth, maturation,
surgery or alterations in physical activity, nutrition or rehabilitation. Future studies are needed to
assess the usefulness of these models for scientists studying and clinicians monitoring the muscle

development and health in children with CP.

3.6 Conclusion

Children with CP have a remarkable deficit in FFST that is more pronounced in
appendicular than non-appendicular (trunk) regions, with greater deficits noted in the lower
extremities than in the upper extremities. Although the unique FFST profile is more pronounced
in nonambulatory children, it is also present in ambulatory children with CP. Preliminary
models developed in the current study using data from children with CP can
provide good estimates of AFFST, but further development of the models to estimate AFFST

indexes may be needed.
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CHAPTER 4

STATISTICAL MODELS TO ASSESS LEG MUSCLE MASS IN AMBULATORY
CHILDREN WITH SPASTIC CEREBRAL PALSY USING DUAL-ENERGY X-RAY
ABSORPTIOMETRY

Zhang, C., Whitney, D.G., Singh, F., Slade, J.M., Miller, F., Modlesky, C.M. Accepted by
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4.1 Abstract

Background: Cerebral palsy (CP) is a movement disorder associated with small and weak
muscles. However, methods that accurately assess muscle mass in children with CP are scarce.
Objective: The objective was to determine whether dual-energy X-ray absorptiometry (DXA)
accurately estimates of midleg muscle mass in ambulatory children with spastic CP.

Methods: Ambulatory children with spastic CP and typically developing children 5-11 y were
studied (n = 15/group). Fat-free soft tissue mass (FFST) and fat mass at the middle third of the
tibia (i.e., midleg) were estimated using DXA. Muscle mass (musclemri) and muscle mass
corrected for intramuscular fat (musclemritc) in the midleg were estimated using magnetic
resonance imaging (MRI). Statistical models were created to predict musclemri and musclemrise
using DXA.

Results: Children with CP compared to typically developing children had lower FFST (38 %),
musclemri (40 %) and musclemrite (47 %) (all p < 0.05) and a lower ratio of musclemritc to FFST
(17 %, p < 0.05). DXA-based models developed using data from typically developing children
explained 90 % of the variance in musclemriand 83 % of the variance in musclemric in children
with CP (both p < 0.05); however, the models overestimated musclemr (13 %) and musclemritc
(22 %) (both p < 0.05). The overestimation was inversely related to the ratio of musclewr to
FFST (r =-0.79, p <0.001) and musclemrisc to FFST (r =-0.95, p < 0.001). DXA-based models
developed using data from children with CP explained 91 % of the variance in musclemri and 90
% of the variance in musclemritc in children with CP (both p < 0.05). Moreover, the estimates

were not different from musclemriand musclemritc (both p > 0.99).
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Conclusion: DXA-based statistical models accurately estimate midleg muscle mass in children
with CP when the models are composed using data from children with CP rather than typically
developing children.

Keywords: muscle mass; cerebral palsy; dual-energy X-ray absorptiometry; magnetic resonance

imaging; intramuscular fat; statistical models

4.2 Introduction

As the largest tissue component of the lean body mass in humans, skeletal muscle plays
an important role in daily life. Apart from force-generating capacity 82, which is crucial for
movement and balance 1'%, it is also involved in numerous physiological processes that help the
body achieve homeostasis 8. Altered skeletal muscle quantity and quality have been associated
with multiple morbidities, such as insulin resistance 1%, functional impairment and disability 17°,
obesity 14 and osteoporosis 8. Therefore, obtaining information about human skeletal muscle
development and accretion is necessary for disease prevention and treatment.

Magnetic resonance imaging (MRI) is considered the “gold standard” for non-invasive
skeletal muscle mass assessment 87, However, some limitations associated with MRI include
high cost, low availability, and time-consuming acquisition and processing procedures. An
alternative to MRI is dual-energy X-ray absorptiometry (DXA) because of its lower cost, and
shorter scanning and processing time. Studies have shown that fat-free soft tissue (FFST) from
DXA can be used to estimate skeletal muscle mass 1181 However, few studies have focused
on children 1188190 and fewer have focused on children with arrested muscle accretion, such as
children with cerebral palsy (CP) . Muscle assessment in children with CP is particularly

important because CP is the most common childhood disability and it is associated with muscles
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that are small #1%44 weak #* and highly infiltrated with fat *. The muscle size deficit in children
with CP is profound in the lower extremities, especially the legs °. Moreover, the concentration
of intramuscular fat in the legs is ~ 50 % higher in ambulatory children with CP than in typically
developing children 3.

There is evidence that a DXA-based statistical model developed for typically
developing children overestimates skeletal muscle mass in non-ambulatory children with CP,
which has been linked to their lower proportion of muscle in the FFST . Whether a similar
problem is present and correctable in ambulatory children with spastic CP is unknown. In
addition, most MRI structural images used to assess muscle volume cannot separate
intramuscular fat from muscle tissue. Therefore, the proportion of muscle in the FFST may be
even lower and the overestimation of muscle mass by DXA-based models higher in children with
CP than previously demonstrated when the high degree of intramuscular fat is considered.

The objective of this study was to determine whether DXA can be used to estimate
midleg muscle mass in ambulatory children with spastic CP. It was hypothesized that midleg
muscle mass in children with CP would be overestimated by a DXA-based statistical model
developed using data from typically developing children while a model developed using data

from children with CP would yield accurate estimation.

4.3 Methods
4.3.1 Participants

Sixteen ambulatory children with spastic CP (n =5 girls, n = 12 Caucasian, n = 2 African
American and n =2 Hispanic) and between 5 and 11 years old were recruited from Al duPont

Hospital for Children (Wilmington, DE) CP clinic and other pediatric clinics from the greater

59



Atlantic area. Fifteen typically developing children (n = 4 girls, n = 11 Caucasian, n = 2 African
American, n = 1 Hispanic and n =1 Asian) without known neurological disorders and had similar
ages to children with CP also participated. This study received approval from the Institutional
Review Board. Written consent and assent were obtained from the participant and the parent,

respectively.

4.3.2 Anthropometrics

Height was assessed using a stadiometer (Seca 217; Seca GmbH & Co. KG., Hamburg,
GER). Body mass was assessed using a digital weight scale (Detecto 6550, Cardinal Scale,
Webb City, MO). Both measurements were taken while children wore minimal clothing. Body
mass index (BMI) was subsequently calculated. Height, body mass and BMI percentiles were

determined using growth charts %,

4.3.3 Sexual Maturity

Sexual maturity was assessed using the Tanner staging technique °2. This is a five-point
scale with I indicating no development and V indicating full development. There are two parts to
this assessment. Pubic hair development in both boys and girls, and testicular/penile

development in boys and breast development in girls were assessed by a physician assistant.

4.3.4 Gross Motor Function

Gross motor function in children with CP was classified according to the gross motor

function classification system (GMFCS) '°. GMFCS is a five-point scale ranging from | to V
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with a higher number indicating lower gross motor function. Participants with CP in this study

had GMFCS | or Il.

4.3.5 DXA

FFST and fat mass at the level of the middle-third (i.e., midleg) of the non-dominant side
in typically developing children and the more affected side in children with CP were assessed
using DXA (Delphi W, version 11.2; Whole Body Analysis; Hologic Inc) and a whole body
scan. The BodyFIX (Medical Intelligence, Inc., Schwabmiinchen, GER) was used to limit
motion in children with CP 1. After completion of the scan, a region of interest (ROI) box was
placed at the middle-third of the tibia to represent the midleg and fat mass and FFST were
determined. The coefficient of variation (CV) for repeat measures of FFST and fat mass in the

midleg were 0.6 % and 0.7 %, respectively .

4.3.6 MRI

Midleg muscle mass and muscle mass corrected for intramuscular fat were determined
using MRI (GE, 1.5 T, Milwaukee, WI) in the same leg tested using DXA. To help children
remain still during the MRI testing, they were secured from the waist down using the BodyFix to
limit motion . They also watched a movie of their choice using an MRI-compatible goggle
system (CinemaVision, Resonance Technology Inc, Northridge, CA). All scans with visible
motion in the images were redone. Axial images (0.5 cm slice thickness and 0.5 cm spacing)
were collected from the tibia plateau to the malleolar surface using a semiflex long bone array
coil (ScanMed, Omaha, NE) and two scans. The first scan (TR = 650, TE = 14, NEX =3,

Bandwidth = 15.63, frequency 512 and phase 256, field of view 12 cm) yielded T-1 weighted
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images. The second scan (IDEAL.: fast-spin-echo, TR = 600, TE = min full, NEX = 2,
Bandwidth = 31.25, frequency 320 and phase 224) yielded fat and water images.

Images were processed with a program developed using Interactive Data Language
(Research Systems, Inc., Boulder, CO). T1-weighted images at the level of the midleg were
automatically identified and processed. Skeletal muscle area was separated from other tissues 1%
with minor manual adjustments applied as needed. The identified area for the first and last
images were multiplied by a correction factor (< 1), and the rest of the images were multiplied by
1 to account for the slice thickness and spacing, and sum of all results was defined as mid-third
tibia muscle volume (MV). The mid-third tibia MV was then multiplied by 1.04 g/cm?, the
assumed density of muscle %! to calculate muscle mass (musclemri). The reliability in our
laboratory is excellent as indicated by intraclass correlation coefficients > 0.99 and CVs of 0.5 %
11_

To correct muscle mass for intramuscular fat concentration (musclemritc), areas that
were assigned to muscle in the T1-weighted images were used to identify muscle areas in the
corresponding fat and water images. The signal intensity (SI) were used to calculate fat
concentration using the following equation: Fat concentration = SI from fat images / (SI from fat
images + Sl from water images) * 100 °*. Skeletal MV corrected for intramuscular fat
concentration was calculated using the following equation: Corrected MV = MV — (MV x fat

concentration). The corrected MV was then multiplied by the assumed muscle density %! to yield

musclemrifc.
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4.3.7 Statistical Analysis

Data analyses were conducted using SPSS (version 24.0; SPSS, Chicago, IL). Physical
characteristics and data from DXA and MRI were checked for normality first, and group
comparisons were made using independent t-tests or Mann-Whitney test accordingly. The
magnitude of the effects were determined using Cohen’s d (d), with 0.2, 0.5 and 0.8 indicating
small, medium and large effects, respectively 67,

A simple linear regression analysis was performed using FFST as the independent
variable to estimate musclemri and musclemritc in typically developing children and in children
with CP. Age, height, body mass, BMI and fat mass were added to the model as predictors one at
a time to determine whether those variables could significantly improve model predictability.
The final models were cross-validated using the leave-one-out technique %4, Paired t-tests were
performed to determine whether model estimated muscle mass was different from musclemri and

musclemritc.

4.4 Results

One Caucasian boy with CP did not complete the second MRI scan (IDEAL) and was
excluded from the analyses. Physical characteristics for the remaining participants are
summarized in Table 5. Eight children with CP had GMFCS | and 7 had GMFCS Il. No group
differences in age, body mass, BMI, BMI percentile, sexual maturity or fat mass were detected
(all p>0.05). Children with CP had a lower body mass percentile, height and height percentile
(all p <0.05). Children with CP also had 38 % lower FFST, 40 % lower musclemri and 47 %
lower musclemrirc (all p < 0.05). Intramuscular fat concentration was higher in children with CP

(24 % vs 15 %; p = 0.001). Children with CP had a 17 % lower ratio of musclemrirc to FFST
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(0.62 £0.13 vs. 0.75 £ 0.06; d = 1.205, p = 0.004; Figure. 6B). Although children with CP also
had a lower musclewr to FFST ratio, the difference was not statistically significant (0.82 £ 0.13
vs. 0.88 + 0.06; d = 0.564, p = 0.138; Figure. 6A). A visual depiction of the muscle and fat
discrepancies between a boy with CP and an age-matched typically developing boy is shown in

Figure 7.
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Table 5. Physical characteristics, DXA measurements and MRI skeletal muscle mass in children
with cerebral palsy (CP) and typically developing children (Con).

CP (n=15) Con (n=15) d p

Ages (years) 80x24 83x21 0.133 0.700
Tanner stage (I/11/111)

Pubic hair 11/3/1 14/1/0 0.550 0.345

Testicular-penile/breast 11/4/0 13/1/1 0.137 0.595
Height (m) 1.20+0.12 1.30+0.11 0.869 0.022
Height (%) 17 + 28 58 + 30 1413  <0.001
Body mass (kg) 24.7+9.3 28.9+7.0 0.510 0.067
Body mass (%) 32+31 60 + 26 0.979 0.012
BMI (kg/m2) 16.9+ 3.4 16.8 + 2.4 0.034 0.461
BMI (%) 50 + 36 55+ 28 0.155 0.694
GMFCS (I/11) 8/7 -
FFST (g) 163 + 59 263 + 77 1447  <0.001
Fat mass (g) 125+ 78 148 £ 61 0.321 0.161
Musclewmri (g) 136 + 61 228 + 65 1485  <0.001
Intramuscular fat concentration (%) 24+ 8 15+3 1.490 0.001
Musclemrite (9) 103 + 48 194 + 54 1.786  <0.001

Values are mean £ SD. BMI = body mass index. % for height, body mass and BMI reflects the
percentile relative to age- and sex- based norms; % for intramuscular fat concentration reflects
the percent fat within the muscle; DXA= dual-energy X-ray absorptiometry; MRI = magnetic
resonance imaging; GMFCS = gross motor function classification system; FFST = fat free soft
tissue; Musclewmri, muscle mass assessed by MRI; Musclemrite, muscle mass assessed by MRI
and corrected for fat concentration. d = Cohen’s d.
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Figure. 6. Ratio of muscle mass from MRI (Musclewr)) to fat free soft tissue from DXA
(FFSToxa; A) and muscle mass from MRI corrected for fat concentration (Musclemritc) to

FFSToxa (B) in the midleg of children with cerebral palsy (CP; n = 15) and typically developing
children (Con; n = 15). *Group difference, p < 0.05.
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Figure 7. Magnetic resonance images from a boy with cerebral palsy (CP; A) and a typically
developing boy (B) both 8.5 years of age at the level of the midtibia. The boy with CP had much
lower muscle mass (large black arrow in A) and much higher intramuscular fat (smaller black
arrow in A) compared to his typically developing peer.

4.4.1 Statistical model developed using typically developing children

Simple linear regression using FFST as the predictor explained 95 % of the variance in
musclemri in typically developing children (Table 6, model 1). Adding age or height didn’t
significantly improve the model (both p > 0.05). However, adding body mass, BMI or fat mass
individually significantly improved the model (all p < 0.05). Adding fat mass yielded the highest
R? value explaining 98% of the variance in musclemr: (Table 6, model 2). When the model with
FFST and fat mass was cross-validated using the leave-one-out method, the estimated muscle
mass (musclepxa) was strongly related (r?> = 0.97, SEE = 11.8 g, p < 0.001) and not different
from musclemri (p = 0.770). When the model was cross-validated in children with CP,
musclepxa Was strongly related to musclemri, as shown in the scatter plot in Figure. 8A (r? =
0.90, SEE = 20.0 g, p < 0.001). However, the model overestimated musclemri by 13 % (17.3 g, p
=0.004), as shown by most data points and the regression line residing mainly below the line of
identity in Figure. 8A and by most data points and mean difference line above the no difference

line in the Bland-Altman plot in Figure. 8B.
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Table 6. Statistical models developed to estimate midleg muscle mass from MRI using data from
typically developing children (Con) and children with cerebral palsy (CP).

Group Model R>  SEE (g)

Con 1. FFST (g) * 0.816 + 13.953 096 141

2. FFST (g) * 0.704 + fat mass (g) * 0.221 + 10.924  0.98 9.5

CP 3. FFST (g) * 0.986 — 24.577 091  19.3

All models are statistically significant, p < 0.001; MRI = magnetic resonance imaging; FFST =
fat free soft tissue; n = 15/group.
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Figure 8. A) The scatter plot shows midleg muscle mass (Musclemri) in children with cerebral
palsy (CP; n = 15) estimated using a dual-energy X-ray absorptiometry (DXA) -based model
(Musclepxa) developed using data from typically developing children. Musclepxa was estimated
using fat-free soft tissue mass (FFST) from DXA. The dotted line represents the line of identity.
The solid line represents the regression line. B) The Bland-Altman plot shows the level of
agreement between Musclepxa and Musclemri. The dotted lines indicate the mean difference + 2
SD between actual muscle mass from MRI and the estimated muscle mass by the DXA-based
model in children with CP. The solid line indicates no difference between actual and estimated
muscle mass.

Simple linear regression using FFST as the predictor explained 96 % of the variance in
musclemrirc in typically developing children (Table 7, model 1). None of the additional
predictors significantly improved the model (all p > 0.05). When the final model with only FFST
as the predictor was cross-validated using the leave-one-out method, the estimated muscle mass
was also strongly related (r? = 0.95, SEE = 12.7 g, p < 0.001) and not different from musclemrisc
(p = 0.858). When the same model was cross-validated in children with CP, the estimated muscle
mass (musclepxarc) was strongly related to musclemritc, as shown in Figure. 9A (r> = 0.83, SEE
=17.6 g, p < 0.001). However, the model overestimated musclemritc by 22 % (22.3 g, p = 0.001),
as shown by most data points and the regression line residing below the line of identity in
Figure. 9A and by most data points and the mean difference line above the no difference line in

the Bland-Altman plot in Figure. 9B.
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Table 7. Statistical models developed to estimate midleg muscle mass from MRI corrected for fat
concentration using data from typically developing children (Con) and children with cerebral
palsy (CP).

Group Model R? SEE (g)

Con 1. FFST (g) * 0.684 + 14.350 0.96 10.7

CP 2. FFST (g) * 0.740 — 17.086 0.83 20.9
3. FFST (g) * 0.993 — body mass (kg) * 2.123 — 5.766 0.90 16.8

All models are statistically significant, p < 0.001; MRI = magnetic resonance imaging; FFST =
fat free soft tissue; n = 15/group.
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Figure 9. A) The scatter plot shows midleg muscle mass adjusted for intramuscular fat
concentration (Musclemrite; A) in children with cerebral palsy (CP; n = 15) estimated using a
dual-energy X-ray absorptiometry (DXA) -based model (Musclepxarc) developed using data
from typically developing children. Musclepxat was estimated using fat-free soft tissue mass
(FFST) from DXA. The dotted line represents the line of identity. The solid line represents the
regression line. B) The Bland-Altman plot shows the level of agreement between Musclepxatc
and Musclemrite. The dotted lines indicate the mean difference £ 2 SD between actual muscle
mass from MRI and the estimated muscle mass by the DXA-based model in children with CP.
The solid line indicates no difference between actual and estimated muscle mass.

The difference between musclepxa and musclemr in children with CP was inversely
related to the ratio of muscle mass to FFST (r = -0.79, p < 0.001), as shown in Figure. 10A. The
positive values for the difference between musclepxa and musclemri indicate an overestimation
of muscle mass by the DXA-based model, which was greatest in children with lowest ratio of
musclemri to FFST. The overestimation declined as the average ratio of muscle to FFST in
typically developing children (0.88) was approached. A similar inverse relationship was
demonstrated between the difference in predicted muscle mass and musclemritc and the ratio of
musclemrire to FFST (r =-0.95, p < 0.001; Figure. 10B). The overestimation was greatest in
children with lowest ratio of muscle to FFST and became smaller as the average ratio of muscle

to FFST in typically developing children (0.75) was approached.
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Figure 10. A) Scatter plot of the ratio of muscle mass from MRI (Musclewmri) to fat-free soft
tissue mass from DXA (FFSToxa) in the midleg compared to the difference between muscle
mass estimated by the DXA-based model using data from controls (Musclepxa) and Musclemri
in children with cerebral palsy (CP; n = 15). B) Scatter plot of the ratio of musclemri corrected
for intramuscular fat concentration (Musclemritc) to FFSTpxa in the midleg compared to the
difference between Musclepxa corrected for intramuscular fat concentration (Musclepxat) and
muscle mass Musclemrirc. The dashed horizontal lines represent the points where the difference
between muscle mass estimated from DXA and MRI are zero. The dashed vertical lines
represents the mean ratios of muscle mass from MRI to FFSTpxa (0.88 for Musclemri/FFSTpxa
and 0.75 for Musclemritc/FFSToxa) for typically developing children.

4.4.2 Statistical model developed using children with CP

A simple regression model using FFST as the predictor explained 91% of the variance in
musclemri in children with CP (Table 6, model 3). Adding age, height, body mass, BMI or fat
mass as independent variables didn’t significantly improve the model (all p > 0.05). Estimated
muscle mass using the model with FFST as the predictor was not different from musclemr (p >
0.990). The validity of estimation was excellent as shown by most data points and the regression
line residing near the line of identity in Figure. 11A and by most data points and the mean
difference line near the no difference line in the Bland-Altman plot in Figure. 11B. When the
model was cross-validated using the leave-one out method, the estimated muscle mass was
strongly related (r> = 0.87, SEE = 21.8 g, p < 0.001) and not different from musclemr (p =

0.893).
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Figure 11. A) The scatter plot shows midleg muscle mass (Musclewmri) in children with cerebral
palsy (CP; n = 15) estimated using a dual-energy X-ray absorptiometry (DXA) -based model
(Musclepxa) developed using data from children with CP. Musclepxa was estimated using fat-
free soft tissue mass (FFST) from DXA. The dotted line represents the line of identity. The solid
line represents the regression line. B) The Bland-Altman plot shows the level of agreement
between Musclepxa and Musclemri. The dotted lines indicate the mean difference = 2 SD
between actual muscle mass from MRI and the estimated muscle mass by the DXA-based model.
The solid line indicates no difference between actual and estimated muscle mass.

A second regression model using FFST as the predictor explained 83 % of the variance
in musclemrite in children with CP (Table 7, model 2). Adding age, height, BMI or fat mass
didn’t significantly improve the model (all p > 0.05). However, when body mass was added to
the model, significant improvement was observed with 90 % of the variance in musclemrifc
explained (Table 7, model 3). Estimated corrected muscle mass using this model was not
different from musclemrirc (p = 0.990). The validity of estimation was excellent as shown by
most data points and the regression line residing near the line of identity in Figure. 12A and by
most data points and the mean difference line near the no-difference line in the Bland-Altman
plot in Figure. 12B. When the model was cross-validated using the leave-one out method, the
estimated corrected muscle mass was strongly related (r?> = 0.83, SEE = 20.5 g, p < 0.001) and

not different from musclemrisc (p = 0.785).
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Figure 12. A) The scatter plot shows midleg muscle mass adjusted for intramuscular fat
concentration (Musclemrite; A) in children with cerebral palsy (CP; n = 15) estimated using a
dual-energy X-ray absorptiometry (DXA) -based model (Musclepxarc) developed using data
from children with CP. Musclepxafc Was estimated using fat-free soft tissue mass (FFST) from
DXA. The dotted line represents the line of identity. The solid line represents the regression
line. B) The Bland-Altman plot shows the level of agreement between Musclepxasc and
Musclemrife. The dotted lines indicate the mean difference + 2 SD between actual muscle mass
from MRI and the estimated muscle mass by the DXA-based model in children with CP. The
solid line indicates no difference between actual and estimated muscle mass.

4.5 Discussion

To our knowledge, this is the first study to show that a DXA-based statistical model can
provide accurate estimates of leg muscle mass in ambulatory children with spastic CP. Although
models produced using typically developing children provided accurate estimates of muscle
mass in typically developing children, they overestimated muscle mass by 13 % and 22 %,
respectively, before and after correction for intramuscular fat in children with CP. The findings
are important because children with CP have very low muscle mass in the leg and methods that
provide accurate estimates of muscle mass are needed.

The finding that statistical models developed for typically developing children do not
provide accurate estimates of muscle mass in children with CP is consistent with a previous
study. In a small group of non-ambulatory children with CP, midthigh muscle mass was
overestimated by 12-15 % (p < 0.05) when a DXA-based model developed using typically
developing children was used. The overestimation was attributed to the lower ratio of muscle to
FFST in children with CP. An inverse relationship between this ratio and the degree of muscle
mass overestimation supports the strong tie between the relative amount of muscle in the FFST
and the accuracy of muscle mass estimated by DXA 1, Similarly, in the present study, muscle

mass was overestimated by 13 % when a model developed using typically developing children
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was employed, and the ratio of muscle to FFST was lower in the children with CP. Moreover,
there was a strong inverse relationship between this ratio and the degree of muscle mass
overestimation by a DXA-based models produced for typically developing children. Other than
skeletal muscle, FFST also contains skin, vessels and other connective tissues. Assuming the
non-skeletal muscle portion of FFST is not altered in children with CP, the compromised muscle
mass will lead to a lower ratio of musclemri to FFST and musclemrisc to FFST in this population.
It can be inferred that if children with CP had similar ratios of muscle mass to FFST as typically
developing children, there would be no, or minimal overestimation, as indicated in Figure. 10.

Interestingly, in typically developing children, when fat mass was included as a predictor
with FFST, the model improved significantly. However, the same improvement was not found in
children with CP. Although both groups had a similar amount of fat mass as measured by DXA,
the fat mass in children with CP actually represented a larger proportion of the leg soft tissue, as
children with CP had 38 % smaller FFST. Similarly, a study that assessed thigh skeletal muscle
mass in men with spinal cord injury found a stronger relation between the difference in skeletal
muscle and FFST when adipose tissue was accounted for in controls than that in people with
spinal cord injury 1%. The reason fat mass contributes to DXA-derived estimates of skeletal
muscle mass in a healthy population but not in clinical populations who manifest reduced muscle
mass is currently unknown but warrants further investigation.

To our knowledge, this is the first study to assess the accuracy of DXA estimates of
muscle mass adjusted for intramuscular fat. This is important because intramuscular fat does not
contribute to the force production of muscle and has been shown to be associated with decreased
physical function *°¢. Compared to typically developing children, children with CP have a higher

intramuscular fat concentration. Therefore, the disparity in muscle mass was even greater when
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intramuscular fat was subtracted from muscle mass (47 % vs. 40 % lower muscle mass in
children with CP). As a result, DXA overestimated muscle mass corrected for fat concentration
to a greater degree (22 % vs. 13 %, respectively). A DXA-based model developed for children
with CP yielded much better accuracy, as indicated by the high amount of variance (90 %)
explained by the model and no difference in DXA and MRI estimates of muscle mass.

Small muscles have been linked to poor physical function and low participation in
physical activity 1%, and thus may increase risk of chronic disease 1%1%°, The risk is likely to
rise as individuals with CP age /%2%°, This idea is supported by the much higher cardiovascular
175 and osteoporosis 17 risks in adults with CP compared to general population . Therefore, the
muscle deficit in children with CP is an important therapeutic target for interventions aimed at
improving physical function and physical activity and reducing long-term risk of developing
chronic diseases. The present study ascertains the validity of using DXA to predict leg muscle
mass, a region that has been found to have the largest muscle deficit in individuals with CP 1°.
The findings suggest that the DXA-based models developed in the present study provide an
accessible, relatively cheap and accurate method to assess the skeletal muscle status in
ambulatory children with spastic CP. However, studies are needed to determine whether the
models can accurately capture the muscle changes in children with CP due to natural growth or
treatment, such as resistance training *°, vibration treatment 2°* and botulinum toxin 2°2,

There are imitations associated with this study. First, because of the relatively small
number of subjects in each group, the results should be interpreted with caution. However, no
differences in age or sexual maturity were observed and the composition of boys and girls was
similar. Second, to estimate skeletal muscle mass, muscle volume was multiplied by 1.04 g/cm?,

which is the assumed muscle density of muscle determined from adult cadavers 1. It’s possible
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that for children that are still growing, their true muscle density may not be the same as adults. It
is also reasonable to infer that for children with CP whose muscle volume and quality are
compromised, their muscle density may be lower than their typically developing peers.
Therefore, the true muscle deficit in children with CP may be at a greater magnitude than what
was presented in the current study. However, this potential discrepancy has been partly mediated
by correcting for intramuscular fat concentration. The assumed density of fat 2% is lower than
muscle, so the density of muscle for children with CP after correcting for fat concentration would
be closer to that of typically developing children. Third, the findings from the present study can’t

be extrapolated to other regions of the body.

4.6 Conclusion

In conclusion, DXA-based statistical models can accurately estimate midleg muscle mass
in ambulatory children with spastic CP when the models are developed using data from children
with CP. Models developed using data from typically developing children overestimate leg
muscle mass in children with CP due to the lower proportion of muscle in the FFST of children
with CP. Future studies are needed to determine whether the models developed in the present
study are valid in children with more severe forms of CP and whether the models accurately
estimate change that occurs with growth or intervention. Future studies are also needed to

develop models to estimate muscle mass at other body regions in children with CP.
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CHAPTER 5
ROLE OF CIRCULATING MYOSTATIN, FOLLISTATIN AND IGF-1 IN THE MUSCLE
UNDERDEVELOPMENT IN AMBULATORY CHILDREN WITH

SPASTIC CEREBRAL PALSY

Zhang, C., Miller, F., Modlesky, C.M. To be submitted to Muscle & Nerve.
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5.1 Abstract

Background: Cerebral palsy (CP) is a neurological disorder characterized by the decreased
muscle volume compared to their typically developing peers. The mechanism for the muscle
underdevelopment hasn’t been thoroughly examined.

Objective: To determine whether serum bioactive agents myostatin, follistatin and insulin-like
growth factor (IGF-1) levels are consistent with the muscle underdevelopment observed in
children with CP.

Methods: 13 children with CP (4 — 11 y) and 13 typically developing children matched with
children with CP for sex, age and race were studied. Muscle volume in the middle third of the leg
(midleg) were estimated using magnetic resonance imaging (MRI), and whole body (excluding
the head) fat-free soft tissue mass (FFST) and FFST index (FFST/height?; FFSTI) were
estimated using dual-energy X-ray absorptiometry (DXA). Serum myostatin, follistatin and IGF-
1 levels were determined using ELISA.

Results: Children with CP had 35% lower muscle volume, 21% lower FFST and 11% lower
FFSTI when compared to their typically developing children (all p < 0.05). No between group
differences were found for myostatin, follistatin or IGF-1 (all p > 0.05). In addition, none of the
serum markers were related to any of the muscle measurements (all p > 0.05). No between group
differences were found for FFST per unit myostatin or follistatin (both p > 0.05), but FFST per
unit IGF-1 was significantly lower in children with CP (p = 0.047).

Conclusion: Current study suggest that circulating myostatin, follistatin and IGF-1 are not
different between ambulatory children with CP and their typically developing peers. However,
FFST per unit IGF-1 was lower in children with CP, suggesting that IGF-1 may play an

important role in the muscle underdevelopment in children with CP.
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5.2 Introduction

Cerebral palsy (CP) is a neurological disorder caused by the damage to the brain that
happened around the time of birth. Children with CP usually exhibit a series of mobility issues
including muscle weakness, which is partly characterized by the decreased muscle volume
compared to their typically developing peers &°°*57 However, despite the well-established
growth hormone deficiency prevalent in this population 8, the role of other bioactive agents in
the muscle compromise in children with CP has not been elucidated.

Myostatin is a potent regulator of muscle. It is mainly secreted by muscle and acts in an
autocrine manner to decrease myogenesis activity, 2% thus inhibiting muscle mass accretion.
Myostatin-deficient mammals exhibit great increases in muscle mass 9710106205206 - Gjmj|ar
patterns have been reported in those injected with myostatin-inhibitors 2%/, with increases in
muscle fiber number and cross-section also observed 2%, Such improvement in muscle mass was
attributed to multiple factors, including, but not limited to, elevated myogenesis and decreased
adipogenesis %, In addition, systematically injected myostatin has been shown to induce
cachexia in mice 1%, In humans, serum myostatin level was linked to skeletal muscle loss in
those who are aging'®’, patients with chronic obstructive pulmonary disease % and patients with
heart failure *°. On the other hand, follistatin acts as an antagonist of the transforming growth
factor (TGF —B) superfamily, in which myostatin belongs to, by directly binding with TGF —3 to
inhibit its activity and thus promote muscle growth ¢, In mice, administering follistatin may
reduce disease-induced sarcopenia **” and facilitate skeletal muscle healing after injury 8. In

humans, follistatin gene therapy has been shown to be a promising treatment for Becker
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muscular dystrophy 2%°. However, despite the strong influence of myostatin and follistatin on
muscle development, few studies have examined their roles in the underdevelopment of muscle
in children with CP.

Insulin-like growth factor 1 (IGF-1) is also well-recognized as a mediator for muscle
mass. Mice that lack IGF-1 receptors demonstrate considerable hypoplasia while those that
exhibit IGF-1 gene overexpression alleviates the negative effects associated with various muscle
wasting conditions 219212 |GF-1 also stimulates satellite cell differentiation into new muscle
cells to prepare for muscle regeneration after damage X. Thus, IGF-1 is important in both muscle
growth, as well as later development and hypertrophy. However, well-designed studies aimed at
determining the status of IGF-1 in children with CP are lacking.

Therefore, the purpose of the present study was to determine the fasting serum myostatin,
follistatin and IGF-1 profiles in children with CP, and to determine whether the circulating levels
of these bioactive agents are associated with the curbed muscle development observed in this
population. We hypothesized that children with CP have higher serum myostatin and lower

serum follistatin and IGF-1 levels compared to typically developing children.

5.3 Methods

5.3.1 Participants

Thirteen ambulatory children with spastic CP were recruited from local hospitals CP

programs. Thirteen typical developing children without known neurological disorders, with

height, body mass and BMI between the 5™ and 95" percentile and matched to the children with
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CP for age (£ 1.5 years), sex and race were also recruited via word of mouth and flyers. This

study was approved by the Institutional Review Board.

5.3.2 Anthropometrics

Height was measured to the nearest 0.1 cm using a stadiometer (Seca 217; Seca GmbH &
Co. KG., Hamburg, Germany), and weight was measured to the nearest 0.2 kg using a weight
scales (Detecto D1130; Detecto, Webb City, MO). Both height and weight were measured with
the child have minimal clothing on. BMI was determined using the following equation:
BMI=Height (m)/weight? (kg). Height, weight and BMI percentile were subsequently determined

using the growth chart recommended by the Center for Disease Control and Prevention 6°.

5.3.3 Sexual maturity

Sexual maturity was assessed by a physician assistant using the Tanner Staging
technique. This is a 5-point score system with | indicating no development and V representing
full development. For both boys and girls, pubic hair development was assessed. In addition,
penis/testicles development in boys and breast development in girls were assessed. All

assessments were performed by the same physician assistant to ensure consistency.

5.3.4 Gross motor function classification system (GMFCS)

Gross motor function for children with CP was assessed by a physician assistant using
GMFCS 2. This is a 5 point system with higher numbers indicating greater functional
limitations. Specifically, level | indicates the ability to walk and run but at the reduced speed

while level two indicates limited walking ability and minimal ability for running independently.
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All assessments were performed by the same physician assistant. All participants had GMFCS |

and II.

5.3.5 Dual-energy X-ray absorptiometry (DXA)

Whole body DXA scans were acquired using a Delphi-W (Hologic, Bedford, MA)
densitometer. Children with CP were secured from waist down during the procedure using a
BodyFix system (Medical Intelligence, Inc., Schwabmiinchen, GER) and a modified version of
the procedure to reduce potential involuntary contractures. The modified BodyFIX procedure
does not influence body composition estimates 1. Whole body fat-free soft tissue (FFST;
excluding the head) of each participant was determined from the whole body scan, and FFST

index (FFSTI) was calculated using the following equation 2*3:

g
FFSTI = ——— (—
5 Height? (mz

In addition, we also calculated the amount of FFST per unit biomarker (FFST/myostatin, 10° L;

FFST/follistatin, 10° L; FFST/IGF-1, 10°L).

5.3.6 Magnetic resonance imaging (MRI)

A GE MRI scanner (1.5 T, Milwaukee, WI) was used to assess the leg musculature at the
more-affected side in children with CP and at the non-dominant side in typical developing
children. All images were acquired with the child secured from waist down using the same
BodyFix system during the DXA scan acquisition, as previously described 24, A three plane
localizer was used to identify the region of interest. A semiflex long bone array coil (ScanMed,
Omaha, NE) was used to collect axial images from the tibia plateau to the malleolar articular

surface (0.5 cm thick separated by 0.5 cm of spacing). The employed imaging sequence (fast
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spin echo, TR =650, TE = 14, FOV =12, NEX = 3, BW = 15.63) yielded T1-weighted images
with a field of view of 12 cm, and a reconstructed image matrix of 512x512.

All image collection was overseen by the senior author (CMM). Images at the level of
mid-third tibia, which was identified automatically with custom software created with Interactive
Data Language (Research Systems, Boulder, Colorado), were analyzed. The muscle cross-
sectional area of each image slice at the level of mid-third tibia was segmented using a fuzzy

clustering algorism %

with manual adjustment applied as needed, and the respective volumes
were calculated by multiplying the spacing and thickness (1cm) between adjacent slices. The
test-retest reliability for muscle volume measurements was performed by testing a subsample of
children twice on different days or on the same day after repositioning, which yielded intraclass

correlation coefficients > 0.99 and coefficients of variation (CV) 2.6% as indication of excellent

reliability.

5.3.7 Biochemical sample collection and processing

Subjects were instructed not to eat or drink anything except for water after 10:00 pm the day
before sample collection. Blood sample was taken by a certified pediatric phlebotomist between
8:00 am and 9:00 am in the morning to ensure at least ten hours of overnight fasting. All
samples were prepared and stored at — 80 °C freezer until processing. Myostatin, follistatin and

IGF-1 levels were measured using ELISA kits (R&D Systems, Minneapolis, MN).

5.3.8 Statistics

All data were processed using SPSS (version 24.0; SPSS, Chicago, IL). All datasets were

checked for normality first. For between group comparisons, if data were normally distributed,
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two sample t-tests were performed; otherwise Mann-Whitney tests were performed. One sample
t-tests were used to determine whether typically developing children and children with CP had
height, body mass and BMI percentiles different from the sex- and age-based 50" percentile.
Cohen’d (d) was calculated whenever applicable, with 0.2, 0.5 and 0.8 indicating small, medium
and large effect size, respectively '®’. To determine the relationship between myostatin,
follistatin, IGF-1and muscle, FFST mass measurements, Pearson correlation analyses were

performed. Alpha level was set at 0.05.

5.4 Results

Physical characteristics for subjects were summarized in Table 8. Six children with CP
were classified as GMFCS | and 7 were classified as GMFCS II. Typically developing children
had height, body mass and BMI not different from the 50" percentile (all p > 0.05). No between
group differences were detected for age, Tanner Staging, height, body mass, BMI or BMI
percentile (all p > 0.05). On the other hand, height percentile was lower than the 50" percentile
in children with CP (p < 0.001). Children with CP also had lower height percentile and body

mass percentile compared to typically developing children (both p < 0.05).

91



Table 8. Physical characteristics in children with cerebral palsy (CP) and controls (Con).

CP (n=13) Con (n=13) d p

Age(y) 83125 85+2.2 0.085 0.845
Tanner stage (I/11/111)
Pubic hair 9/3/1 12/1/0 0.311
Tests/breast 8/5/0 11/1/1 0.390
Height (m) 1.22+0.14 1.30+0.11 0.635 0.103
Height (%) 15.7 £ 16.3 53.3+284 1.633 0.001*
Body mass (kg) 25.9+9.8 29.7+8.1 0.423 0.292
Body mass (%) 33.2+329 58.5 + 26.7 0.844 0.041*
BMI (kg/m?) 16.9 + 3.6 17.3+3.0 0.121 0.511
BMI (%) 52.5 + 36.6 57.0 +30.1 0.134 0.736
GMFCS (I/11) 6/7 B

Values are means + SD. % reflects the percentile relative to sex- and age-based norms. GMFCS
= gross motor function classification system.
*p <0.05.d=Cohen’s d.

Muscle related measurements were summarized in Figure 13. Compared to controls,
children with CP had significantly lower FFST (d = 0.824; p = 0.046). While marginally
insignificant, children with CP also have lower FFSTI (d = 0.845; p = 0.058). Compared to

controls, children with CP had a 35% lower leg muscle volume (d = 1.347; p = 0.003).
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Figure 13. Bar graphs showing the comparisons for fat-free soft tissue (FFST) and FFST index
(FFSTI; A) of the total body and muscle volume at the level of midthird tibia (B) between
typically developing children (Con) and children with cerebral palsy (CP). *Significant between
group difference.
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Although slightly higher in children with CP, serum myostatin, follistatin and IGF-1
levels were not different compared to typically developing children (d = 0.217, 0.368 and 0.350,
respectively; all p > 0.05; Figure 14A). There were no group differences in FFST/myostatin and
FFST/follistatin (d =0.348 and 0.440, respectively; both p > 0.05; Figure 14B). However,
FFST/IGF-1 was lower in children with CP compared to controls (d = 0.821; p = 0.047; Figure
14B). In addition, no association between serum biomarkers and muscle related measurements

was detected (all p > 0.05).
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Figure 14. Bar graphs showing the comparisons for myostatin, follistatin and insulin-like growth
factor 1 (IGF-1) between children with cerebral palsy (CP) and typically developing children
(Con). Serum myostatin, follistatin and IGF-1 were not different in children with CP compared
to Con (A). Fat-free soft tissue (FFST) per unit myostatin and follistatin were not different
between children with CP and Con, however, FFST per unit IGF-1 was lower in children with
CP (B).
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5.5 Discussion

Only one prior study that we are aware of has examined the potential role of myostatin in
the muscle compromise in children with CP. Using surgically removed spastic wrist muscle
samples, Smith et al. found increased myostatin gene expression in children with spastic CP
compared to controls '*°. However, it is imperative that we interpret the results with caution, as
their sample size was very limited (6 children with CP vs 2 controls) and there was a
considerable age difference between groups (12.8 + 1.5 years for children with CP vs 8.5 + 2.1
for controls). It is important to recognize that children with CP and typically developing children
in the Smith study were probably at different stages of development, which could significantly
confound the results. Despite the limitations, this study was the first attempt at examining the
potential role of myostatin in the muscle compromise observed in children with CP.

The results from the current study suggest a minimal role of serum myostatin in the
curbed muscle development in children with CP. This finding is inconsistent with the studies
which found significant associations between serum myostatin and muscle
loss/cachexia/sarcopenia in other clinical populations 197198110 The discrepancies may be due to
several factors. First, the subjects in the previous studies were generally in more advanced ages
with varies clinical manifestations. It is possible that the effect of serum myostatin on muscle
loss could be more critical in aging clinical population, but is limited in children who haven’t
reached their full genetic potential on muscular development. Second, only children with mild
CP (i.e., GMFCS I-I1) were included in the current study. Compared to those with more involved
forms of CP (GMFCS higher than 1), their muscle compromises were less pronounced, as
indicated by the 35% reduction observed in the current study versus 51% observed in the latter

group®. It is possible the effect of myostatin on muscle underdevelopment in children with a mild

96



form of CP is minimal; however it can become more pronounced in more advanced stages of CP,
which is a deduction that warrants further investigation. In addition, as a bioactive agent that is
secreted in an autocrine/paracrine manner, its effects may be localized in nature and thus not
reflected in the serum level.

Follistatin was first identified in the human reproductive system. The pathways through
which follistatin regulates muscle growth have been studied extensively, with some studies

215 while

suggesting that the regulation occurs by inhibiting the action of the TGF — superfamily
others studies suggest that it occurs independent of myostatin?'®. Despite the conflicting
viewpoints on the underlying mechanism, it is clear that higher follistatin level is associated with
increased muscle mass, regardless of whether it was achieved via external administering 7 or
genetic alteration 8, For this, increasing systematic follistatin level is viewed as a potential
therapeutic strategy for sarcopenia 27 and other muscle loss 2%°. However, we found no
association between serum follistatin levels and any of the muscle measurements in children with
CP.

Reduced IGF-1 signaling is thought to play a central role in the degeneration process of
aging muscles 28, In addition, circulating IGF-1 was found to be significantly lower than
controls in various models/disease conditions of muscle wasting or underdevelopment 21°220, On
the other hand, IGF-1 administration/overexpression has been shown to attenuate muscle
wasting/loss 92210211221 ‘Sydies examining the status of IGF-1 secretion in children with CP
have been somewhat inconsistent, with some suggesting a lower circulatory level when
compared to typically developing children °3 or established norms °*, while one study actually

indicated increased IGF-1 gene expression in those with spastic CP *°, The discrepancies may

be due, in part, to poor study designs. The study which suggested a reduced IGF-1 level in
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children with CP when compared to norms lacked a control group. While the study that
compared the serum IGF-1 level between children with CP and typically developing children did
include a control group, there were many more children with CP compared to controls (n = 58 vs
n = 19). In addition, although IGF-1 levels were statistically significantly different between
groups using t-test, there was a tremendous amount of variation in the CP group (mean + SD:
66.74 + 44.78 ng/ml), which led to a very low effect size (0.22 as calculated by Cohen’s d). As
for the study by Smith et al., which suggested a greaterlGF-1 transcriptional profile in children
with CP than controls, it included a very limited number of participants (6 CP vs. 2 controls).
More importantly, CP children were significantly older than the two typically developing
children (12.8 vs 8.5). The study of age and puberty on IGF-1 gene expression is scarce, but it

has been suggested that serum IGF-1 level increases as children sexually mature 222

. Itisonly
reasonable to assume that IGF-1 gene expression increases through puberty. Therefore, the
results observed in the Smith et al. study may be confounded by age and sexual maturity
differences between the two groups.

The present study addressed the abovementioned study design issues by: 1) matching
children with CP and typically developing controls for age, sex and race, and 2) assuring that the
typically developing children did not have extreme physical characteristics (i.e., height, body
mass and BMI < 5" and > 95" percentile for age and sex). The lack of group differences in
serum IGF-1 in the current study may be attributed to the same factors speculated for myostatin.
Specifically, IGF-1 may play a more important role in the muscle compromise in the more
advanced stage of CP, a population characterized by a greater level of skeletal muscle deficit,

and aging clinical population, but may have limited effects for ambulatory children with CP. In

addition, it was demonstrated that systematic IGF-1 injection in mice didn’t attenuate muscle
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wasting induced by angiotensin Il infusion, but localized IGF-1 gene overexpression prevented
muscle wasting. Therefore, perhaps for muscle development, IGF-1 has an autocrine role that
may not be reflected in the circulating level %223, However, a significantly lower FFST per unit
IGF-1 was observed in children with CP compared to controls. This is an interesting finding
because one of the primary mechanisms for IGF-1 to influence skeletal muscle development is
by activating satellite cells for new muscle fiber formation 3. It was suggested that children with
spastic CP have lower amount of satellite cells compared to typically developing children 22,
Taken together, it seems that children with CP have a lower capacity to generate new muscle
fibers, which may partially explain their compromised muscle development. Nonetheless, more
research is needed to confirm this deduction.

There are strengths of the study that should be mentioned. First and foremost, the control
group and CP group were matched for sex, age and race. As a result of careful subject selection,
no differences were detected in sex, age, sexual maturity or any other physical characteristics,
except for height and body mass percentage, between two groups. This helped minimize the
potential variance caused solely by differences in developmental stage. The second strength is
the technique used to acquire muscle related measurements. Lower leg muscle volume was
estimated at the level of the middle third of the tibia using MRI, while FFST and FFSTI were
derived from DXA. MRI is considered the “gold standard” for estimating soft tissue content in
vivo 18, while DXA-derived FFST measurements have been validated 2. Therefore, the
imaging modalities employed in the current study ensured the accuracy of muscle estimation.

Limitations of this study should also be addressed. First, the number of participants
included in the current study is relatively small (n = 13/group), so the results should be

interpreted with caution. However, as part of the effort to overcome such an issue, all CP
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participants were matched to a typical developing child for sex, age and race to reduce variation.
Therefore, the between group comparisons are more likely to reflect the true population
variations. Second, only serum markers were analyzed. As mentioned previously, some of the
biomarkers have a strong tendency to act in an autocrine manner, so a close examination of the
muscle tissue gene expression and protein content may better indicate their roles in muscle
development in children with CP. Yet such samples are difficult to acquire under non-surgical

situations for children.

5.6 Conclusion

The current study suggests that circulating myostatin, follistatin and IGF-1 are not
different between ambulatory children with CP and their typically developing peers. However,
FFST per unit IGF-1 is lower in children with CP, suggesting that IGF-1 may play an important

role in the poor muscle development of children with CP.

5.7 Acknowledgement
We thank all participants and their families. This study was supported by the Eunice
Kennedy Shriver National Institute of Child Health and Human Development (grant numbers

HDO071397 and HD090126) and the University of Georgia Athletic Association.

100



CHAPTER 6
ELEVATED VISCERAL FAT IN CHILDREN WITH CEREBRAL PALSY IS NOT

RELATED TO GROSS MOTOR FUNCTION OR PHYSICAL ACTIVITY

Zhang, C., Licea, J., Miller, F., Modlesky, C.M. To be submitted to Pediatric Obesity.
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6.1 Abstract

Background: Ambulatory children with cerebral palsy (ACP) compared to typically developing
children have a greater level of visceral fat. However, no studies have evaluated the level of
central adiposity across all levels of gross motor function in children with CP.

Obijective: The purpose of this study was to determine if a lower level of gross motor function, as
assessed using the gross motor function classification system (GMFCS), and a lower level of
physical activity, as assessed using a physical activity monitor worn on the hip, are associated
with a higher level of central adiposity in children with CP.

Methods: Thirty-five children with CP (age 5-12 years; 20 NACP, GMFCS I11-V; 15 ACP,
GMFCS I-11) and 35 typically developing children were studied. Fat mass and fat mass index
(FMI; fat mass/height?) at the abdominal, subcutaneous and visceral regions were determined
using dual-energy X-ray absorptiometry.

Results: Both NACP and ACP had higher visceral FMI than typically developing children (both
p < 0.05). ACP also had higher abdominal FMI than typically developing children (p = 0.021).
No differences in central adiposity measures were detected between NACP and ACP (all p >
0.05). Moreover, abdominal and visceral fat measurements were not significantly related to
GMFCS levels or physical activity in children with CP (all p > 0.05). However, subcutaneous fat
mass and FMI were inversely related to GMFCS (p = 0.059 and 0.048, respectively). Measures
of central adiposity were inversely related to physical activity in typically developing children
(all p<0.05).

Conclusion: The level of central adiposity was greater in children with CP than in their typically
developing peers, but it was not related to the level of gross motor function or physical activity

except for subcutaneous fat, which was negatively related to GMFCS.
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6.2 Introduction

Cerebral palsy (CP) is the most common childhood physical disability 226, Numerous
studies have suggested that children with CP have altered body composition, including a lower
total body fat-free mass and higher total body fat mass 22”228 for a given body mass index. Less
is known about the regional body composition alterations, especially fat distribution changes at
the abdominal region in children with CP. This is important because compared to other fat depots
in the abdomen, visceral adipose tissue is metabolically very active in that it has a greater
capacity to produce free fatty acids, it is more prone to react to adrenergic stimulation, and it
produces many hormones and bioactive molecules that can affect homeostasis 12°2%°, On the
other hand, subcutaneous adipose tissue serves as a physiological buffer for excessive energy
intake and is more prone to absorb free fatty acids and triglycerides *?°. Therefore, the functional
and metabolic differences between subcutaneous and visceral adipose tissue at the abdominal
region suggest that changes reported in abdominal fat distribution may be associated with

metabolic profile changes, as has been pointed out in obese adolescents 23

, premenopausal
women %3 and older adults %%,

There is evidence that ambulatory children with CP (ACP) have greater central adiposity
when compared to age-, sex- and race-matched typically developing counterparts after
accounting for their shorter stature **. However, whether the level of central adiposity in children
with CP is related to their level of gross motor function and more prominent in nonambulatory

children with CP (NACP), a group of children with greater functional limitations, is unknown.

In addition, it has been suggested that a key moderator for central adiposity distribution is
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physical activity 1323 which is significantly lower in children with CP when compared to their
typically developing peers 3#. Therefore, the relationship between physical activity and central
adiposity distribution in children with CP warrants further investigation.

The purpose of this study was to determine whether the level central adiposity in children
with CP is related to: 1) their level of gross motor function and ambulatory status, and 2) their
level of physical activity. We hypothesized that: 1) NACP would have greater central adiposity
when compared to their typically developing peers and ACP, and 2) greater central adiposity
would be more pronounced in NACP than ACP and typically developing children and would be
associated with a lower level of gross motor function and a lower level of physical activity in

children with CP.

6.3 Methods

6.3.1 Participants

Thirty-five children with CP and between the ages of 5 and 12 and 35 typically
developing children without known neurological disorders, had height, body mass and BMI
between the 5™ and 95™ percentile and matched to children with CP for age (+ 1.5 years), sex
and race were also recruited locally to serve as controls. Some of these children participated in
previous studies using the same recruitment and testing procedures %, This study was
approved by the Institutional Review Board. Informed consent was obtained from the parent or
the legal guardian, and assent was obtained from the participant, if able, before any data

collection was carried out.

104



6.3.2 Anthropometrics

Height and body mass were assessed while the children were wearing minimal clothing.
For typically developing children and children with CP who can independently stand, height was
assessed using a stadiometer (Seca 217; Seca GmbH & Co. KG., Hamburg, Germany) to the
nearest 0.1 cm. For children with CP who were unable to stand independently, height was
assessed using forearm length and a method described by Miller et al. 164, For all children, body
mass was assessed with a digital weight scale to the nearest 0.2 kg (Detecto, 6550; Cardinal
Scale, Webb City, MO). Height, body mass and BMI percentile were subsequently determined

according to the growth chart published by the Center for Disease Control and Prevention %1,

6.3.3 Sexual Maturity

Sexual maturity was assessed by a physician assistant using the Tanner staging technique
23 This is a five-point scale ranging from | to V with higher numbers indicating greater sexual
maturation. Pubic hair development was assessed in all children. In addition, breast development

was assessed in girls, and testicular/penile development was assessed in boys.

6.3.4 Gross Motor Function

Gross motor function in children with CP was assessed by a physician assistant using the
GMFCS *°. This is a scale ranging from | to V with higher number indicating lower motor
function. Individuals who have GMFCS | and 11 still have the ability to walk and run, but at a
reduced speed. Individuals who have GMFCS Il have the ability to walk only with assistive
devices or other people’s help. Individuals with GMFCS IV and V will have minimal or lack of

independent motor function, and cannot move around without a wheelchair. For the purpose of
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this study, participants with GMFCS level I and Il were classified ACP, as they can
independently ambulate without an assistive device. Participants with GMFCS level 11l to V

were classified as NACP.

6.3.5 Dual-energy X-ray absorptiometry (DXA)

A DXA densitometer (Delphi-W, Hologic; Bedford, MA) and standard imaging and
positioning protocols were used to acquire whole body composition measurements. For children
with CP, the BodyFix system (Medical Intelligence Inc, Schwabmunchen, Germany) and a
modified version of the standard protocol was used to secure them from the waist down to help
prevent potential involuntary contractions. The procedure has been shown to have no effect on
body composition measurements 6. Whole body and trunk fat mass and fat free mass
(excluding the head) were first determined from the scan. Details about how to determine central
adiposity was described elsewhere 3. Briefly, central adiposity was determined within the
abdominal region and based on the manufacturer’s instructions. Visceral fat mass was estimated
by manually place the region of interest line to include the visceral cavity. Subcutaneous fat
region was determined by manually segmenting the abdominal wall muscles and visceral cavity
regions out from the abdominal region, and subcutaneous fat mass was subsequently determined.
Excellent agreement between DXA and CT measured visceral fat content has been demonstrated
in literature 23523,

To account for the shorter statue that children with CP usually exhibit 22, fat mass index
(FMI) and fat-free mass index (FFMI) were calculated for whole body, trunk and FMI for
abdominal, subcutaneous and visceral regions using the following equations:

FMI = fat mass (kg) / height? (m)
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FFMI = fat-free mass (kg) / height? (m)

6.3.6 Physical activity

Physical activity was assessed using an accelerometer-based physical activity monitor
(Actical; MiniMitter, Sunriver, Oregon) worn around the waist over the hip of the non-dominant
hip in typically developing children and of the more affected side in children with CP. The
monitors were worn continuously for four full days (day and night; 3 weekdays and 1 weekend
day). Four-day recording time was chosen because it provides reliable physical activity data 2’

The averaged physical activity total counts over the four-day period was reported.

6.3.7 Statistical analysis

Data were analyzed using SPSS version 24.0 (IBM Corp, Armonk, NY). Between group
differences were determined using an independent t-test if data were normally distributed and a
Mann-Whitney test if data were not normally distributed. Subgroup analysis was also carried out
to determine whether there is a group difference for physical characteristics, body composition
and central adiposity measurements among typically developing children, NACP and ACP using
analysis of covariance if data were normally distributed and the Kruskal-Wallis test if data were
not normally distributed. A one sample t-test was used to determine whether typically developing
controls and children with CP had height, body mass and BMI percentiles different from the 50™"
percentile. Spearman correlation analysis was performed to determine if there is a relationship
between GMFCS and central adiposity measurements in children with CP and Spearman rho
values (rs) are reported. Pearson correlation analysis was performed to determine the relationship

between central adiposity measurements and physical activity in typically developing children
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and children with CP and correlation coefficient values (r) are reported. Cook’s D and
standardized DfBeta were used to check for data with undue influence on the relationships. If
especially influential data points were detected (Cook’s D and standardized DfBeta >1),
appropriate alternate analyses were planned. Alpha level was set as 0.05. Data were presented as
mean + SD in tables and mean =+ SE in figures. To assess the magnitude of effects, Cohen’s d (d)
was calculated whenever applicable, with 0.2, 0.5 and 0.8 representing small, medium and large

effect size, respectively 167,

6.4 Results

Physical characteristics data were summarized in Table 9. For typically developing
children, height, body mass and BMI percentiles were not different from the 50" percentile. For
children with CP, height and body mass percentiles were significantly lower from the 50"
percentile (both p < 0.001). Children with CP had lower height, height percentile and body mass
percentile compared to typically developing children (d = 0.644, 1.118 and 0.586, respectively;
all p < 0.05). When children with CP were separated based on ambulatory status, NACP had
lower height percentile and body mass percentile compared to typically developing children (d =
1.389 and 0.747, respectively; both p < 0.05). ACP had lower height and height percentile
compared to typically developing children (d = 0.755 and 0.935; both p < 0.05). No other
differences in physical characteristics between children with CP and typically developing
children were detected (all p > 0.05). No differences in physical characteristics between ACP and

NACP groups were detected (all p > 0.05).
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Table 9. Physical characteristics of children with cerebral palsy (CP) and typically developing

children (Con).

CP(n=35) NACP(n=15) ACP(n=20) Con(n=35)

Age (Y) 95+25 104+ 1.8 8.7+27 95+21
Tanner stage (I/11/111/1V/IV)

Pubic hair 23/9/2/0/1 9/4/1/0/1 14/5/1/0/0 26/6/2/1/0

Testicular-penile/breast 25/7/2/1/0 10/4/0/1/0 15/3/2/0/0 19/7/3/1/0
Height (m) 1.28+£0.15* 130x0.14 1.26 £0.15% 1.37+£0.12
Height (%) 23 + 272 17 + 242 27 + 29 54 + 29
Body mass (kg) 294+115 304%124 28.7+11.0 31.1+85
Body mass (%) 33+ 34° 28 + 342 37+34 51+27
BMI (kg/m?) 175+4.7 175+5.2 176 +4.4 16.7 + 2.0
BMI (%) 48 + 36 44 + 40 51 + 34 48 + 30
GMFCS (I/II/1N/IVIV) 10/10/6/1/8  0/0/6/1/8 10/10/0/0/0

Values are mean + SD. BMI = body mass index. % for height, body mass and BMI reflects the
percentile relative to age- and sex- based norms; CP = all children with cerebral palsy; NACP =
nonambulatory children with cerebral palsy; ACP = ambulatory children with cerebral palsy;
Con = typically developing controls; GMFCS = gross motor function classification system

aSignificant difference compared to typically developing children.

Measures of total and trunk body composition are summarized in Table 10. Children

with CP had lower total body fat-free mass, higher FMI and lower FFMI compared to typically

developing children (d = 0.676, 0.676 and 0.927, respectively; all p < 0.05). When separated
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based on ambulatory status, NACP had lower total body fat-free mass, higher FMI and lower
FFMI compared to typically developing children (d = 0.740, 0.695 and 1.165, respectively; both
p < 0.05). ACP also had lower total body fat-free mass, higher FMI and lower FFMI compared
to typically developing children (d = 0.620, 0.655 and 0.764; all p < 0.05). There was no

difference in body composition between NACP and ACP (all p > 0.05).

Table 10. Body composition in children with cerebral palsy (CP) and typically developing
children (Con).

CP(n=35 NACP(n=15 ACP(n=20) Con (n=235)

Mass
Total body fat (kg) 9.2+5.7 10.1 + 6.8 8.6 +4.8 74+48
Total body fat-free (kg) 16.5 + 6.0% 16.1 +5.92 16.7 £ 6.2° 20.4+55
Trunk fat (kg) 4.1+3.0 4.7 +3.7 3.6+2.3 3.1+17
Trunk fat-free (kg) 9.3+3.3 9.7+34 9.1+32 10.7 £ 2.7
Mass Index
Total body FMI (kg/m?) 5.5 + 2.9? 5.7 + 3.42 5.3 +2.5° 39+15
Total body FFMI (kg/m?) 9.8 + 2.0 9.3+1.8 10.2 + 2.0 12.3+3.2
Trunk FMI (kg/m?) 24+15 27+19 22+13 18+1.0
Trunk FFMI (kg/m?) 55+1.0 5.6+1.0 55+1.0 5.7+0.6

CP =all children with cerebral palsy; NACP = nonambulatory children with cerebral palsy; ACP
= ambulatory children with cerebral palsy; Con = typically developing controls; FMI = fat mass
index; FFMI = fat-free mass index.

aSignificant difference compared to typically developing children. No difference for any of the
measurements were found between NACP and ACP.
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Children with CP had higher FMI at the abdominal and visceral sites compared to
typically developing children (d = 0.641 and 0.754, respectively; both p < 0.05). NACP had
higher visceral FMI compared to typically developing children (d = 0.776; p = 0.019; Figure
15B). ACP had greater abdominal and visceral FMI compared to typically developing children (d
=0.722 and 0.652 respectively; both p < 0.05; Figure 15B). No differences in any of the central

adiposity measurements were detected between NACP and ACP (all p > 0.05).
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Figure 15. Central adiposity measurements in all children. NACP = nonambulatory children with
cerebral palsy; ACP = ambulatory children with cerebral palsy; Con = typically developing
children; FMI, fat mass index.
*Significant difference compared to Con. No difference for any of the measurements were found
between NACP and ACP. Data are presented as means + SE

Scatter plots of GMFCS versus abdominal, visceral and subcutaneous fat depots are
reported in Figure 16. Spearman correlation analysis showed that abdominal and visceral fat
mass and indexes were not related to GMFCS (all p > 0.05; Figure 16) in children with CP.
However, subcutaneous FMI was negatively correlated with GMFCS (rs = -0.366, p = 0.048;

Figure 16F). In addition, there was a trend for subcutaneous fat mass to be negatively correlated

with GMFCS (rs=-0.322, p = 0.059; Figure 16C), although it was marginally insignificant.
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Figure 16. Scatter plots demonstrating a lack of association between central adiposity and gross
motor function classification system (GMFCS) in children with cerebral palsy (CP) using
Spearman’s correlation (rs). FMI = fat mass index.
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Children with CP had 51 % lower physical activity compared to their typically
developing peers (d = 1.404; p < 0.001). When separated based on ambulatory status, NACP had
71 % lower and ACP had 36 % lower physical activity than typically developing children (d =
2.038 and 1.057, respectively; both p < 0.05; Figure 17). In addition, NACP also had lower
physical activity than ACP (d = 1.010; p = 0.017; Figure 17). Correlation analysis showed
inverse and significant relationships between central adiposity measurements and physical
activity (r ranges from - 0.352 to -0.379, all p < 0.05) in typically developing children. However,
no significant relationships were observed for children with CP (r ranges from -0.092 to 0.246,

all p > 0.05; Figure 18).
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Figure 17. Physical activity measurements in all children. NACP, nonambulatory children with
cerebral palsy; ACP, ambulatory children with cerebral palsy; controls, typically developing
children.

*Significant difference compared to typically developing children. {Significant difference
compared to ACP. Data are presented as mean + SE.
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Figure 18. Scatterplots demonstration the relationship between central adiposity measurements
and physical activity counts in children with cerebral palsy (CP) and in typically developing

children (Con). FMI, fat mass index.
The thick solid lines represent the regression lines for children with CP, and the thin solid lines
represent the regression lines for Con.
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6.5 Discussion

To our knowledge, this is the first study to assess the level of central adiposity across all
levels of gross motor function in children with CP. We found that NACP and ACP had greater
visceral fat when compared to their typically developing peers, but the degree of elevation was
not different in the two groups. The finding may be clinically important because excess visceral
fat is associated with an increased risk of cardiometabolic disease 23824 and individuals with CP
have a higher risk of cardiometabolic disease than the general population 40175, We also found
that GMFCS and physical activity were not related to abdominal or visceral fat in children with
CP; whereas, GMFCS was inversely related to measures of subcutaneous fat. This unique
finding suggests that different factors may drive the level of fat in the different depots in children
with CP.

The finding that NACP had a greater degree of adiposity in the visceral region when
compared to typically developing children is not surprising and is consistent with a recent study
that found greater fat accumulation in the abdominal and visceral regions in ACP than in
typically developing children 3, It is also consistent with studies that found elevated abdominal
fat in adults with CP 241242 However, the finding that the degree of central adiposity was not
greater in NACP than ACP is somewhat surprising. It was hypothesized that NACP would have
a higher level of visceral adiposity due to their lower functional level and lower participation in
physical activity 4 than observed in ACP 3. Although the expected greater deficit in physical
activity in NACP than in ACP was confirmed in the present study (i.e., ~50 % lower), a
significant relationship between physical activity and fat in the abdominal and visceral depots
was not observed in children with CP. A significant relationship between GMFCS and fat in the

abdominal and visceral depots was also not observed. These findings are inconsistent with a
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previous study that reported an inverse relationship between disease progression and central

243 1t is also inconsistent

adiposity in individuals with chronic obstructive pulmonary disease
with another study that reported a negative relationship between physical activity and visceral fat
in children at risk of obesity 2**. An inverse relationship between physical activity and
intermuscular adipose tissue in the thigh has also been observed in children with NACP “.

Although GMFCS and physical activity were not significantly related to any measure of
abdominal or visceral fat, we found a trend for an inverse relationship between GMFCS and
subcutaneous fat in children with CP. This implies that there is less subcutaneous fat
accumulation in children with CP who are less functional. The reason for this unusual finding is
not clearly understood; however, it may be attributed to the high prevalence of feeding problems
in children with more involved forms of CP. In a group of children with CP who were mostly
severe and accompanied by a feeding problem, gastrostomy tube feeding intervention was shown
to increase subcutaneous fat deposition at various sites 2*°. Hence, the lower fat mass at
subcutaneous sites in NACP may indicate a need for greater energy intake. However, future
studies are needed to draw a definitive conclusion.

It was important to study the level of visceral fat in children with CP because it is relate
to cardiometabolic risk. Considerable evidence supports the notion of a greater relationship
between cardiometabolic risk and fat in the visceral than in other depots. For example, in a study
of 161 Caucasian men with wide range of adiposity, it was found that visceral fat was an
independent predictor of metabolic risk factors while no such relationship was discovered for
subcutaneous fat 246, Similarly, visceral fat was reported to be associated with cardiovascular risk
factors in Chinese with type 2 diabetes 2*’. Importantly, the level of visceral fat deposition seems

to affect insulin sensitivity, as pointed out by a study in which obese insulin resistant youth
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showed much higher visceral fat mass than those who were obese and insulin sensitive 24,
Therefore, the greater visceral fat seen in children with CP across all levels of gross motor
function in the current study implies a greater cardiovascular risk and insulin resistance in
children with CP than in the general population of children. This notion is consistent with recent
studies showing a much higher multimorbidity prevalence in middle-aged adults with CP 14017
than in those without CP.

There are some strengths to this study that are worth reviewing. First, the degree of
adiposity in children with CP was assessed while adjusting for stature. Children with CP,
especially in those with the most functional limitations, are shorter than typically developing
children 249, If the smaller size is not taken into account, the true level of fat and fat-free mass
may not be captured and their obesity status misclassified 2. Second, the inclusion of children
with CP across all levels of gross motor function allowed for the study of central adiposity in
children across all levels of functionally. Third, considerable effort went into identifying a
representative sample of typically developing children for the study. Typically developing
children matched children with CP for sex-, age- and race. Moreover, the typically developing
children enrolled in this study had height, weight and BMI not different from 50" percentile.
Therefore, the group differences that were presented in the current study likely provided an
accurate representation of the level of central adiposity in children with CP.

There are limitations to this study also worth reviewing. First, no biochemical markers
were measured, so whether the greater central adiposity observed in children with CP will lead to
greater cardiovascular disease risks in uncertain and warrants further investigation. Second,
physical activity was assessed for four days using an accelerometer-based physical activity

monitor. While this method has been shown to be reliable in assessing physical activity 2%, it
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does not give us information about the physical activity history of the participants, which may be
more important for central adiposity accumulation. Future studies should address the effects of

habitual physical activity level on central adiposity in children with CP.

6.6 Conclusion

In conclusion, the study findings suggest that NACP and ACP both have high levels of
visceral fat when compared to their typically developing peers, but the degree of the elevated
visceral fat is not different in the two groups. The finding that gross motor function and physical
activity were not related to abdominal and visceral fat in children with CP suggest that other
factors contribute to the accumulation of fat in these depots; however, a more comprehensive,
longer-term assessment of physical activity is warranted in future studies. The novel finding that
subcutaneous fat is inversely related to gross motor function in children with CP also warrants

further study.
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CHAPTER 7
CONCLUDING SUMMARY

The overall objective of this dissertation was to evaluate skeletal muscle deficits, the
roles of circulatory factors that may potentially contribute to such deficits, as well as the level of
central adiposity in children with CP. A brief summary for all the specific aims are below.

Summary of specific aim 1: Using DXA, it was demonstrated that children with CP have
a remarkable deficit in FFST that is more pronounced in appendicular than the non-appendicular
regions and more pronounced in the lower extremities than the upper extremities. Preliminary
models developed in the current study using data from children with CP can
provide good estimates of appendicular FFST. However, there is a trend for greater
overestimation for children with CP with lower values and an underestimation for children with
higher values. Therefore further development of the models to estimate appendicular FFST
indexes may be needed.

Future directions: This study only applied simple physical characteristics measurements
as predictors to estimate appendicular FFST and indexes. Future studies should look into whether
adding other physical characteristics data such as hip circumference, and Kinetics data such as
grip strength or leg strength will improve the accuracy of model predictability.

Summary of specific aim 2: It was demonstrated that DXA-based statistical models can
accurately estimate midleg muscle mass in ambulatory children with spastic CP when the models

are developed using data from children with CP. Models developed using data from typically
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developing children overestimate leg muscle mass in children with CP due to the lower
proportion of muscle in the FFST of children with CP.

Future directions: Future studies are needed to determine whether the models developed
in the present study are valid in children with more severe forms of CP and whether the models
accurately estimate change that occurs with growth or intervention. Future studies are also
needed to develop models to estimate muscle mass at other body regions in children with CP.

Summary of specific aim 3: It was suggested that circulating myostatin, follistatin and
IGF-1 are not different between ambulatory children with CP and their typically developing
peers, nor were any of the serum markers associated with the curbed muscle development in
ambulatory children with CP.

Future directions: This study only assessed the levels of circulatory bioactive agents
myostatin, follistatin and IGF-1 in children with CP. Studies examining the role of other
bioactive agents in the muscle compromise in children with CP is needed. In addition, more
well-designed studies looking at the level of gene-expression for the bioactive agents should be
explored.

Summary of specific aim 4: Using DXA, we found that the level of central adiposity was
greater in children with CP than in typically developing peers, at both the abdominal and visceral
sites, but they were not related to the level of gross motor function. In addition, we found that the
level of central adiposity is inversely related to physical activity in typically developing children
but not in children with CP.

Future directions: Studies to determine how the elevated central adiposity influences the
cardiometabolic health in children with CP are needed. Studies of this nature should also

incorporate the assessment of nutritional intake. Visceral fat has also shown to be associated with

122



inferior bone development in children and young adults, how it contributes to the skeletal
fragility in children with CP warrants further investigation,

In conclusion, children with CP have much lower skeletal muscle mass and higher central
adiposity compare to their typically developing peers. Strategies that can attenuate the skeletal

muscle deficits and reduce the level of central adiposity in children with CP are needed.
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Appendix A

Institutional Review Board Approval Letter

N\ UNIVERSITY OF Tucker Hall, Room 212
l' GEORG]A 310 E. Campus Rd.
Athens, Georgia 30602
w‘ TEL 706-542-3199 | FAX 706-542-5638
IRB@uga.edu

http://research.uga.edu/hso/irb

Office of Research

Institutional Review Board

APPROVAL OF PROTOCOL
August 11, 2017

Dear Christopher Modlesky:

On May 31, 2017, the IRB reviewed the following submission:

Type of Review: | Initial Study
Title of Study: | Effect of a high-frequency, low-magnitude vibration
on muscle properties, physical activity and balance in
children with cerebral palsy
Investigator: | Christopher Modlesky
IRB ID: | STUDY00004873
Funding: | NATIONAL INSTITUTES OF HEALTH;
Documents Reviewed: | Protocol, Recruitment Materials, Consent Documents,
Sponsor Protocol, Site Authorization
Review Category: | Full Board

This study meets the criteria for permissible clinical research with children as set forth at 45
CFR 46.404. One parent or guardians’ signed permission is sufficient to enroll minor
subjects. Parent or guardian permission must be obtained. Assent from some of the
children should be obtained based on their capacity to understand as per 45 CFR 46.408.

The IRB approved the protocol from 8/11/2017 to 5/30/2018 inclusive. Before or within 30
days of study closure, whichever is earlier, you are to submit a continuing review with
required explanations. You can submit a continuing review by navigating to the active study
and clicking Create Modification / CR.

If continuing review approval is not granted before the expiration date of to 5/30/2018
inclusive. Before 5/30/2018 or within 30 days of study closure, whichever is earlier, you are
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to submit a continuing review with required explanations. You can submit a continuing
review by navigating to the active study and clicking Create Modification / CR.

If continuing review approval is not granted before the expiration date of 5/30/2018,
approval of this study expires on that date approval of this study expires on that date.

If consent will be documented, use the consent documents that were approved and
stamped by the IRB. Go to the Documents tab to download them.

Please close this study when all human subject research activities and data analysis of
identifiable information is complete.

In conducting this study, you are required to follow the requirements listed in the
Investigator Manual (HRP-103).

Sincerely,

Gerald Crites, M.D.

Institutional Review Board Chairperson
University of Georgia
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