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Abstract: Aim: To compare muscle mass in the upper and lower extremities between ambulatory
children with cerebral palsy (CP) and typically developing (TD) children. Materials and Methods:
A total of 21 children aged 2 to 12 years with CP and a Gross Motor Function Classification System
(GMFCS) level of I, II, or III were matched with 21 TD children for age, sex, and body mass index.
The lean body mass (LBM) of each extremity was calculated from whole-body dual-energy X-ray
absorptiometry. Results: The LBM of the upper extremities was greater in children with CP compared
to TD children, and the difference was significant in the GMFCS level II group (1340.6 g vs. 1004.2 g,
p = 0.027). There was no significant difference in the LBM of the lower extremities between the CP
and TD groups (p = 0.190). The ratio of lower extremity LBM to total extremity LBM was lower
in children with CP, while the ratio of upper extremity LBM to total extremity LBM was higher
in children with CP (73.2% vs. 78.5% [p < 0.001] and 26.7% vs. 21.5% [p < 0.001], respectively).
Conclusions: Ambulatory children with CP, especially in the GMFCS level II group, exhibit greater
muscle mass in the upper extremities compared to TD children.

Keywords: cerebral palsy; muscle mass; dual-energy X-ray absorptiometry; lean body mass; Gross
Motor Function Classification System

1. Introduction

Cerebral palsy is a prevalent childhood physical disability worldwide, occurring at
a rate of 2–3 per 1000 individuals [1]. It is a group of disorders that affect movement,
muscle tone, and posture, causing muscle weakness, spasticity, or dystonia [1,2]. It is well
established that the muscle mass of the lower extremities in children with CP is reduced
compared to typically developing (TD) children from previous studies [3–11]. The reduction
in muscle mass is attributed to the functional difficulties in lower extremity use during
activities like walking, arising from factors such as spasticity. Likewise, children with CP
experience restricted functional movement in the upper extremities [12]. Nevertheless,
ambulatory children with CP find themselves in an environment where they rely relatively
more on their upper extremities in daily activities. In the conflicting situation between
upper limb dysfunction and the use of upper extremities for daily activities, there has been
little research on the muscle mass of the upper extremities to date. Due to the lack of such
studies, it is still unclear how upper extremity muscle mass differs between TD children
and ambulatory children with CP.

In previous studies, muscle mass in children with CP has been measured using sev-
eral modalities [5–11]. Among these techniques, magnetic resonance imaging (MRI) has
demonstrated high accuracy and reproducibility [5,6]. However, MRI measures have some
limitations. First, to measure the masses of most or all extremity muscles, the child must
maintain a specific position for several tens of minutes, which often requires sedation.
Additionally, MRI examinations are costly and, in many cases, the examination itself can be
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burdensome to the family. For these reasons, most such studies on children with CP have
concentrated on measuring the masses of major muscles in the lower extremities, such as
the gastrocnemius, soleus, and rectus femoris, and few studies have examined the muscle
masses of both lower and upper extremities in children with CP [5–11]. Ultrasound, on the
other hand, offers the advantage of being able to measure various muscles without the re-
quirement for sustained postures. However, it lacks clear criteria for measurement, leading
to potential variations in results depending on the examiner. Additionally, the time and cost
involved in measuring the entire set of muscles are considerable, diminishing efficiency.
Despite these challenges, understanding the entirety of muscle mass distribution is crucial
for gaining a comprehensive insight into the impact of CP on the musculoskeletal system.

An alternative method with several advantages for comprehensive quantitative mea-
surement of the entire skeletal muscle mass in both upper and lower extremities is dual-
energy X-ray absorptiometry (DXA). This method enables the quantitative measurement of
whole-body mass including muscle tissue, blood vessels, connective tissue, fat cells, and
bone. It also provides a measurement of regional lean body mass (LBM) by excluding fat
and bone tissue, focusing on tissues that do not include muscles [13–18]. For this reason,
DXA can overestimate skeletal muscle mass when compared to skeletal volume measured
by MRI [16,19]. However, recent studies investigating the accuracy of measuring muscle
mass with DXA in children with CP have reported strong correlations with MRI mea-
sures [13,16,20,21]. This correlation is substantial enough that DXA is currently employed
in evaluating sarcopenia in adults. Furthermore, it has been shown to be a reliable indicator
of skeletal muscle mass measurement in children and adolescents [13].

The hypotheses of this study are twofold. First, based on previous research indicat-
ing a reduction in local muscle mass in the lower extremities compared to TD children
when measured through MRI in children with CP who have functional limitations in the
lower extremity, we anticipate consistent results when measuring overall lower extremity
muscle mass using DXA. Second, we suggest that independently ambulant children with
CP, despite exhibiting impairments in upper extremity function, may not experience as
significant a reduction in upper extremity muscle mass compared to their lower extremities.
This assumption stems from the observation that these children, necessitating increased
activity in daily living, might retain or even develop muscle mass in the upper extremities
to compensate for their functional limitations.

The primary objective of this study is to quantitatively assess the LBM of both the
upper and lower extremities in ambulatory children with CP and their TD counterparts. By
comparing the LBM in these distinct groups, we aim to substantiate the aforementioned
hypotheses. This comprehensive analysis seeks to provide a clearer understanding of how
CP affects muscle distribution, potentially guiding more tailored and effective therapeu-
tic interventions. Through this, we investigate whether the reduced motor function in
the upper and lower extremities results in lower muscle mass compared to a group of
TD children.

2. Materials and Methods

This study is registered as a clinical trial with Clinical Research Information Service
(CRIS), Republic of Korea (KCT0008067). This study was conducted in accordance with the
ethical standards of the Guidelines for Good Clinical Practice. The goal, procedure, and
safety aspects of the study were explained to each participant and their primary caregivers
provided written informed consent before their participation.

2.1. Participants

Participants were assessed in Incheon Saint Mary hospital affiliated to the Catholic
University of Korea between October 2021 and July 2023 for eligibility. They underwent
measurements of height and weight, with minimal clothing, and wearing no shoes or
assistive devices. Standard measuring tools were employed in these assessments. Body
mass index was then derived based on the recorded height and weight.
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2.1.1. CP Group

The inclusion criteria for the CP group were as follows: (1) children diagnosed with
spastic CP, (2) aged 2 to 12 years, and (3) Gross Motor Function Classification System
(GMFCS) level of I to III [22]. The exclusion criteria were (1) children with a history
of orthopedic surgery, (2) children receiving botulinum toxin injections within the past
6 months, and (3) children with concomitant neurological disorders other than CP.

2.1.2. TD Group

Children aged 2 to 12 years demonstrating normal gross motor development were
recruited. Inclusion criteria were (1) ability to walk independently before 15 months
of age, (2) normal muscle tone, and (3) children classified as ‘Normal’ on the Korean
Developmental Screening Test [23]. We matched the CP group and TD group based on age
within 12 months, difference of height and weight within 10%, and body mass index within
1.0 kg/m2. The reason for stringent matching was to account for the broad age range of the
participants, recognizing that the outcomes could vary widely within this age range, and to
ensure that the matching considered the diverse developmental situations, minimizing the
potential impact of age-related variations in body composition and muscle mass.

2.2. Gross Motor Function Assessment

The GMFCS level of participants in the CP group was assessed by the primary physi-
cian using the extended and revised version of the GMFCS released in 2007, while con-
sidering developmental milestones and primarily categorizing the participants into the
age ranges of 2 to 4 years, 4 to 6 years, and 6 to 12 years [22,24]. Focusing on the most
prevalent age group, which is 6 to 12 years, individuals at GMFCS level I can walk without
restrictions. For GMFCS level II, children require physical assistance in activities such
as walking, and they need a handrail when ascending stairs. GMFCS level III typically
involves walking indoors with the aid of hand-held walking devices [22]. To evaluate upper
extremity function, the Manual Ability Classification System (MACS) was also used for
assessing participants in the CP group, applying consistent criteria regardless of age [24,25].

2.3. DXA Measurement

The measurement procedures were similar to those described in our previous study [18].
Whole-body DXA scans were conducted in the supine position, ensuring the inclusion of
the entire body. Participants were instructed to extend their arms to the side sufficiently
to allow clear separation from the trunk, and to keep their legs apart to avoid any contact.
They were instructed to adopt a position where the palms and soles faced the ground
while ensuring that the body did not rotate. During the scanning process, patients were
instructed to minimize voluntary muscle contractions and not to correct their posture
for several minutes. A familiar caregiver was present beside them. Restraint mats were
employed for patients facing challenges in maintaining their posture. We obtained scan
results for all participants using the Prodigy densitometer (GE Healthcare, Madison, WI,
USA). The LBM of the upper and lower extremities was determined by subtracting the mass
of fat and bone tissues from the total tissue mass using Encore version 14.1 software (GE
Healthcare) [13–18]. The initial partitioning was automatically generated by the software,
dividing the body into parts such as the head, both arms, the trunk, both legs, and gonads.
For precise partitioning, manual adjustments were made by the technician. Anatomical
landmarks were utilized for this purpose. For the measurement of the lower extremities, a
line was drawn perpendicular to the axis of the femoral neck, defining the range from this
line to tips of the toes. For the upper extremities, a line was drawn connecting the humeral
articulation in both shoulder joint sockets, defining the range from this line to the fingertips
(Figure 1).



Life 2024, 14, 303 4 of 10

Life 2024, 14, x FOR PEER REVIEW 4 of 10 
 

 

generated by the software, dividing the body into parts such as the head, both arms, the 
trunk, both legs, and gonads. For precise partitioning, manual adjustments were made by 
the technician. Anatomical landmarks were utilized for this purpose. For the measure-
ment of the lower extremities, a line was drawn perpendicular to the axis of the femoral 
neck, defining the range from this line to tips of the toes. For the upper extremities, a line 
was drawn connecting the humeral articulation in both shoulder joint sockets, defining 
the range from this line to the fingertips (Figure 1). 

 
Figure 1. Total body mass assessment by dual-energy X-ray absorptiometry. In the example illus-
trated, the total body mass and fat mass of a 5-year-old child with CP were measured and divided 
into upper and lower extremity parts according to the indicated landmarks using Encore version 
14.1 (GE Healthcare). 

2.4. Statistical Analysis 
All statistical analyses were performed using IBM SPSS (version 29.0, IBM Corpora-

tion, Armonk, NY, USA). Group variables and extremity LBM are expressed as mean 
(±standard deviation). Baseline clinical characteristics, including age, height, body 
weight, body mass index, extremity LBM, and the LBM ratio for total extremities, were 
compared between groups using independent t-tests to identify any significant differ-
ences. Additionally, LBM results were categorized by GMFCS level and compared be-
tween upper and lower extremities within each level through independent t-tests to as-
certain differences. For subgroup analyses, we assessed LBM differences between af-
fected and unaffected sides among unilateral CP patients and TD children. In the TD 
group, each side was analyzed separately—effectively considering one individual as two 
entities—and then compared with the CP group. A p < 0.05 was considered statistically 
significant. 

3. Results 
3.1. Participant Matching and Clinical Characteristics 

The 21 children in the CP group were matched for age, sex, and body mass index 
with 21 TD children (10 males and 11 females each). There were no significant differences 
in mean age, height, body weight, and body mass index between the two groups (Table 
1). In the CP group, all children were classified as ambulatory according to the GMFCS 
by age, with 13 children at level I, 5 at level II, and 3 at level III. Additionally, the MACS 

Figure 1. Total body mass assessment by dual-energy X-ray absorptiometry. In the example illustrated,
the total body mass and fat mass of a 5-year-old child with CP were measured and divided into
upper and lower extremity parts according to the indicated landmarks using Encore version 14.1
(GE Healthcare).

2.4. Statistical Analysis

All statistical analyses were performed using IBM SPSS (version 29.0, IBM Corporation,
Armonk, NY, USA). Group variables and extremity LBM are expressed as mean (±standard
deviation). Baseline clinical characteristics, including age, height, body weight, body mass
index, extremity LBM, and the LBM ratio for total extremities, were compared between
groups using independent t-tests to identify any significant differences. Additionally,
LBM results were categorized by GMFCS level and compared between upper and lower
extremities within each level through independent t-tests to ascertain differences. For
subgroup analyses, we assessed LBM differences between affected and unaffected sides
among unilateral CP patients and TD children. In the TD group, each side was analyzed
separately—effectively considering one individual as two entities—and then compared
with the CP group. A p < 0.05 was considered statistically significant.

3. Results
3.1. Participant Matching and Clinical Characteristics

The 21 children in the CP group were matched for age, sex, and body mass index with
21 TD children (10 males and 11 females each). There were no significant differences in
mean age, height, body weight, and body mass index between the two groups (Table 1).
In the CP group, all children were classified as ambulatory according to the GMFCS by
age, with 13 children at level I, 5 at level II, and 3 at level III. Additionally, the MACS
scores indicated that all children were reasonably adept at manual tasks, with 17 children
at level I and 4 at level II. Moreover, 8 patients exhibited unilateral and 13 showed bilateral
subtypes. Eleven children had received botulinum toxin injection treatment (but not in the
previous 6 months), with eight having received a single injection and three having received
two injections. They all underwent injections in the lower extremities, with six children
receiving injections on both sides and five receiving injections on one side only (Table 2).
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Table 1. Baseline clinical characteristics of the study subjects.

Characteristic CP Group (n = 21) TD Group (n = 21) p-Value

Sex, male:female (n) 10:11 10:11
Age (mo) 71.95 (23.19) 69.76 (22.54) 0.433

Height (cm) 111.48 (12.20) 112.04 (12.10) 0.440
Body weight (kg) 20.31 (5.40) 20.23 (5.23) 0.480

Body mass index 16.09 (1.45) 15.88 (1.38) 0.314
Data are mean (SD) unless otherwise indicated. CP, cerebral palsy; TD, typically developing.

Table 2. Characteristics of the CP Group Participants.

Characteristic CP Group (n = 21)

Classification
Spastic bilateral 13

Spastic unilateral 8

GMFCS level

I 13

II 5

III 3

MACS level
I 17

II 4

Previous botulinum toxin treatment

None 10

Once 8

Twice 3
CP, cerebral palsy; GMFCS, Gross Motor Function Classification System; MACS, Manual Ability Classification System.

3.2. Comparisons of Extremity LBM

The LBM of upper, lower, and total extremities and the ratio of upper and lower
extremity LBM to total extremity LBM are presented in Table 3. The LBM of the upper
extremities was significantly greater in the CP group than the TD group (mean [SD]:
1330.9 [403.2] g vs. 1112.6 [316.3] g, p = 0.029). The LBM of the lower and total extremities
did not differ significantly between groups. However, the ratio of lower extremity LBM to
total extremity LBM was significantly smaller in the CP group compared to the TD group
(73.2 [4.1] % vs. 78.5 [2.2] %, p < 0.001), while the ratio of upper extremity LBM to total
extremity LBM was significantly greater in the CP group (26.7 [4.1] % vs. 21.5 [2.2] %,
p < 0.001). Table 4 presents the LBM values for each upper and lower extremity by GMFCS
level, as well as the ratio for the total extremities. Significant differences in upper extremity
LBM were observed between groups at level II (1340.6 [151.0] g vs. 1004.2 [296.8] g,
p = 0.027), while no significant differences were observed at levels I and III. The lower
extremity LBM did not show differences across all levels. However, the ratio of extremity
muscle mass to total extremity muscle mass showed significant differences between groups
at all levels.

Table 5 presents a comparative analysis of the LBM in the upper and lower extremities
between the unilateral CP group (n = 8), distinguishing between affected and unaffected
sides, and the TD group. Although the LBM of the unaffected side’s upper extremity
was relatively greater than that of the affected side, there was no statistical significance
when compared to the children with TD [612.4 g (affected) versus 649.8 g (TD) and 658.9 g
(unaffected) versus 640.0 (TD)]. Likewise, for the lower extremity LBM, no significant
differences were found when compared to the TD group on either side.
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Table 3. Lean body mass of extremities analyzed by dual-energy X-ray absorptiometry.

Variables CP Group TD Group p-Value

Lean body mass (g)
Upper extremities 1330.9 (403.2) 1112.6 (316.3) 0.029
Lower extremities 3740.7 (1376.7) 4108.1 (1304.6) 0.190
Total extremities 5072.8 (1722.8) 5220.6 (1603.0) 0.387

Ratios of lean body mass (%)
Upper/total extremities 26.7 (4.1) 21.5 (2.2) <0.001
Lower/total extremities 73.2 (4.1) 78.5 (2.2) <0.001

Data are mean (SD). CP, cerebral palsy; TD, typically developing.

Table 4. Lean body mass and ratios of upper and lower extremities to total extremities according to
GMFCS level.

Variables GMFCS I
(n = 13)

TD
(n = 13) p-Value GMFCS II

(n = 5)
TD

(n = 5) p-Value GMFCS III
(n = 3)

TD
(n = 3) p-Value

Upper
extremities (g)

1335.8
(493.3)

1176.9
(335.1) 0.173 1340.6

(151.0)
1004.2
(296.8) 0.027 1293.7

(343.2)
1014.3
(282.8) 0.169

Lower
extremities (g)

4103.69
(1552.8)

4436.00
(1356.8) 0.284 3328.2

(938.1)
3575.0
(1314.0) 0.371 2855.0

(515.5)
3575.3
(827.6) 0.135

Upper/total
extremities (%)

24.7
(2.3)

21
(1.6) <0.001 29.5

(5.5)
22.4
(3.9) 0.023 30.9

(2.2)
22

(1.0) 0.002

Lower/total
extremities (%)

75.3
(2.3)

79
(1.6) <0.001 70.5

(5.5)
77.6
(3.9) 0.023 69.1

(2.2)
78

(1.0) 0.002

Data are mean (SD). GMFCS, Gross Motor Function Classification System; TD, typically developing.

Table 5. Comparison of lean body mass between the affected and unaffected sides among unilateral
CP and matched TD groups.

Variables CP (n = 8) TD (n = 8) p-Value

Upper extremity (g) Affected 612.4 (208.48) 649.8 (115.48) 0.314
Unaffected 658.9 (170.88) 640.0 (117.22) 0.400

Lower extremity (g) Affected 2037.4 (739.87) 2310.4 (505.41) 0.202
Unaffected 2226.3 (628.73) 2310.5 (493.38) 0.385

Data are mean (SD). CP, cerebral palsy; TD, typically developing.

4. Discussion

In the present study, we quantitatively compared the upper and lower extremity
muscle mass of children with CP using DXA, matched for gender, age, and body mass
index with TD children. We utilized LBM calculated from DXA measurements as a method
for quantification. The LBM of the upper extremities was higher in children with CP
compared to TD children, and the difference was significant in the GMFCS level II group.
There was no significant difference in the LBM of the lower extremities between the CP
and TD groups. The ratio of upper extremity LBM to total extremity LBM was significantly
higher in the children with CP, while the ratio of lower extremity LBM to total extremity
LBM was significantly lower across all GMFCS levels in the CP group.

As hypothesized, the upper extremity muscle mass in the CP group did not decrease
compared to the TD group. Instead, the significant increase in upper extremity LBM ob-
served in children with CP in our study contradicts expectations based on previous research
that measured various upper extremity muscle strengths [12]. In the study conducted by
Dekkers et al., it was observed that children with CP generally exhibited weaker upper
extremity strength than TD children, but their specific muscle strength, including elbow
flexors and extensors on their preferred side, was significantly higher than that of TD chil-
dren. However, they did not take GMFCS levels into account, which imposes limitations on
the correlations with our study [12]. Notably, when stratified by GMFCS level, a significant
increase in LBM was observed at level II. The reasons for this are, first, that all children with
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GMFCS levels of II or III who participated in this study (8 out of 21) were wearing a foot
and/or ankle orthosis, and 4 were using a walker for ambulation support (3 individuals
walked using walkers, while 1 5-year-old boy used a walker only when going out and
walked independently indoors). Second, children with GMFCS level II may particularly
use their upper extremities during activities, such as using railings while ascending and
descending stairs or pushing against a stable surface when transitioning from a seated
to a standing position, which require the application of isotonic force [1,22]. In addition
to basic mobility, they need to grasp or push desks, shelves, handles, and other assistive
devices during daily activities such as tooth brushing, dressing, object manipulation, and
maintaining balance while standing, demanding a continuous application of isometric force.
At GMFCS level III, walking aids or canes are commonly used for ambulation support.
During these activities, weight-bearing exercises are frequently performed, but there is a
relatively higher dependency on assistive devices for daily movements. Daily activities are
often performed while sitting, and assistance from others is required when climbing stairs.
Consequently, the frequency of isometric exercise may decrease, potentially leading to less
significant gains in upper extremity muscle strength. Indeed, among the three children
classified as GMFCS level III, only one was categorized as MACS level II. In the GMFCS
level II group, two out of five children were classified as MACS level II, while the remaining
three were at MACS level I [25].

Among the children with CP who participated in our study, a larger proportion exhib-
ited bilateral CP. Individuals with unilateral CP possess one unaffected upper extremity,
potentially contributing to greater independence in daily activities. Therefore, it was crucial
to distinguish between the affected and unaffected sides when evaluating upper extremity
muscle mass. Consequently, the LBM of the unaffected side in the children with unilateral
CP was numerically greater compared to the TD children, consistent with findings observed
in the lower extremities. These results suggest that children with unilateral CP may rely
more on the unaffected side during ambulation and daily activities. However, due to the
small sample size, statistically significant results were not observed.

Increased muscle mass in the upper extremities has important therapeutic implica-
tions, particularly for children with spastic CP receiving botulinum toxin injections, as
these treatments can reduce muscle mass, thereby impairing activities dependent on greater
upper extremity strength [3,26,27]. Our recent study revealed that the muscle mass de-
crease caused by botulinum toxin injections does reverse over the long term, but patients
may experience difficulty during the recovery period [18]. Nonetheless, upper extremity
botulinum toxin therapy for spasticity treatment may pose less of a burden compared to
lower extremity treatment. A similar rationale could be applied to Constraint-Induced
Movement Therapy. Constraint-Induced Movement Therapy is commonly employed not
only for stroke patients but also for children with unilateral CP to improve the strength
and functionality of the affected hand [28,29]. However, due to the constraint of the unaf-
fected hand’s movement, it might induce alterations in the muscle mass of the unaffected
upper extremity. In this regard, the findings of this study could be utilized in therapeutic
planning. The observed increase in muscle mass in children classified as GMFCS level
II has significant implications for guiding therapeutic strategies. This finding supports
the rationale for prioritizing goal-directed or task-specific interventions over traditional
muscle-strengthening therapies, such as electrical stimulation or vibration therapy. By fo-
cusing on activities that are directly related to daily functions and individual goals, therapy
can be more effectively tailored to enhance upper extremity function, thereby potentially
improving the quality of life and independence of children with CP [30].

Contrary to our initial hypothesis, which focused on comparing the LBM reflecting
lower extremity muscle mass, we found no significant differences in absolute values
between the CP and TD groups. This was consistent across all GMFCS levels and might be
attributed to the strict matching of gender, age, and body mass index between groups, as
well as the fact that all children with CP in the study had sufficient lower extremity function
for walking compared to the TD children, thus minimizing significant differences. However,
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the ratio of lower extremity LBM to total extremity LBM showed a significant decrease
when corrected for the matched variables, indicating a reduction in lower extremity muscle
mass. This is in line with previous studies comparing muscle volume in children with CP.

The present study has several strengths. There are few existing studies in CP research
that involve a one-to-one matching with TD children. However, by strictly matching for age,
height, and body mass index, we aimed to minimize factors that could introduce errors into
the interpretation of the results, such as individual age and weight differences [5,13]. Addi-
tionally, in contrast to previous research that measured the muscle volume of each muscle
individually, our study measured the overall muscle mass of extremities, considering the
heterogeneity in muscle size within the CP group [5,13,31].

There are also limitations in our study. First, the sample size was relatively small due
to the requirement for proper positioning during the DXA examination. The children had
to lie still for several minutes in a supine position with arms and legs spread, which was
challenging for many participants during the test period. To reduce invasiveness, scans
were performed without sedation. Consequently, for more than 30% of the enrolled subjects
across both the CP and TD groups, we were unable to obtain DXA scan results, resulting in
their exclusion from the study population. Furthermore, performing subgroup analyses
within the CP group resulted in a reduced sample size, consequently elevating the risk of
Type I errors during statistical multiple comparisons. Second, the standard deviations of the
results were large in comparison to the mean, a phenomenon attributed to the participants’
wide age range, which spanned from 2 to 12 years. To minimize these issues, we utilized an
LBM ratio by dividing each extremity into the total extremity. Third, out of 21 participants
in the CP group, 10 had received previous botulinum toxin injections, although due to the
minimum 6-month interval specified in the inclusion/exclusion criteria, it was assumed
that this interval had no significant influence on the current extremity muscle mass [18,28].
Fourth, the accuracy of the lower extremity measurements was limited by the partitioning
method. Specifically, soft tissue above the femoral neck was excluded, which resulted
in only a partial measurement of the large gluteal muscles, potentially influencing the
absolute values in the lower extremity LBM comparison.

5. Conclusions

Our findings reveal that ambulatory children with CP, particularly those classified
as GMFCS level II, had greater muscle mass in the upper extremities compared to their
TD counterparts.

Author Contributions: Conceptualization, D.-H.J.; methodology, D.-H.J.; investigation, T.S.; data
curation, T.S. and J.K.; writing—original draft preparation, T.S. and J.K.; writing—review and editing,
D.-H.J.; supervision D.-H.J.; project administration, D.-H.J.; funding acquisition, D.-H.J. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Catholic Medical Center Research Foundation made in
the program year of 2021 and Clinical Trials Center of Incheon St. Mary’s Hospital, The Catholic
University of Korea.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of the Institutional Review Board of the
Catholic Medical Center (protocol code OC21EISI0024).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.



Life 2024, 14, 303 9 of 10

References
1. Vitrikas, K.; Dalton, H.; Breish, D. Cerebral Palsy: An Overview. Am. Fam. Physician 2020, 101, 213–220.
2. Masaki, M.; Isobe, H.; Uchikawa, Y.; Okamoto, M.; Chiyoda, Y.; Katsuhara, Y.; Mino, K.; Aoyama, K.; Nishi, T.; Ando, Y.

Association of gross motor function and activities of daily living with muscle mass of the trunk and lower extremity muscles,
range of motion, and spasticity in children and adults with cerebral palsy. Dev. Neurorehabil. 2023, 26, 115–122. [CrossRef]

3. Yi, Y.G.; Jang, D.H.; Lee, D.; Oh, J.Y.; Han, M.H. Botulinum Toxin Injection in Children with Hemiplegic Cerebral Palsy: Correction
of Growth through Comparison of Treated and Unaffected Limbs. Toxins 2019, 11, 688. [CrossRef] [PubMed]

4. Naume, M.M.; Jørgensen, M.H.; Høi-Hansen, C.E.; Nielsen, M.R.; Born, A.P.; Vissing, J.; Borgwardt, L.; Stærk, D.M.R.; Ørngreen,
M.C. Low skeletal muscle mass and liver fibrosis in children with cerebral palsy. Eur. J. Pediatr. 2023, 182, 5047–5055. [CrossRef]
[PubMed]

5. Noble, J.J.; Chruscikowski, E.; Fry, N.R.D.; Lewis, A.P.; Gough, M.; Shortland, A.P. The relationship between lower limb muscle
volume and body mass in ambulant individuals with bilateral cerebral palsy. BMC Neurol. 2017, 17, 223. [CrossRef] [PubMed]

6. Pool, D.; Elliott, C.; Bear, N.; Donnelly, C.J.; Davis, C.; Stannage, K.; Valentine, J. Neuromuscular electrical stimulation-assisted
gait increases muscle strength and volume in children with unilateral spastic cerebral palsy. Dev. Med. Child. Neurol. 2016,
58, 492–501. [CrossRef]

7. Choe, Y.R.; Kim, J.S.; Kim, K.H.; Yi, T.I. Relationship Between Functional Level and Muscle Thickness in Young Children With
Cerebral Palsy. Ann. Rehabil. Med. 2018, 42, 286–295. [CrossRef]

8. Weide, G.; Huijing, P.A.; Bar-On, L.; Sloot, L.; Buizer, A.I.; Becher, J.G.; Harlaar, J.; Jaspers, R.T. Gastrocnemius Medialis Muscle
Geometry and Extensibility in Typically Developing Children and Children with Spastic Paresis Aged 6–13 Years. Front. Physiol.
2020, 11, 528522. [CrossRef]

9. Shortland, A.P.; Harris, C.A.; Gough, M.; Robinson, R.O. Architecture of the medial gastrocnemius in children with spastic
diplegia. Dev. Med. Child. Neurol. 2001, 43, 796–801. [CrossRef]

10. Muehlbauer, T.; Gollhofer, A.; Granacher, U. Associations Between Measures of Balance and Lower-Extremity Muscle
Strength/Power in Healthy Individuals Across the Lifespan: A Systematic Review and Meta-Analysis. Sports Med. 2015,
45, 1671–1692. [CrossRef]

11. Barber, L.; Hastings-Ison, T.; Baker, R.; Barrett, R.; Lichtwark, G. Medial gastrocnemius muscle volume and fascicle length in
children aged 2 to 5 years with cerebral palsy. Dev. Med. Child. Neurol. 2011, 53, 543–548. [CrossRef]

12. Dekkers, K.J.F.M.; Rameckers, E.A.A.; Smeets, R.J.E.M.; Gordon, A.M.; Speth, L.A.W.M.; Ferre, C.L.; Janssen-Potten, Y.J.M.
Upper Extremity Muscle Strength in Children with Unilateral Spastic Cerebral Palsy: A Bilateral Problem? Phys. Ther. 2020,
100, 2205–2216. [CrossRef] [PubMed]

13. Zhang, C.; Whitney, D.G.; Singh, H.; Slade, J.M.; Shen, Y.; Miller, F.; Modlesky, C.M. Statistical models to assess leg muscle mass
in ambulatory children with spastic cerebral palsy using dual-energy X-ray absorptiometry. J. Clin. Densitom. 2019, 22, 391–400.
[CrossRef] [PubMed]

14. Modlesky, C.M.; Cavaiola, M.L.; Smith, J.J.; Rowe, D.A.; Johnson, D.L.; Miller, F. A DXA-Based Mathematical Model Predicts
Midthigh Muscle Mass from Magnetic Resonance Imaging in Typically Developing Children but Not in Those with Quadriplegic
Cerebral Palsy. J. Nutr. 2010, 140, 2260–2265. [CrossRef] [PubMed]

15. Chen, Z.; Wang, Z.; Lohman, T.; Heymsfield, S.B.; Outwater, E.; Nicholas, J.S.; Bassford, T.; LaCroix, A.; Sherrill, D.; Punyanitya,
M. Dual-Energy X-Ray Absorptiometry Is a Valid Tool for Assessing Skeletal Muscle Mass in Older Women. J. Nutr. 2007,
137, 2775–2780. [CrossRef] [PubMed]

16. Midorikawa, T.; Ohta, M.; Torii, S.; Sakamoto, S. Lean Soft Tissue Mass Measured Using Dual-Energy X-Ray Absorptiometry
Is an Effective Index for Assessing Change in Leg Skeletal Muscle Mass Following Exercise Training. J. Clin. Densitom. 2018,
21, 394–398. [CrossRef] [PubMed]

17. Zhang, C.; Colquitt, G.; Miller, F.; Shen, Y.; Modlesky, C.M. Preferential deficit of fat-free soft tissue in the appendicular region of
children with cerebral palsy and proposed statistical models to capture the deficit. Clin. Nutr. 2020, 39, 1541–1550. [CrossRef]
[PubMed]

18. Lee, D.; Kim, J.; Oh, J.Y.; Han, M.H.; Kim, D.Y.; Kang, J.H.; Jang, D.-H. Changes in Muscle Mass after Botulinum Toxin Injection in
Children with Spastic Hemiplegic Cerebral Palsy. Toxins 2021, 13, 278. [CrossRef] [PubMed]

19. Delmonico, M.; Kostek, M.; Johns, J.; Hurley, B.; Conway, J.M. Can dual energy X-ray absorptiometry provide a valid assessment
of changes in thigh muscle mass with strength training in older adults? Eur. J. Clin. Nutr. 2008, 62, 1372–1378. [CrossRef]

20. Rankin, K.C.; O’Brien, L.C.; Gorgey, A.S. Quantification of trunk and android lean mass using dual energy x-ray absorptiometry
compared to magnetic resonance imaging after spinal cord injury. J. Spinal Cord. Med. 2019, 42, 508–516. [CrossRef]

21. Kim, J.; Wang, Z.; Heymsfield, S.B.; Baumgartner, R.N.; Gallagher, D. Total-body skeletal muscle mass: Estimation by a new
dual-energy X-ray absorptiometry method. Am. J. Clin. Nutr. 2002, 76, 378–383. [CrossRef]

22. Palisano, R.; Rosenbaum, P.; Bartlett, D.; Livingston, M. GMFCS-E&R. Gross motor function classification system expanded and
revised. In Canchild Centre for Childhood Disability Research, Mcmaster University; Institute for Applied Health Sciences McMaster
University: Hamilton, ON, Canada, 2007; p. b15.

23. Kim, S. Worldwide National Intervention of Developmental Screening Programs in infant and early childhood. Clin. Exp. Pediatr.
2022, 65, 10–20. [CrossRef]

https://doi.org/10.1080/17518423.2023.2171149
https://doi.org/10.3390/toxins11120688
https://www.ncbi.nlm.nih.gov/pubmed/31771177
https://doi.org/10.1007/s00431-023-05177-9
https://www.ncbi.nlm.nih.gov/pubmed/37656239
https://doi.org/10.1186/s12883-017-1005-0
https://www.ncbi.nlm.nih.gov/pubmed/29284423
https://doi.org/10.1111/dmcn.12955
https://doi.org/10.5535/arm.2018.42.2.286
https://doi.org/10.3389/fphys.2020.528522
https://doi.org/10.1111/j.1469-8749.2001.tb00165.x
https://doi.org/10.1007/s40279-015-0390-z
https://doi.org/10.1111/j.1469-8749.2011.03913.x
https://doi.org/10.1093/ptj/pzaa155
https://www.ncbi.nlm.nih.gov/pubmed/32860701
https://doi.org/10.1016/j.jocd.2018.12.004
https://www.ncbi.nlm.nih.gov/pubmed/30661746
https://doi.org/10.3945/jn.110.126219
https://www.ncbi.nlm.nih.gov/pubmed/20980659
https://doi.org/10.1093/jn/137.12.2775
https://www.ncbi.nlm.nih.gov/pubmed/18029498
https://doi.org/10.1016/j.jocd.2018.03.008
https://www.ncbi.nlm.nih.gov/pubmed/29703658
https://doi.org/10.1016/j.clnu.2019.06.020
https://www.ncbi.nlm.nih.gov/pubmed/31924383
https://doi.org/10.3390/toxins13040278
https://www.ncbi.nlm.nih.gov/pubmed/33919735
https://doi.org/10.1038/sj.ejcn.1602880
https://doi.org/10.1080/10790268.2018.1438879
https://doi.org/10.1093/ajcn/76.2.378
https://doi.org/10.3345/cep.2021.00248


Life 2024, 14, 303 10 of 10

24. Paulson, A.; Vargus-Adams, J. Overview of Four Functional Classification Systems Commonly Used in Cerebral Palsy. Children
2017, 4, 30. [CrossRef]

25. Eliasson, A.C.; Krumlinde-Sundholm, L.; Rösblad, B.; Beckung, E.; Arner, M.; Ohrvall, A.M.; Rosenbaum, P. The Manual Ability
Classification System (MACS) for children with cerebral palsy: Scale development and evidence of validity and reliability. Dev.
Med. Child. Neurol. 2006, 48, 549–554. [CrossRef]

26. Love, S.C.; Novak, I.; Kentish, M.; Desloovere, K.; Heinen, F.; Molenaers, G.; O’Flaherty, S.; Graham, H.K. Botulinum toxin
assessment, intervention and after-care for lower limb spasticity in children with cerebral palsy: International consensus statement.
Eur. J. Neurol. 2010, 17 (Suppl. S2), 9–37. [CrossRef] [PubMed]

27. Schroeder, A.S.; Ertl-Wagner, B.; Britsch, S.; Schroder, J.M.; Nikolin, S.; Weis, J.; Muller-Felber, W.; Koerte, I.; Stehr, M.; Berweck, S.;
et al. Muscle biopsy substantiates long-term MRI alterations one year after a single dose of botulinum toxin injected into the
lateral gastrocnemius muscle of healthy volunteers. Mov. Disord. 2009, 24, 1494–1503. [CrossRef]

28. Hoare, B.J.; Wallen, M.A.; Thorley, M.N.; Jackman, M.L.; Carey, L.M.; Imms, C. Constraint-induced movement therapy in children
with unilateral cerebral palsy. Cochrane Database Syst. Rev. 2019, 4, CD004149. [CrossRef] [PubMed]

29. Ginny, E.S.; Patricia, B.; Kristina, M.K.; Clifford, Q.; John, P. Effects of Constraint-induced Movement Therapy on Hand Skills and
Muscle Recruitment of Children with Spastic Hemiplegic Cerebral Palsy. Neurorehabilitation 2009, 24, 95–108.

30. Handsfield, G.G.; Meyer, C.H.; Abel, M.F.; Blemker, S.S. Heterogeneity of muscle sizes in the lower limbs of children with cerebral
palsy. Muscle Nerve. 2016, 53, 933–945. [CrossRef]

31. Jackman, M.; Sakzewski, L.; Morgan, C.; Boyd, R.N.; Brennan, S.E.; Langdon, K.; Toovey, R.A.M.; Greaves, S.; Thorley, M.;
Novak, I. Interventions to improve physical function for children and young people with cerebral palsy: International clinical
practice guideline. Dev. Med. Child. Neurol. 2022, 64, 536–549. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/children4040030
https://doi.org/10.1017/S0012162206001162
https://doi.org/10.1111/j.1468-1331.2010.03126.x
https://www.ncbi.nlm.nih.gov/pubmed/20633177
https://doi.org/10.1002/mds.22661
https://doi.org/10.1002/14651858.CD004149.pub3
https://www.ncbi.nlm.nih.gov/pubmed/30932166
https://doi.org/10.1002/mus.24972
https://doi.org/10.1111/dmcn.15055

	Introduction 
	Materials and Methods 
	Participants 
	CP Group 
	TD Group 

	Gross Motor Function Assessment 
	DXA Measurement 
	Statistical Analysis 

	Results 
	Participant Matching and Clinical Characteristics 
	Comparisons of Extremity LBM 

	Discussion 
	Conclusions 
	References

