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Abstract

Background Accurate assessment of physical activity and motor function in children with cerebral palsy is crucial
for determining the effectiveness of interventions. This study aimed to investigate the correlation between real-world
activity monitoring outcomes and in-laboratory standardized hand function assessments in children with unilateral
cerebral palsy.

Methods Actigraphy data were collected over 3 days from children aged 4-12 years with unilateral cerebral palsy
before in-laboratory assessments. To tackle the high dimensionality and collinearity of actigraphy variables, we first
applied hierarchical clustering using the Pearson correlation coefficient as the distance metric and then performed a
principal component analysis (PCA) to reduce the dimensionality of our data.

Results Both hierarchical clustering and PCAs revealed a consistent pattern in which magnitude ratio variables
(In[affected side magnitude/less-affected side magnitude]) were more strongly associated with standardized
assessments of hand function than with activity time and distance domain variables. Hierarchical clustering analysis
identified two distinct clusters of actigraphy variables, with the second cluster primarily consisting of magnitude ratio
variables that exhibited the strongest correlation with Melbourne Assessment 2, Pediatric Motor Activity Log, Assisting
Hand Assessment, and Manual Ability Classification System level. Principal component 2, primarily representing

the magnitude ratio domain, was positively associated with a meaningful portion of subcategories of standardized
measures, whereas principal component 1, representing the activity time and distance component, showed limited
associations.

Conclusions The magnitude ratio of actigraphy can provide additional objective information that complements
in-laboratory hand function assessment outcomes in future studies of children with unilateral cerebral palsy.

Trial registration in ClinicalTrials.gov NCT04904796 (registered prospectively; date of registration: 23/05/2021).
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Background

Wearable activity monitors of the present era, such as
accelerometers, are revolutionizing biomedical research
by providing the ability to approximate real-world con-
ditions and monitor physical activity continuously and
impartially [1]. This type of evaluation provides valuable
information about general health and daily functioning
that may not be revealed by standardized assessments
such as questionnaires or in-laboratory tests [2].

The ability to accurately monitor physical activity in
real-world conditions has immense potential for clinical
applications, particularly in the field of pediatric rehabili-
tation [3]. Children with cerebral palsy (CP), a group of
permanent movement disorders caused by non-progres-
sive brain damage, often experience difficulty with motor
function and physical activity [4, 5]. In this respect, accu-
rate and objective monitoring of their physical activity
and motor function is crucial for determining the effec-
tiveness of interventions and making informed decisions
about their care and treatment. Moreover, traditional
standardized assessments and in-laboratory tests, while
valuable, may not always provide a comprehensive pic-
ture of a child’s functional abilities in their everyday
environment [6]. Assessments conducted in a laboratory
typically measure an individual’s maximum functional
capacity, whereas actigraphy can offer more insight into
the actual level of arm use in real-world situations, lead-
ing to a better representation of functional performance
[7, 8]. The integration of real-world actigraphy data in
evaluations, therefore, allows clinicians to gain a more
precise and comprehensive understanding of a child’s
physical activity and motor function in daily life. It high-
lights that while laboratory assessments provide insight
into potential capacities, actigraphy complements this by
illustrating how these capacities are applied in day-to-day
activities, thereby offering a holistic view of motor func-
tion in children with CP.

While several studies have investigated the correlation
between actigraphy outcomes and gross motor function
assessments (such as the Gross Motor Function Mea-
sure and the 6-minute walk test in children with CP) and
have reported a moderate-to-strong correlation [9-11],
there is a notable gap in research regarding the rela-
tionship between real-world actigraphy data and hand
function evaluation outcomes in a laboratory setting for
these children. Highlighting the potential of accelerom-
etry in this area, studies among adult populations have
shown significant correlations between the accelerom-
eter-derived variables and upper extremity motor func-
tion assessments, including the Fugl-Meyer Assessment,
Wolf Motor Function Test, and Action Research Arm

Test [12, 13]. Yet, in the specific context of CP, especially
in assessing upper extremity function, prior research has
predominantly focused on data from controlled evalua-
tions, not fully capturing the everyday functional abilities
as revealed by real-world actigraphy data [14]. Under-
standing the relationship between actigraphy data and
hand function assessments in children with CP is crucial
for healthcare professionals to design and implement
individualized intervention plans that address the unique
needs of each child. Moreover, given the importance of
hand function in completing daily activities and partici-
pating in social and recreational activities for children
with unilateral CP (UCP) [15], it is essential to investigate
the correlation between actigraphy outcomes and hand
function test results to obtain a comprehensive under-
standing of the physical activity and motor function of
the upper extremities in this population.

Considering these points, in this study, we aimed to
investigate the correlation between physical activity mea-
surements obtained through actigraphy, in-laboratory
standardized assessments of hand function and daily
activities, and a standardized questionnaire of hand use
in children with UCP. We hypothesized that there would
be significant correlations between actigraphy-derived
physical activity measurements and in-laboratory stan-
dardized assessments of hand function and daily activi-
ties in children with UCP.

Methods

Study overview

This was an observational study nested within a random-
ized controlled trial of constraint-induced movement
therapy (CIMT) for children with UCP conducted at a
hospital in Seoul, Republic of Korea. As part of the CIMT
study, the children wore accelerometers on both wrists
for 3 consecutive days at baseline and after the first (1
month) and second (2 months) intervention phases. To
ensure an accurate representation of their typical activity
levels, these three-day periods were specifically chosen
to be outside the intervention sessions, ensuring that the
children were not undergoing intervention during these
actigraphy data collection phases. The children under-
went standardized assessments, including the Pediatric
Motor Activity Log (PMAL), Melbourne Assessment
2 (MA2), AHA, and Pediatric Evaluation of Disability
Inventory Computer Adaptive Test (PEDI-CAT). Actig-
raphy outcomes were analyzed in conjunction with these
standardized assessments to investigate their association.
The study was approved by the hospital review board
(SMC 2021-04-042), and informed consent was obtained
from the parents of the children before enrollment.
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Participants

Children aged between 4 and 12 years who were diag-
nosed with UCP due to central nervous system lesions
were recruited to participate in the CIMT study from
July 2021 to December 2022. The diagnosis of UCP was
made based on the criteria defined by the Surveillance of
Cerebral Palsy in Europe, which categorizes UCP based
on specific clinical signs and neuroimaging features [16].
Participants were excluded if they had severe cognitive
dysfunction that prevented them from performing sim-
ple tasks, untreated seizures, visual or auditory problems
that could interfere with treatment, or a history of mus-
culoskeletal disorders.

Physical activity monitoring using accelerometer-based
monitors

Physical activity data were collected using ActiGraph
wGT3X-BT, and acceleration data were downloaded
and converted into 10-s epochs using ActiLife 6 soft-
ware (ActiGraph, Pensacola, FL, USA) and subsequently
converted into activity counts. The accelerometer was
programmed to collect data continuously for 3 consecu-
tive days in the week preceding each in-laboratory visit
for standardized assessments, and the children were
instructed to wear accelerometers on both wrists for at
least 12 h per day during the prior 3 days beginning on
Friday.

Selection of actigraphy variables

Acceleration data were recorded in raw format and
downloaded using the ActilLife 6 software (ActiGraph).
Subsequently, the software generated 52 variables in the
time, energy, and distance domains. Considering the
study’s small sample size, we opted to reduce the num-
ber of actigraphy variables to enhance the stability of the
analysis. The selection process involved a comprehen-
sive literature review to identify the most relevant and
representative variables for measuring physical activity
in our target group population, children with UCP. This
review entailed a systematic search of databases for stud-
ies utilizing actigraphy in this specific patient population,
focusing on identifying variables that were consistently
used and shown to be significant in these studies. Key
criteria for variable selection included frequency of use in
previous research, applicability to our target group popu-
lation, and the ability to provide meaningful insight into
physical activity patterns. The selected variables and ref-
erences are detailed in Additional File 2. Furthermore, to
ensure our selection was well-grounded, we also sought
input from experienced occupational therapists famil-
iar with the device and its usage in research and clinical
practice.
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In-laboratory standardized assessments

Pediatric motor activity log (PMAL)

PMAL evaluates the utilization of a child’s more affected
upper limbs during daily tasks. It consists of 22 arm-hand
functional tasks, with the collected data being systemati-
cally organized. The assessment includes two parts: (1)
how often (PMAL HO) and (2) how well (PMAL HW)
[17].

Pediatric evaluation of disability inventory computer
adaptive test (PEDI-CAT)

PEDI-CAT is a standardized tool that assesses functional
abilities in children with various health conditions. It fea-
tures a 276-item computer adaptive questionnaire based
on caregiver reports and covers four domains, including
mobility, daily activities, social/cognitive function, and
responsibility [18].

Melbourne assessment 2 (MA2)

MAZ2 is a unilateral upper limb function test that mea-
sures unimanual capacity. This criterion-based assess-
ment evaluates four aspects of upper limb movement
quality: range of motion (ROM), precision, dexterity, and
fluency. The test comprises 14 unimanual tasks that are
recorded on video for subsequent scoring [19].

Assisting hand assessment (AHA)

AHA is a standardized instrument designed for children
with UCP. It gauges a child’s ability to use the affected
hand in assisting the unaffected hand during various
bimanual activities. Assessors review video recordings
to score the child’s displayed capacity to use their weaker
arm and hand across 22 items [20, 21].

Statistical analyses

In our statistical analyses, we first sought to understand
the relationship between actigraphy variables and stan-
dardized functional assessments (AHA, PEDI-CAT,
PMAL, and MA2) outcomes, as well as age and sex. We
used hierarchical clustering, with the Pearson correla-
tion coefficient serving as the distance metric, to inves-
tigate these relationships [22]. Specifically, a “distance”
between two variables was defined as one minus the
absolute value of their Pearson correlation coefficient
(1 - |r]). Thus, if two variables had a correlation coeffi-
cient near 1 or -1 (indicating a strong positive or negative
relationship), their “distance” would be near 0, suggesting
that they belong to the same cluster. Conversely, if two
variables had a correlation coefficient near 0 (indicating
no relationship), their “distance” would be near 1, reflect-
ing that these variables are not closely related and are less
likely to be in the same cluster. Next, to address the high
dimensionality and collinearity of the actigraphy vari-
ables, we applied a principal component analysis (PCA)
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to our dataset, selecting the top five principal compo-
nents (PCs) based on the proportion of variance they
explained [23]. Upon reducing dimensionality through
principal component analysis, we recognized the neces-
sity of a statistical methodology to appropriately account
for the repeated measures inherent in our dataset. Con-
sequently, we implemented a mixed-effect model to
address this concern. For variables where significant
regression coefficients were not computed, precluding
the calculation of confidence intervals in the mixed-effect
model, we proceeded with a two-dimensional linear
regression to further investigate those relationships. All
tests were two tailed, and a p-value of 0.05 was used as
the cut-off for statistical significance. All statistical analy-
ses were conducted using SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA) and R 3.5.0 (R Foundation for Statistical
Computing, Vienna, Austria).

Results

A total of 21 children with UCP (12 boys; mean age,
5.5611.87 years) were included in this analysis (Addi-
tional file 1). They wore the actigraphy monitor for 3
consecutive days for at least 12 h per day on three occa-
sions (once a month), yielding a total of 63 data points
(Fig. 1). The characteristics of the children are presented
in Table 1.

Selecting suitable actigraphy variables and examining
their correlations

The comprehensive review, coupled with expert consul-
tation, led to the selection of eight key variables, further
subdivided into criteria such as affected side/less-affected
side and axis, resulting in a total of 23 variables (Addi-
tional file 2). These variables were categorized based on
their primary characteristics and the aspect of physical
activity they represent. The selected variables and their
definitions are as follows.

1. Vector magnitude average counts (VMA): The
average acceleration counts across all three axes
of movement (X, Y, and Z). It provides an overall
measure of movement intensity, considering
movement in all three directions. VM A was further
subdivided into the average value (sum of X, Y, Z
axes), Axis 1 VMA (X-axis), Axis 2 VMA (Y-axis),
and Axis 3 VMA (Z-axis) for both the affected and
less-affected sides. This subdivision resulted in a total
of 8 distinct variables under the VMA category.

2. VMA ratio: The natural logarithm of the ratio
between the affected and less-affected VMA
(In[affected VM A /less-affected VMAY). This
calculation was performed for the overall VMA
(sum of X, Y, Z axes), as well as separately for each
axis (Axis 1 ratio, Axis 2 ratio, and Axis 3 ratio),

Page 4 of 10

amounting to 4 variables in total under the VMA
ratio category.

3. The sum of VMA: The sum of affected and less-
affected average VMAs (sum of X, Y, Z axes).

4. Percentage in sedentary time: The percentage of time
an individual spends engaged in sedentary behaviors
that do not increase energy expenditure (EE) above
the resting level (1.0—1.5 metabolic equivalents
[METs]). Two separate variables were calculated for
each side.

5. Sedentary time: Time spent in low-intensity activities
that do not significantly increase EE above the
resting level (1.0-1.5 METs); time (in min) when
counts per minute < 100. Two separate variables were
calculated for each side.

6. Percentage in moderate-to-vigorous physical activity
(MVPA): The percentage of time during a given
period that an individual spends in MVPA. Two
separate variables were calculated for each side.

7. Average MVPA/hour: Average time spent in MVPA;
total MVPA (in min)/total time worn (in hours). Two
separate variables were calculated for each side.

8. Average kilocalories (kcal) per hour: Average kcals
spent per hour; total kcal/total time worn (in hours).
Two separate variables were calculated for each side.

The correlations among the finally selected actigraphy
variables are shown in Additional file 3. The variables
related to activity time (% in MVPA and average MVPA/
hour) and distance (VMA of all axes) were highly asso-
ciated with each other. Conversely, the magnitude ratio
and energy domain exhibited weak correlations with
activity time and distance domain, whereas sedentary
domain variables (% in sedentary time and sedentary
time) showed negative correlations with activity time and
distance domain.

Hierarchical clustering differentiated two groups of
actigraphy domains

The hierarchical clustering analysis classified actigraphy
domains into two separate clusters (Additional file 4).
Variables of activity time and distance domains, includ-
ing VMA across all axes of both sides, the sum of VMA
on both sides, and % in MVPA and average MVPA/hour
of both sides clustered together and were strongly nega-
tively correlated with age (Additional file 5). The second
cluster consisted primarily of VMA ratio variables for
all axes, which exhibited the strongest correlation with
MAZ2, PMAL, AHA, and Manual Ability Classification
System (MACS) outcomes (Additional file 6). This clus-
ter also included sedentary time domain variables and
energy-related variables.
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[ Enrollment ]

Assessed for eligibility (n=45)

Excluded (n=24)

+ Did not meet inclusion criteria (n=2)
+ Declined to participate (n=19)

+ Did not answer the phone (n=3)

Y

Baseline
assessment

Consented/assessed (n=21)
Started intervention | (n=21)

Assessed (n=21)
Lost to follow-up (n=0)

[ 1-month follow-up ]

Discontinued intervention (n=0)
Started intervention Il (n=21)

Assessed (n=21)
Lost to follow-up (n=0)

[ 2-month follow-up ]

Discontinued intervention (n=0)

Analyzed (n=21)
[ Analysis ]

Excluded from analysis (n=0)

Fig. 1 CONSORT 2010 Flow Diagram. CONSORT 2010 flow diagram depicting the progression of participants through the study. Initially, 45 individuals
were assessed for eligibility. However, 24 were subsequently excluded for various reasons, as indicated in the diagram. The remaining 21 participants
consented to and initiated the first intervention. Follow-up assessments were consistently performed with no loss to follow-up or discontinuation of the
intervention at the 1- and 2-month check-ups. Therefore, with each of the 21 participants undergoing three separate assessments, a total of 63 evalua-

tions (n=63) were conducted for the final analysis

PC analysis of the focused dataset of actigraphy variables

The first five PCs were selected for analysis, which
explained 95.68% of the total variation. Further analysis
revealed that the first two components (PC1 and PC2)
were the most significant, accounting for 54.6% and
21.9% of the variance, respectively. Together, they repre-
sented over 76% of the total variance, enabling a robust
interpretation of our data. Given the sharp decrease
in explained variance after PC2, including additional
components would only increase complexity without

significantly improving explanatory power. The most
contributing PC (PC1) presented high positive val-
ues for the following variables: VMA across all axes
(affected side, 0.97; less-affected side, 0.88); VMA of axis
1 (affected side, 0.96; less-affected side, 0.92); VMA of
axis 2 (affected side, 0.94; less-affected side, 0.91); VMA
of axis 3 (affected side, 0.91; less-affected side, 0.84); the
sum of VMA (affected and less-affected side, 0.96); %
in MVPA (affected side, 0.94); and average MVPA/hour
(affected side, 0.91; Table 2 and Additional file 7). Thus,
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Table 1 Demographic and Clinical Characteristics of Children

Characteristics

Age, mean (SD), years 5.56 (1.87)
Sex, n (%) Boys 12(57.14)
Girls 9 (42.86)
MACS level n (%) 1 7(33.33)
2 9 (42.86)
3 5(23.81)
Side of involvement, n (%) Right 16 (76.19)
Left 5(23.81)

MACS, Manual Ability Classification System; SD, standard deviation

Table 2 Principal component analysis results

Principal component

Actigraphy variables Dim.1 Dim.2 Dim.3 Dim.4 Dim.5

VMA (Less-affected side) 0.88 -023 04 -0.04 0.1
Axis 1 VMA (Less-affected 092 -022 028 001 0.05
side)

Axis 2 VMA (Less-affected 0.91 -021 027 002 0.15
side)

Axis 3 VMA (Less-affected 0.84 -028 037 005 017

side)

VMA (Affected side) 0.96 021 -0.04 0.04 0.08
Axis 1 VMA (Affected side) 0.96 022 006 -006 003
Axis 2 VMA (Affected side) 094 03 003 -007 002
Axis 3 VMA (Affected side) 0.91 031 -0.01  -0.07 0.09
VMA ratio (Affected/ 053 0.71 -045 004 0.01
Less-affected)

Axis 1 VMA ratio 045 0.72 -047 009 0.05
Axis 2 VMA ratio 045 0.73 -045 004 -0.08
Axis 3 VMA ratio 056 0.64 -044 O 0.03
Sum of VMA 096 0 024 -006  0.09
(Affected + Less-affected)

% in MVPA (Less-affected 0.86 -022 04 -0.08 -0.07
side)

% in MVPA (Affected side) 094 027 009 -011 -0.02
Average Kcal/hour (Less- -0.01  -0.62 -062 0.1 04
affected side)

% in sedentary time (Less- -0.53  0.61 029 -0.38 0.17

affected side)
Sedentary time (Less-affect- -024 0.67 046 05]1 0.04
ed side)

Average MVPA/hour (Less- 076 -054 002 008 -0.31

affected side)

Average Kcal/hour (Affected 0.3 -0.66 -051 0.18 0.18
side)

% in sedentary time (Af- -062 051 034 -041 0.14

fected side)

Sedentary time (Affected
side)

Average MVPA/hour (Af- 091 -003 -02 0
fected side)

-033 048 054 058 0.07

-0.27

VMA, vector magnitude average counts; MVPA, moderate-to-vigorous physical
activity
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PC1 was identified as representing activity time and
distance measures in actigraphy. The second PC (PC2)
exhibited the highest correlation with the VMA ratio of
axis 1 (0.72), 2 (0.73), 3 (0.64), and across all axes (0.71).
It also displayed positive correlations with sedentary time
(less-affected side, 0.67) and % in sedentary time (less-
affected side, 0.61) while showing negative correlations
with average kcal/hour (affected side, -0.66; less-affected
side, -0.62; Table 2 and Additional file 8). PC2 was identi-
fied to primarily represent the magnitude ratio domain in
actigraphy, with secondary contributions from the seden-
tary time and EE domains. The biplot in Fig. 2 illustrates
the actigraphy variable weights for PC1 and PC2.

In our PC regression analyses, as presented in Table 3,
PC1, encompassing activity time and distance com-
ponents, did not demonstrate significant associations
with in-laboratory assessment outcomes, but revealed a
notable correlation with age (»p<0.001). In contrast, PC2
primarily influenced by the magnitude ratio, showed sig-
nificant associations with the PMAL HW (p=0.03) and
AHA (p=0.05), alongside correlations with age (p<0.001)
and MACS level (p<0.001). This suggests that the magni-
tude ratio within PC2 is more closely aligned with in-lab-
oratory hand function tests in children with UCP.

Discussion

This observational study used two analytical strategies to
explore the correlation between actigraphy variables and
in-laboratory standardized assessments of hand function
and daily activities in children with UCP. Notably, the
magnitude ratio (In[affected side VM A/less-affected side
VMAY]) was strongly correlated with some in-laboratory
hand function test variables, which is a key observation
in this study. Conversely, the activity time and distance
domains did not exhibit such correlations. This discrep-
ancy could arise from the fact that hand function tests
target fine motor skills, which require precise move-
ment control but less overall physical activity compared
to gross motor function tests, which assess larger move-
ments with less precise control.

The magnitude ratio, a novel biomarker represent-
ing the difference in movement quantity between the
affected and less-affected upper extremities, has been
utilized in previous intervention studies involving chil-
dren with UCP. Goodwin et al. [24] found that the mag-
nitude ratio could effectively distinguish general hand
movement in children with UCP during therapy sessions
and outdoor therapy. Additionally, Coker-Bolt et al. [25]
reported that a portion of participants (five of twelve)
showed improvements in the magnitude ratio following
CIMT; our previous study [26] also indicated that a sub-
set of participants (six out of eight) exhibited improve-
ments in the magnitude ratio after CIMT. Our findings
highlight the importance of using the magnitude ratio
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Fig. 2 Biplot of Principal Component Analysis (PCA) of the actigraphy variables. The x-axis represents the first principal component (PC1), which explains
54.6% of the total variance and is strongly associated with vector magnitude average counts (VMA) across all axes (both affected and less-affected side),
percentage in moderate-to-vigorous physical activity (MVPA; affected side), and average MVPA per hour (affected side). These associations suggest that
PC1 primarily represents the activity time and distance measures in actigraphy. The y-axis represents the second principal component (PC2), accounting
for 21.9% of the total variance. PC2 is correlated most strongly with the VMA ratio across all axes, sedentary time (less-affected side), and percentage in
sedentary time (less-affected side), with an inverse correlation with average kilocalories per hour (both affected and less-affected side). These correlations
indicate that PC2 represents the domain of magnitude ratio, sedentary time, and EE in actigraphy. The biplot visually portrays the segregation of these

variables along these two PCs.
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Table 3 Linear mixed-effect model analysis incorporating principal components
Outcomes PC1 (activity time and distance PC2 (magnitude ratio, sedentary, and energy Model error  Power
components) components)
Estimate 95% Cl p Estimate 95% Cl p RMSE
PMAL
How often 0.03 -0.13-0.19 075 0.10 -0.05-024 023 0.34 0.860
How well 0.04 -0.12-020  0.62 0.16 0.01-0.30 0.03* 0.20 0.903
PEDI-CAT
Daily activities -0.01 -0.53-052 099 042 -0.12-092  0.08 0.58 0.581
Mobility 0.33 -0.20-087 024 012 -0.38-062 063 0.60 0.282
Social/Cognitive  -0.07 -047-033  0.75 -0.12 -045-022  0.50 031 0610
Responsibility 0.10 -063-083 078 -0.18 -0.76-0.38 039 0.60 0454
MA2
ROM -0.31 -244-190 077 1.01 -0.69-2.76 026 2.33 0.381
Accuracy? -0.71 -493-297 070 1.35 -446-7.17  0.64 5052 0.078
Dexterity -1.12 -4.15-188 049 1.24 -131-379 035 2.90 0.640
Fluency -044 -1.86-098 022 0.30 -0.88-148  0.64 1.16 0.394
AHA 0.19 -0.70-1.10  0.28 0.77 0.03-1.52 0.05* 0.94 0.773
MACS level® -0.03 -0.08-0.02  0.25 -0.15 -0.23--007 <0.001**  0.66 0.962
Age® -0.32 -041--0.23 <0.001**  -0.24 -0.38—0.09 <0.001** 126 1.000
Sex, male? 0.04 -0.11-0.18  0.62 -0.07 -030-0.15 051 91.38 0.050

* ** Statistically significant values; PMAL, Pediatric Motor Activity Log; PEDI-CAT, Pediatric Evaluation of Disability Inventory Computer Adaptive Test; MA2,
Melbourne Assessment 2; AHA, Assisting Hand Assessment; MACS, Manual Ability Classification System; ROM, range of motion; Cl, confidence interval; RMSE, root

mean square error

*Two-dimensional linear regression

variable within PC2 for future research focused on the
upper extremities of children with UCP as it captures a
meaningful portion of standardized hand function test
outcomes. These insights may have important implica-
tions for clinical practice, informing the design and eval-
uation of targeted interventions aimed at improving hand
function and overall quality of life in children with UCP.
By focusing on the magnitude ratio and utilizing actigra-
phy on both wrists, clinicians and researchers can better
assess the real-world impact of therapeutic interventions
on this population.

Our study also identified an intriguing finding that the
activity time and distance components cluster and the
magnitude ratio variables cluster demonstrated a strong
negative correlation with age in both unsupervised clus-
ter analysis and PC regression approaches. This finding
suggests that in children with UCP under 12 years old,
movement in the affected upper extremity declines more
significantly with age than the less-affected side, even as
overall physical activity decreases with age. This result
may be because of the progression of developmental dis-
regard with aging. Developmental disregard refers to the
behavioral patterns observed in children with UCP who
have learned to suppress the use of their more affected
upper limb, ultimately leading to neglecting or disre-
garding it [27]. Our study’s findings suggest a potential
decline, which could be interpreted within the context of
developmental disregard. However, they do not conclu-
sively establish it as the sole explanation. Future research

should aim to explore these nuances further, considering
the interplay of biological, psychological, and social fac-
tors that contribute to motor development and daily liv-
ing strategies in children with UCP.

Although no direct evidence indicated a clear correla-
tion between aging and learned non-use in children with
UCP, the importance of early interventions in preventing
or minimizing developmental disregard is widely recog-
nized [28, 29], implying a potential link between aging
and the progression of developmental disregard. How-
ever, it is important to note that typically developing chil-
dren also tend to develop a preference for using one limb
as they age. Therefore, future studies that include typi-
cally developing children are needed to confirm whether
the results are specifically due to learned non-use in chil-
dren with CP. If actigraphy is demonstrated to be effec-
tive in identifying the progression of learned non-use, it
could emphasize the importance of using wearable activ-
ity monitors in research studies, such as those evaluating
the effectiveness of CIMT, as well as other interventions
aimed at reducing learned non-use in children with UCP.

The use of activity monitors has seen a significant
increase in various medical fields over recent years as
they provide objective and reliable data for assessing
health status and disease activity by measuring real-
world physical activity levels [30]. Wearable devices have
become increasingly relevant, particularly because of
their use in telehealth as an alternative to in-person care
for patients who are unable to access traditional in-center
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services during the COVID-19 pandemic [30]. Our study
demonstrated a strong association between the mag-
nitude ratio variables and the AHA, PMAL, and MA-2,
suggesting that changes in standardized assessments
after interventions are reflected in this actigraphy vari-
able. This finding emphasizes the importance of carefully
selecting and processing actigraphy variables when using
this device in telerehabilitation, such as CIMT or biman-
ual training, to effectively monitor functional hand use
levels. The insights from this study can help optimize and
refine telerehabilitation plans utilizing actigraphy, poten-
tially contributing to the development of more effective
telerehabilitation programs for children with UCP in the
future.

Study limitations

Our study encountered several limitations. First, the
short intervals between data collection points could have
obscured significant changes in our variables of inter-
est, potentially introducing measurement errors. To
address the concern raised regarding the use of 63 data
points from 21 children (equivalent to 3 data points per
individual) and the adequacy of accounting for repeated
measures, we implemented a mixed-effect model analy-
sis. This approach allowed us to interpret the data more
accurately, considering the repeated measures inherent
in our study design. Considering the small sample size,
which could limit the statistical power and our ability to
discern meaningful associations, we employed multiple
statistical analyses to mitigate these concerns. This study
was executed at a single center specializing in children
with UCP, hence potentially narrowing the applicability
of our results to broader populations or different con-
texts. Therefore, subsequent research across diverse cen-
ters is crucial for validating these findings and ensuring
their wider relevance.

Conclusion

Our research indicates that the magnitude ratio, a key
component of actigraphy outcomes within PC2, exhib-
its a noteworthy correlation with certain standardized
measures. This correlation is notably stronger compared
to the associations found with the activity time and dis-
tance components in PC1. This finding indicates that
the magnitude ratio component of actigraphy can pro-
vide additional objective information that complements
in-laboratory assessment outcomes in future studies of
children with UCP. This information can help healthcare
professionals determine the effectiveness of interven-
tions and make informed decisions about the care and
treatment of children with UCP. Additionally, the study
highlights the importance of selecting and processing
variables carefully according to the research purpose
when using actigraphy. It would be valuable to investigate
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the relationship between actigraphy outcomes from
wrist-worn devices and other standardized assessments,
such as gross motor function assessments, to further vali-
date the use of actigraphy in clinical settings.
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