
Dev Med Child Neurol. 2023;65:393–405.     | 393wileyonlinelibrary.com/journal/dmcn

O R I G I N A L  A R T I C L E

Accelerometer- measured physical activity, sedentary behavior, 
and sleep in children with cerebral palsy and their adherence to the 
24- hour activity guidelines

Raquel Y. Hulst1  |    Jan Willem Gorter1,2,3  |    Joyce Obeid4 |    Jeanine M. Voorman1,2 |   
Ilse M. van Rijssen1 |    Anke Gerritsen1 |    Johanna M. A. Visser- Meily1,2 |    Sigrid Pillen5,6 |   
Olaf Verschuren1,2

Received: 11 November 2021 | Accepted: 16 June 2022

DOI: 10.1111/dmcn.15338  

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Developmental Medicine & Child Neurology published by John Wiley & Sons Ltd on behalf of Mac Keith Press.

This original article is commented on by Sit on pages 305–306 of this issue.
Abbreviations: LPA, light physical activity; MVPA, moderate- to- vigorous physical activity; SOL, sleep onset latency; TIB, time in bed; TST, total sleep time; WASO, 
wakefulness after sleep onset.

1Center of Excellence for Rehabilitation 
Medicine, UMC Utrecht Brain Center, 
University Medical Center Utrecht, Utrecht 
University and De Hoogstraat Rehabilitation, 
Utrecht, the Netherlands
2Department of Rehabilitation, Physical 
Therapy Science & Sports, UMC Utrecht 
Brain Center, University Medical Center 
Utrecht, the Netherlands
3CanChild, Department of Pediatrics, 
McMaster University, Hamilton, Canada
4Child Health & Exercise Medicine Program, 
Department of Pediatrics, McMaster 
University, Hamilton, Ontario, Canada
5Kinderslaapexpert BV (Pediatric Sleep Expert 
Ltd), Mook, the Netherlands
6Department of Electrical Engineering, 
Technical University Eindhoven, Eindhoven, 
the Netherlands

Correspondence
Olaf Verschuren, Center of Excellence for 
Rehabilitation Medicine, UMC Utrecht & De 
Hoogstraat Rehabilitation, Rembrandtkade 
10, 3583 TM Utrecht, the Netherlands.
Email: o.verschuren@dehoogstraat.nl

Funding information
JKF Kinderfonds, Grant/Award Number: 
20190017; Kinderrevalidatiefonds 
Adriaanstichting

Abstract
Aim: To measure and describe the 24- hour activities (i.e. physical activity, sedentary 
behavior, and sleep) and to examine adherence to the 24- hour activity guidelines 
among children with cerebral palsy (CP) using actigraphy.
Method: Children's 24- hour activities were recorded over 7 days using hip-  and 
wrist- worn ActiGraph wGT3X- BT accelerometers.
Results: In total, 362 days and 340 nights from 54 children with CP (Gross Motor 
Function Classification System [GMFCS] levels I– III; 44% females; median age 
[range] 6 years 6 months [3– 12 years]) were included. Mean (SD) daily wear time was 
746.2 (48.9) minutes, of which children spent on average 33.8% in light physical ac-
tivity (251.6 [58.7] minutes per day), 5.2% in moderate- to- vigorous physical activity 
(38.5 [20.1] minutes per day), and the remaining 61.1% being sedentary (456.1 [80.4] 
minutes per day). Physical activity decreased while sedentary behavior increased 
with increasing GMFCS level. In total, 13% of all children met the physical activity 
recommendations, and 35% met the age- appropriate sleep duration recommenda-
tion. The proportion of children meeting the combined 24- hour guidelines for physi-
cal activity and sleep was low (5.9%), especially in those classified in GMFCS level 
III (0%).
Interpretation: The observed low 24- hour guideline adherence rates emphasize the 
importance of considering the entire continuum of movement behaviors in the care 
of children with CP, in efforts to promote healthy lifestyle behaviors and prevent 
negative health outcomes.

Physical activity, sedentary behavior, and sleep, collectively 
known as movement behaviors, are modifiable lifestyle 
factors affecting child health and well- being. In the past 

decade, accumulating evidence has highlighted the inde-
pendent health benefits of high physical activity levels (es-
pecially moderate- to- vigorous physical activity [MVPA]), 
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low sedentary behavior, and sufficient hours of good qual-
ity sleep among children.1 More recently, the collective im-
portance of these behaviors has been recognized under the 
concept that ‘the whole day matters’, which has led to the 
development of integrated 24- hour movement guidelines 
for children.2 Good health outcomes may be attained by 
optimizing the balance between physical activity, sedentary 
behavior, and sleep for the individual child. Although the 
health benefits of meeting the 24- hour movement guidelines 
are well established for typically developing children,2,3 little 
is known about the 24- hour activities of children with physi-
cal disabilities.

Cerebral palsy (CP) is a common cause of physical dis-
ability in childhood. Children with CP demonstrate reduced 
physical activity levels and engage in significantly more sed-
entary time than their typically developing peers.4,5 In addi-
tion, children with CP are more likely to have sleep problems 
than typically developing children, and include difficulties 
falling asleep, frequent night awakenings, pain or discomfort 
in bed, and waking up too early.6 Along with reduced sleep 
quality, a large proportion (41%) of children with CP aged 
4 to 18 years were reported to have a sleep duration of less 
than 8 hours per night,7 compared with the recommended 
8 to 13 hours of sleep per day for preschool- aged children 
up to teenagers,8 suggesting that these children may not be 
getting enough sleep. Given that sleep is an important deter-
minant for health- related quality of life in children with CP,9 
together with the high prevalence of inactive lifestyles, and 
the concomitant risk of chronic health conditions in adults 
with CP,10 it is likely that this population stands to benefit 
from meeting the 24- hour movement guidelines throughout 
childhood and adolescence. It is therefore no surprise that 
the 24- hour activity guideline approach has been adopted 
for children with CP in a recently published clinical practice 
guide11 to promote healthy lifestyle behaviors and prevent 
negative health outcomes in this vulnerable population.

Studies reporting on 24- hour movement behaviors and 
guideline adherence in pediatric populations with hetero-
geneous conditions have predominantly relied on subjective 
measures such as surveys or questionnaires.12– 14 In children 
with CP, the few studies that have measured physical ac-
tivity and sedentary behavior objectively either did not in-
clude sleep as part of the 24- hour activities5,15 or assessed 
sleep using parental reports,16 which can be unreliable and 
introduce different sources of reporting bias.17 For example, 
subjective reports have been shown to consistently overes-
timate sleep duration.18 In contrast, actigraphy provides a 
device- based measure of activity frequency, duration, and 
intensity, and is increasingly used to assess physical activ-
ity and sedentary behavior in children.19 Actigraphy is also 
recognized as a valid measure to quantify periods of sleep 
and wakefulness.17 Nevertheless, no studies have objectively 
examined the combined 24- hour activities and guideline 
adherence in children with CP using solely device- based 
measures. Therefore, the aims of the present study were to 
(1) measure and describe the 24- hour activities (i.e. physi-
cal activity, sedentary behavior, and sleep) and (2) examine 

adherence to the 24- hour activity guidelines for physical ac-
tivity and sleep among a sample of children with CP using 
actigraphy. Additionally, group comparisons were explored 
across the levels of functional ability (Gross Motor Function 
Classification System [GMFCS] levels I– III) and by age 
groups (preschool and school- age).

M ETHOD

A multicenter, cross- sectional, observational study was 
conducted. The study was approved by the Medical Ethics 
Research Committee of the University Medical Center 
Utrecht (file number 19– 630), the Netherlands.

Participants

Children with CP were recruited from the outpatient clinics 
of five rehabilitation settings (three pediatric rehabilitation 
centers, a school for special education, and the rehabilita-
tion department of a children's hospital) in the Netherlands. 
Inclusion criteria were children (1) diagnosed with CP; (2) 
classified in GMFCS levels I to III (i.e. able to walk indepen-
dently with or without an assistive device), since actigraphy 
has been validated only in ambulatory children with CP; 
and (3) between the ages of 3 and 12 years. This age range 
was chosen to allow us to describe adherence to the interna-
tional, age- appropriate sleep duration recommendations for 
preschool (3– 5 years) and school- aged (6– 12 years) children.8 
Parents of children who met the inclusion criteria were in-
formed of the study by their healthcare professional. All par-
ents and children aged 12 years provided written consent/
assent before participation in the study. Consenting families 
were briefed by telephone and received a box with study ma-
terials (accelerometers, activity logbooks, and a sleep diary) 
along with instructions. Measurements took place in the 
child's home environment, while the researcher was avail-
able to address any questions or issues by telephone or e-
mail. Upon completion of the study week, parents returned 
the study materials.

What this paper adds

• Physical activity decreases while sedentary be-
havior increases with increasing Gross Motor 
Function Classification System level in children 
with cerebral palsy (CP).

• Only 13% of children with CP meet the daily 
physical activity recommendation.

• Only 35% of children with CP meet the age- 
appropriate sleep duration recommendation.

• The proportion of children meeting the CP- 
specific 24- hour activity guidelines is low.
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24- hour activity measurements

Device

Habitual physical activity, sedentary behavior, and sleep 
were measured using the ActiGraph wGT3X- BT triaxial ac-
celerometer (ActiGraph Corporation, Pensacola, FL, USA) 
(Figure 1). At the beginning of each data collection session, 
the device was initialized to collect data at a resolution of 
30 Hz using the Actilife software version 6.13.4 (ActiGraph 
Corporation, Pensacola, FL, USA). Although more challeng-
ing than in typically developing children (e.g. because of 
hypersensitivity), accelerometry has been validated for the 
measurement of sedentary time and physical activity in am-
bulatory children and adolescents with CP,20 and has also 
been shown to be a feasible and acceptable measure of activ-
ity in this population.21

Data collection

Participants were instructed to wear the accelerometer 
for 24 hours per day over 7 consecutive days. A 7- day pe-
riod was selected to ensure that the measured activities, 
accounting for missing days/nights due to technical fail-
ures or unforeseen circumstances, was representative of 
habitual physical activity and sleep measures.22 Typical 

accelerometer placement site for physical activity meas-
urements is the hip as it allows detection of the body's 
acceleration and deceleration during locomotion, while 
wrist placement is generally used for sleep assessment 
to optimize the recording of small movements that 
occur at the distal extremities when the individual is in 
supine position.17 Therefore, in this study, participants 
were instructed to wear the accelerometer over the right 
hip, at the mid- axillary line, using an elastic belt dur-
ing waking hours, and to exchange accelerometer place-
ment upon bedtime to the non- dominant wrist using a 
watch strap (Figure 1); after getting out of bed the next 
morning, accelerometer placement was changed back to 
the hip, etc. Parents and teachers/educators were asked 
to record the times that the accelerometer was worn and 
removed in an activity log, and to record naps and over-
night bed times in a sleep diary. Accelerometers were 
to be removed during water- based activities, and all 
times and reasons for non- wear were recorded in the 
activity log. Upon completion of the study week, ac-
celerometers and diaries were obtained from the par-
ticipants and data were extracted and processed for 
further analyses. Data were collected between January 
and December 2020 during non- holiday periods. Owing 
to the COVID- 19 pandemic, data collection was paused 
during the school lockdown period from mid- March to 
mid- April 2020.

F I G U R E  1  The ActiGraph wGT3X- BT triaxial accelerometers (upper left) worn around a child's wrist using a watch strap during the night (upper 
right), and worn around the hip using an elastic belt (lower left) covered by clothing (lower right) during the day.
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Data validation and processing

Raw accelerometer data were downloaded and converted 
into 15- second epochs for hip- worn physical activity and 
sedentary behavior data, while sleep data were downloaded 
into 60- second epochs. Data were visually inspected for any 
technical malfunctions or spurious counts. All analyses were 
completed in Actilife software (ActiGraph Corporation, 
Pensacola, FL, USA).

Physical activity and sedentary behavior

Activity data from the hip- worn devices were cleaned using 
a semi- automated protocol, whereby any 5 minutes of zero 
counts were flagged and verified. Only non- wear periods 
identified in the participant logbook were excluded. The 
average vertical axis activity counts and combined triaxial 
average vector magnitude activity counts were extracted. 
Activity counts were normalized to wear time to account for 
differences in device wear time among participants, and re-
ported as counts per minute of wear time. Next, activity by 
intensity was calculated, and included sedentary behavior, 
light physical activity (LPA), and MVPA, as defined by the 
cut- points of Evenson et al. (using the vertical axis counts).23 
These cut- points have been validated in ambulatory children 
with CP,20 and have since then been used in several stud-
ies among children, young people, and adolescents with 
CP.5,15,21 To support comparisons across studies, we also de-
termined time spent in sedentary behavior, LPA, and MVPA 
using the CP- specific cut- points developed by Trost et al.24 
Activities by intensity are presented as percentages of total 
wear time. Only data from participants who met the mini-
mum wear time of at least 6 hours a day on at least 4 days with 
at least 1 weekend day (Saturday or Sunday) were included in 
the analyses. The estimated reliability coefficient for 4 days 
of wear in ambulatory children with CP was 0.73 (95% con-
fidence interval 0.58– 0.83), and an average of 6 days of wear 
would achieve reliability of 0.8.25

Sleep

Data from the wrist- worn devices were manually and visu-
ally inspected against the sleep diary records containing the 
child's bedtimes (in bed, lights off, out of bed). The differ-
ence between lights off and out- of- bed times (or between in- 
bed and out- of- bed times, in those cases when lights were 
turned off after sleep onset), as noted in the sleep diary, were 
used to calculate total time in bed (TIB) and subsequently 
used to define the start and end of the sleep analysis period. 
Note that TIB includes time out of bed during night- time 
awakenings, a manifestation of sleep discontinuity. Within 
the identified TIB, the algorithm of Sadeh et al.,26 the most 
commonly used algorithm for sleep– wake determination for 
children,17 was used to calculate sleep onset latency (SOL; the 
time between lights off and the first epoch scored as sleep), 

total sleep time (TST; the sum of all periods scored as sleep), 
and wakefulness after sleep onset (WASO; the sum of all pe-
riods scored as awake after sleep onset); these outcomes are 
reported in average daily hours. Sleep efficiency was calcu-
lated as the ratio of TST to TIB (as a percentage). A night was 
excluded when the difference between sleep times identified 
by the algorithm deviated more than 10% from the bed times 
entered in the sleep diary. To our knowledge, there are no 
established recommendations for the number of nights for 
sleep data; however, two existing studies in younger children 
(3– 7 years of age)27 and adolescents (11– 16 years)28 suggest 
that 4 to 7 days of wear are needed to achieve a minimum 
reliability of 0.7 for sleep outcomes derived from the Sadeh 
algorithm. Therefore we applied the same minimum num-
ber of nights for sleep analyses as for the analyses of physi-
cal activity. Specifically, only participants with valid sleep 
measures for at least 4 nights with at least 1 weekend night 
(i.e. Friday to Saturday, or Saturday to Sunday) were included 
in the analyses.

Criteria for 24- hour activity guideline adherence

To describe guideline adherence, the 24- hour activity guide-
lines for children with CP11 were applied, from which the 
following operational definitions were derived and applied 
in our study.

Physical activity

Children were classified as meeting the physical activity 
recommendations if their average daily MVPA was at least 
60 minutes per day.

Sedentary behavior

For sedentary behavior, the guidelines recommend (1) ‘no 
more than 2 hours per day of recreational screen time’ and 
(2) ‘limit sitting for extended periods’.11 Because no meas-
ures for screen time were included in this study to assess the 
first recommendation, and there is no specification on the 
length of the sedentary period in the second, we could not 
quantify participants' adherence to the sedentary behavior 
component of the guidelines. Therefore, the sedentary be-
havior component is not included in the 24- hour guideline 
adherence but rather reported descriptively as the propor-
tion of wear time (percentage) and total time (minutes per 
day) spent in sedentary behavior, as outlined in the section 
on ‘Daytime activities'.

Sleep

Children were classified as meeting the sleep duration recom-
mendations if their average daily TST was between 10 and 
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13 hours per night for preschool children (aged 3– 5 years) and 9 
to 11 hours per night for school- aged children (aged 6– 12 years).

Statistics

Data were analyzed using IBM SPSS Statistics version 26 
(IBM Corp., Armonk, NY, USA). Descriptive statistics were 
calculated and variables were visually inspected for normal-
ity on the basis of their boxplots and quantile– quantile plots. 
Additionally, Shapiro– Wilk tests were performed to test the 
assumption for normality, and age was the only variable not 
normally distributed and was therefore reported as median. 
Next, day and night values were averaged per child, normal-
ized to wear days and daily wear times, and analyzed for all 
children with CP and across subgroups for GMFCS level (I– 
III) and by age group (preschool and school- age). Levene's 
tests were conducted to assess the homogeneity of variances 
of accelerometer variables across (sub)groups. As none of 
the variables had significant Levene's test results, we were 
confident to proceed with parametric statistics. Between- 
group differences were assessed using analysis of covari-
ance, with GMFCS level and age group as fixed factors, and 
sex, age, or GMFCS level entered as covariates (depending 
on the group comparisons). Tukey's post hoc tests were per-
formed between subgroups (GMFCS level) with Bonferroni 
corrections for multiple pairwise comparisons. To describe 
24- hour guideline adherence, the proportions of children 
meeting the individual and combined recommendations for 
physical activity and sleep were calculated, and group dif-
ferences were assessed using Fisher's exact test. The level of 
significance was set at p < 0.05.

R E SU LTS

Study group characteristics

In total, 60 children with CP participated in this study. Six 
children were excluded because no actigraphy data were 
collected owing to hypersensitivity (n  =  4), unwillingness 
of the child to wear an accelerometer on their body (n = 1), 
or unknown reasons (n = 1). Therefore, the final study sam-
ple consisted of 54 children (median age 6 years 6 months), 
of whom 30 (55.6%) were male (median age 7 years) and 24 
(44.4%) were female (median age 6 years); 38.9% were cat-
egorized into the preschool age group (3– 5 years) and 61.1% 
into the school- aged (6– 12 years) group. Most (88.9%) of the 
children presented with a spastic CP and just over half of the 
sample (55.6%) were classified in GMFCS level I. Detailed 
characteristics of the total study sample, and by GMFCS 
level, are presented in Table 1. No statistically significant age 
differences were observed across sex (Mann– Whitney U test, 
p = 0.243) and GMFCS level (Kruskal– Wallis test, p = 0.064). 
Similarly, the two age groups did not differ with respect to 
sex (Fisher's exact test, p = 0.263) or GMFCS level (Fisher's 
exact test, p = 0.052), and the proportion of males/females 
was not different across GMFCS levels (Fisher's exact test, 
p = 0.347).

Daytime activities: physical activity and 
sedentary behavior

For daytime activities (i.e. sedentary behavior, LPA, and MVPA), 
out of the total 367 days measured, 5 (1.4%) days (deriving from 

T A B L E  1  Characteristics of the total study sample and by Gross Motor Function Classification System (GMFCS) level

All children n = 54 GMFCS level I n = 30 GMFCS level II n = 15 GMFCS level III n = 9 p

Sex, n (%)

Female 24 (44.4) 11 (36.7) 9 (60) 4 (44.4) 0.347

Male 30 (55.6) 19 (63.3) 6 (40) 5 (55.6)

Age, years:months

Range 3– 12 3– 12 5– 11 3– 8

Median 6:6 6 7 4 0.064

Age group, n (%)

Preschool (3– 5 years) 21 (38.9) 14 (46.7) 2 (13.3) 5 (55.6) 0.052

School (6– 12 years) 33 (61.1) 16 (53.3) 13 (86.7) 4 (44.4)

CP subtype, n (%)

Spastic 48 (88.9) 26 (86.7) 14 (93.3) 8 (88.9) 0.884

Dyskinetic 2 (3.7) 2 (6.7) — — 

Mixed 3 (5.6) 1 (3.3) 1 (6.7) 1 (11.1)

Unclassified/unknown 1 (1.9) 1 (3.3) — — 

Affected side, n (%)

Unilateral 34 (63) 23 (76.7) 10 (66.7) 1 (11.1) 0.002a

Bilateral 20 (37) 7 (23.3) 5 (33.3) 8 (88.9)

aAffected side was not evenly distributed across different levels of GMFCS. CP, cerebral palsy.
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four children) were excluded from physical activity analysis 
owing to non- wear (sickness, n = 1, hip monitor not worn tightly 
around the waist, n = 1, not meeting the minimum daily wear 
time of ≥6 hours, n = 3). The final sample with valid physical ac-
tivity data comprised 54 children, from which a total of 362 days 
were included in the daytime analyses. Children had a mean 
(SD) of 6.7 (0.7) valid wear days (26% wore the device for 4 to 
6 days; 72% had 7 days of wear time; 2% wore the device between 
8 and 9 days) with a mean (SD) daily wear time of 746.2 (48.9) 
minutes per day (12.4 [0.8] hours per day) (Table 2).

To gain a better understanding of how children with CP 
accumulate their daytime activities, the average daily time 
spent in sedentary behavior, LPA, and MVPA was calcu-
lated and normalized to actual wear time. Figure  2 shows 
the proportion (percentage) of time spent in each of the dif-
ferent physical activity intensities for all individual children 
clustered by GMFCS level, sorted from highest to lowest 
percentage of sedentary behavior (Figure 2a). Subgroup data 
are shown across GMFCS level (Figure  2b) and age group 
(Figure 2c).

On average, children spent 33.8% of their total wear time 
engaging in LPA (mean [SD], 251.6 [58.7] minutes per day), 
5.2% (38.5  [20.1] minutes per day) in MVPA, and the re-
maining 61.1% of their time (456.1 [80.4] minutes per day) 
being sedentary.

GMFCS level

Average daily wear time was equal across the different GMFCS 
levels (Table 2). After controlling for sex and age, a significant 
effect of GMFCS level was found on the percentage of wear time 
spent in sedentary behavior (F2,49 = 6.1, p < 0.01), LPA (F2,49 = 5.8, 

p < 0.01), and MVPA (F2,49 = 3.4, p < 0.05). Despite the significant 
effect for GMFCS level, post hoc tests revealed no significant dif-
ferences between individual GMFCS levels after correcting for 
multiple pairwise comparisons. Sedentary time tended to in-
crease with increasing GMFCS level from I (58.8%; 441.9 [74.9] 
minutes per day) to III (66.9%; 478.0  [69.0] minutes per day), 
while the opposite pattern was found for time spent in MVPA, 
which tended to decrease from level I (5.9%; 44.3 [17.2] minutes 
per day) to level III (3.5%; 24.2 [17.8] minutes per day) (Table 1). 
The covariate age was significantly related to the percentage of 
wear time spent in sedentary behavior (F1,49 = 18.6, p < 0.001) and 
LPA (F1,49 = 25.6, p < 0.001) but not on MVPA (p > 0.05).

Age group

Average daily wear time was significantly higher in the 
school- aged group (762.9  [46.8] minutes per day) than the 
preschool- aged group (720 [40.9] minutes per day; t52 = −3.4, 
p  =  0.001). Sedentary time in preschool- aged children 
(415.5 [60.3] minutes per day) was roughly 1 hour less than 
that of school- aged children (482.0 [81.6] minutes per day), 
while time spent in MVPA was similar (preschool: 37.0 [16.0] 
minutes per day; school- aged: 39.4 [16.0] minutes per day). 
After controlling for GMFCS level and sex, a significant ef-
fect of age group was found on the percentage of wear time 
spent in LPA (F1,50 = 5.4, p < 0.05), with preschool- aged chil-
dren accumulating significantly more time in LPA (37.0%; 
267.6  [58.5] minutes per day) than school- aged children 
(31.2%; 241.5 [57.4] minutes per day). The covariate GMFCS 
level was significantly related to the percentage of time 
spent in sedentary behavior (F1,50 = 4.7, p < 0.05) and MVPA 
(F1,50 = 6.1, p < 0.05).

T A B L E  2  Accelerometer- based data for physical activity, sedentary behavior, and sleep, for all children and by Gross Motor Function Classification 
System (GMFCS) level

All children GMFCS level I GMFCS level II
GMFCS 
level III

Physical activity data,a mean (SD) n = 54 n = 30 n = 15 n = 9

Daily wear time (minutes per day) 746.2 (48.9) 750.4 (50.2) 756.6 (42.3) 715.1 (47.4)

Sedentary behavior (% of wear time) 61.1 (9.6) 58.8 (8.7) 62.1 (10.6) 66.9 (9.2)

Light physical activity (% of wear time) 33.8 (7.8) 35.3 (7.5) 33.2 (8.3) 29.7 (7.2)

Moderate- to- vigorous physical activity (% of 
wear time)

5.2 (2.7) 5.9 (2.3) 4.7 (3.1) 3.5 (2.7)

Total moderate- to- vigorous physical activity 
(minutes per day)

38.5 (20.1) 44.3 (17.3) 35.4 (22.8) 24.2 (17.7)

Sleep data,b mean (SD) n = 51 n = 30 n = 12 n = 9

Time in bed, hours 11.0 (0.8) 10.9 (0.8) 10.9 (0.6) 11.4 (0.8)

Total sleep time, hours 9.0 (0.8) 8.9 (0.8) 9.1 (0.9) 9.4 (0.9)

Sleep onset latency, hours 0.3 (0.2) 0.3 (0.2) 0.3 (0.2) 0.3 (0.3)

Wakefulness after sleep onset, hours 1.6 (0.6) 1.6 (0.6) 1.5 (0.7) 1.7 (0.8)

Sleep efficiency (%) 82.4 (6.0) 82.0 (5.6) 83.4 (6.9) 82.8 (6.6)

aDerived from the hip- worn device.
bDerived from the wrist- worn device.
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Supplementary data

Figure  S1 shows the count- based physical activity param-
eters for the vertical axis and the combined triaxial vector 
magnitude, both normalized to wear time, for all children 

and by GMFCS level (Figure S1a) and age group (Figure S1b). 
Figure  S2 shows the percentage of wear time spent in dif-
ferent physical activity intensities using the GMFCS- specific 
cut- points by Trost et al.24 to support comparisons across 
studies.

F I G U R E  2  Normalized wear time spent in sedentary behavior, light physical activity, and moderate- to- vigorous physical activity for (a) all 
individual participants clustered by Gross Motor Function Classification System (GMFCS) level and sorted from highest to lowest sedentary behavior, 
and subgroup data across (b) GMFCS level and (c) age group.
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Night- time activities: sleep and wakefulness

From the total of 54 children, three did not meet the mini-
mum number of valid monitoring nights (≥4 of which 1 week-
end night) and were excluded from the sleep analysis. Of the 
remaining children, a total of 418 nights were recorded, of 
which 78 (deriving from 24 children) were excluded owing 
to absence of actigraphy data (n = 52), sickness (n = 4), miss-
ing sleep diary data to confirm bed times (n  =  6), greater 
than 10% difference between actigraphy data and bed times 
stated in the sleep diary (n = 7), accelerometer fell off during 
the night (n = 1), accelerometer was worn around the ankle 
(n = 1), or unknown reasons (n = 7). Therefore, the final sam-
ple with valid sleep data comprised 51 children, from which 
a total of 340 nights were included in the sleep analysis. On 

average, children had 6.7 (0.8) monitored nights (61% had 7 
nights of monitoring; 33% wore the device for 5 or 6 nights, 
and 6% wore the device for 8 or 9 nights). The total time chil-
dren spent in bed (TIB, in hours) is shown in Figure 3, rep-
resented by the total length of the bars. The sleep algorithm 
further divided TIB into time spent trying to fall asleep 
(SOL), time asleep (TST), or time being awake (WASO), rep-
resented by the different colors. Data are presented for all 
individual children with valid sleep data (n = 51) clustered 
by age group in Figure  3a, as well as for subgroups across 
GMFCS level (Figure 3b) and age group (Figure 3c).

On average, children spent 11.0 (0.2) hours in bed (TIB), 
of which 9.0  (0.9) hours was asleep (TST), 1.6  (0.6) hours 
awake (WASO), with a sleep latency (SOL) of 0.3 (0.2) hours 
(Table 2). Most (78.4%) of the children had an average SOL 

F I G U R E  3  Total time in bed (hours) spent in sleep onset latency (SOL), total sleep time (TST), and wakefulness after sleep onset (WASO) for (a) all 
individual participants sorted by age group, and subgroup data across (b) Gross Motor Function Classification System (GMFCS) level and (c) age group.
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of less than 30 minutes. The sleep efficiency of the total study 
sample was 82.4% (6.0), with 21 (41.2%) children having an 
average sleep efficiency above 85%.

GMFCS level

No significant differences were observed between any of the 
sleep parameters for GMFCS level, after adjusting for age 
and sex (Table 2 and Figure 3b).

Age group

After controlling for GMFCS level and sex, a significant ef-
fect of age group was found on TIB (F1,47 = 13.7, p = 0.001), 
with preschool- aged children spending more hours in bed 
(mean 11.4 [0.6] hours) on average than school- aged children 
(mean 10.7 [0.7] hours) (Figure 3c). Despite these differences, 
no differences were found between age groups on average 
TST and SOL (both p > 0.05). Specifically, preschool- aged 
children spent on average 9.3  (0.7) hours asleep compared 
with 8.9 (0.9) hours for school- aged children. Preschool- aged 
children trended towards spending a greater amount of time 
(108  [30.5] minutes) awake (i.e. WASO) than school- aged 
children (89.6  [41.5] minutes), but this difference failed to 
reach significance (F1,47 = 3.6, p = 0.06).

Adherence to the 24- hour activity guidelines

Figure  4 shows the proportion of children meeting indi-
vidual components (i.e. the physical activity recommenda-
tions and age- appropriate sleep recommendations) as well as 
the combined 24- hour activity guidelines for children with 
CP,11 organized by GMFCS level (Figure 4a) and age group 
(Figure 4b).

Of all children with CP, looking at the individual com-
ponents of the 24- hour activity guidelines, a small propor-
tion (13%) met the physical activity recommendations, and 
one- third (35.3%) met the age- appropriate sleep recommen-
dations. In all cases, not meeting the sleep recommenda-
tions was due to shortened sleep duration (i.e. too little sleep 
rather than too much sleep). More than half (56.9%) of all 
children with CP did not meet the combined recommenda-
tions for both physical activity and sleep, while only three 
(5.9%) children met both the physical activity and sleep rec-
ommendations (Figure 4a).

GMFCS level

Significant group differences were observed between 
GMFCS levels for the proportion of children who did not 
meet either the physical activity or age- appropriate sleep rec-
ommendations (p < 0.05; Fisher's exact test), and the propor-
tion of children meeting the sleep recommendations alone 

(p < 0.05; Fisher's exact test, Figure 4a). Children classified in 
GMFCS level II showed the highest adherence rates for meet-
ing the age- appropriate sleep recommendations. GMFCS 
level III showed the highest proportion of children who did 
not comply with the physical activity or sleep recommen-
dations (77.8%), and the lowest number of children meeting 
the physical activity recommendations alone (0%), meeting 
the sleep recommendations alone (22.2%), and meeting the 
combined 24- hour activity guidelines (0%).

Age group

With regard to age groups, a higher proportion of 
preschool- aged children (75%) failed to meet both the 
physical activity recommendations as well as the sleep rec-
ommendations, compared with 45.2% of school- aged chil-
dren (p < 0.05; Fisher's exact test). Of the younger group, 
a mere 4.8% met the physical activity recommendations, 
one in five (20%) met the age- appropriate sleep duration 
recommendations, and none of them complied with the 
combined 24- hour activity guidelines in their entirety 
(Figure  4b). Of the school- aged children, 18.2% met the 
physical activity recommendations, 45.2% met the recom-
mended hours of sleep, and 9.7% complied with the com-
bined 24- hour activity guidelines.

DISCUSSION

This study describes the 24- hour activity behaviors (i.e. 
physical activity, sedentary behavior, and sleep) of am-
bulatory children with CP (GMFCS levels I– III) aged 3 to 
12 years, and their adherence to the 24- hour activity guide-
lines for physical activity and sleep, using device- based 
measures. We found that the proportion of children with 
CP meeting the 24- hour activity guidelines is low, with an 
overall adherence rate of 5.9%. The vast majority (87%) of 
ambulatory children with CP did not engage in sufficient 
MVPA to meet the physical activity recommendations, and 
two- thirds (64.7%) did not meet the age- appropriate recom-
mended hours of sleep. On the basis of these findings, it is 
clear that awareness, knowledge, and/or adoption of the 24- 
hour activity guidelines in pediatric rehabilitation is needed 
to optimize health outcomes and well- being in individuals 
with CP over the life course.

Our findings support a body of literature demonstrat-
ing high levels of physical inactivity among children with 
CP, with decreasing amounts of physical activity with 
increasing GMFCS level.15,21 The 24- hour activity guide-
lines recommend 60 minutes of MVPA per day for chil-
dren with CP,11 which was achieved by 13% of the children 
in our study. These findings are consistent with a recent 
study reporting a 19% physical activity guideline compli-
ance rate among a mixed sample of children with one or 
more (neuro)developmental disability.29 Notably, results 
from the Dutch Report Card+ showed that the percentages 
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of children meeting the physical activity guidelines were 
similar for children with (26%) and without (29%) dis-
abilities,30 suggesting that the MVPA recommendations 
are often not met across pediatric populations, including 
typically developing children. Similar to what has been 
observed in typically developing children,31 we found 
physical activity to be the behavior least complied with 
across all subgroups. This is especially notable given that 
physical activity, specifically MVPA, is most consistently 
associated with desirable health indicators in school- aged 
children and young people.2,32 For young persons with CP, 
the consequences of low levels of physical activity may be 
even more devastating. For example, higher- functioning 
children with CP are at increased risk to lose ambulatory 
skills in adulthood, which has been attributed to both 
chronic inactivity and secondary complications common 
among adults with CP such as pain, fatigue, loss of strength, 
balance, and reduced physical fitness.33 Our findings em-
phasize the continued need for more efforts towards stim-
ulating physical activity in children with CP, for example 
by creating opportunities for them to acquire more active 
lifestyles and by increasing awareness among parents of 
the importance of exercise as a health- promoting behavior 
with long- term implications for health maintenance.

Time during a 24- hour period can only be spent engag-
ing in one activity behavior at a time (i.e. if time spent in 
one activity is increased, there is less time available in the 
day for the remaining activity domains11). Therefore, in ad-
dition to focusing on increasing physical activity, part of 
achieving a more active lifestyle includes reducing sedentary 
time. Children in our study spent on average 61% of their 
time engaging in sedentary behavior. This proportion is 
lower than the previously reported 79% sedentary behavior 
in ambulatory children with CP aged 8 to 17 years,5 which 
could be explained by our much younger sample of children. 
This suggestion is supported by our finding showing that 

the preschool- aged children engaged in significantly more 
LPA (at the expense of sedentary behavior) than school- aged 
children. In this context, it is important to realize that too 
much sedentary time is distinct from too little physical ac-
tivity. Reducing and/or breaking up sedentary time (i.e. re-
placing sedentary behavior with LPA) may be easier for some 
to achieve than increasing higher intensity physical activity 
levels, and can have substantial (additional) health benefits. 
Given that both physical activity and sedentary behavior are 
modifiable behaviors known to track from early childhood 
into adulthood,34 they represent viable targets of interven-
tion for children with CP. For those with high levels of inac-
tivity, aiming to improve behavior in one domain can have 
a positive effect on the activity composition of the entire 24- 
hour period.

Our study further adds to the literature by adopting a 
24- hour lens, specifically integrating measures of sleep, 
which has not been considered in earlier studies in chil-
dren with CP. We found that only one- third of the chil-
dren in our study met the age- appropriate sleep duration 
recommendations. This is much lower than reported in a 
previous study,35 in which more than 81% of the preschool- 
aged and 92% of the school- aged children with CP ad-
hered to the sleep recommendations. In a recent study,36 
the proportion of children who were typically developing 
and meeting sleep recommendations was 50%. However, 
it should be noted that these studies used subjective tools 
(parent- reported questionnaires) to measure sleep du-
ration. While self- /parent- reported sleep outcomes can 
provide important insights into sleep perception, these 
measures can overestimate sleep duration, making it dif-
ficult to accurately compare findings across studies.18 It 
is also important to note that actigraphy measures move-
ment (i.e. accelerations) and not sleep, per se. Thus, activ-
ity during the night scored as wakefulness may also ref lect 
body movements in bed (e.g. spasms, restlessness, or other 

F I G U R E  4  Adherence to individual components of the 24- hour activity guidelines and adherence to the combined 24- hour activity guidelines for 
children with cerebral palsy for (a) all children and by Gross Motor Function Classification System (GMFCS) level and (b) by age group.
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types of involuntary/unconscious movement) while the 
child is sleeping, which may be more pronounced in chil-
dren with CP. We recommend using sleep diaries as an 
important adjunct to accelerometer- based sleep measures.

As the 24- hour activity guidelines for children with CP 
were adapted from those originally developed for typically 
developing children, the question remains to what extent 
these guidelines are applicable for children with physical 
or other disabilities. Nevertheless, there is evidence for a 
dose– response pattern between the number of recommen-
dations achieved within the 24- hour guidelines and the 
odds of better health outcomes for children with and with-
out disabilities.3,14 None of the 24- hour activity behaviors 
are independent of each other, and there are indications of 
a mutually beneficial relationship between the different be-
haviors. For example, in children with autism spectrum dis-
order, improved sleep outcomes (i.e. fewer wake minutes and 
higher sleep efficiency) were associated with more minutes 
of MVPA the following day,37 while increased physical ac-
tivity was favorably associated with restoring sleep in a non- 
clinical sample of adolescents.38 Future research is needed to 
explore the complex bidirectional relationship between the 
24- hour activities in children with CP and the health out-
comes associated with meeting the individual and combined 
24- hour activity guidelines. Nonetheless, increasing adher-
ence to the guidelines is likely to be clinically beneficial in a 
population that is at risk of various secondary health com-
plications. Given the physical challenges that children with 
CP and their parents face daily, tailored interventions aimed 
at improving one (or more) of the 24- hour activity behaviors 
in children with CP should be considered as a viable, initial 
target towards long- term health benefits.

A strength of this study is that the 24- hour activities in 
children with CP were measured using device- based mea-
sures for both physical activity and sleep over a period of 
1 week. Although actigraphy is more challenging in children 
with CP than in typically developing children, our relatively 
high adherence rates (only 5 out of 60 children did not tol-
erate wearing the device) are consistent with previous re-
search, and suggest that actigraphy is feasible and acceptable 
in ambulatory children with CP.20,21

Our findings must be interpreted in the light of some lim-
itations. First, validation of accelerometry in children and 
young people with CP remains incomplete. The cut- points 
for activity intensity classification have only been validated 
for ambulatory school- age children with CP. This precludes 
younger children (<4 years old) and those with CP classi-
fied in GMFCS levels IV and V from participating in these 
studies, thereby limiting the generalizability of our findings. 
In the current study, we included four children younger 
than 4 years old, and decided to apply the same cut- points 
throughout the entire study sample to allow comparisons 
of daytime activities without mixing up multiple cut- points 
for different age groups. From the sleep perspective, while 
the algorithm of Sadeh et al. is the most commonly used for 
sleep– wake determination for children who are typically 
developing, it has yet to be validated in children with CP. 

Further studies are warranted to expand existing valida-
tions, and to establish reliable and valid device- based mea-
sures of sleep in CP, as this would allow the evaluation of 
24- hour activities in a wider range of participants using a 
single device and single wear location.

Second, for the younger children who still needed day-
time naps, parents were asked to record nap times in the ac-
tivity logbook and take off the device, so as not to confuse 
sleep for sedentary time during physical activity analysis. 
As nap times were based on subjective reports, and could 
not be confirmed using the accelerometer, it should be noted 
that naps were not accounted for in the TST of the children. 
This could have caused an underestimation of the TST, and 
therefore could have affected the proportion of children 
meeting the sleep duration recommendations. However, 
naps were only reported in a relatively small number (9%, all 
preschool- aged) of children.

Third, with regard to physical activity, as participants 
were instructed to remove the accelerometer during water- 
based activities, this could have led to an underestimation of 
MVPA in children who participated in swimming (as part 
of therapy or leisure activity). According to the logbooks, 
hip- worn devices were taken off for swimming on a total of 
19 days from a total of 15 children across all GMFCS levels 
(I: n = 9; II: n = 4; III: n = 2), resulting in a total 1450 minutes 
(average 76 minutes per swimming episode) that were not ac-
counted for in the physical activity analysis.

Fourth, as the study group of children with CP was fur-
ther split by GMFCS level and age group to allow subgroup 
analyses, this resulted in subgroups with a relatively small 
sample size, especially for the group of children classified in 
GMFCS level III (n = 9).

Fifth, we did not assess screen time as a marker of sed-
entary behavior, and, as such, could not assess adherence to 
the sedentary behavior recommendations. Children with 
neurodevelopmental disorders may have more difficulties 
disengaging from screen devices, and their average screen 
use duration has been reported to be 4 hours per day.40 Also, 
children with CP not only engage in more sedentary time 
than their typically developing peers, but their sedentary 
behavior is also characterized by less frequent breaks.5 This 
suggests that the overall 24- hour guideline adherence rate 
may in fact be even lower than the 5.9% reported in the pres-
ent study, if the sedentary behavior component were to be 
taken into account as well.

Lastly, information about comorbidities (e.g. epilepsy, 
intellectual disability) was not obtained from the children's 
medical files, and these may have potentially influenced our 
outcomes (e.g. excess nighttime wakefulness), especially in 
the higher GMFCS level III.

CONCLUSION

In conclusion, the results of this study contribute to our un-
derstanding of the 24- hour activities among children with 
CP, and draw attention to the importance of considering the 
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entire continuum of movement behaviors (i.e. physical ac-
tivity, sedentary behavior, and sleep) into the (rehabilitative) 
care for this population. The very low guideline adherence 
rates emphasize the need for tailored intervention strategies 
aimed at improving the activity behaviors throughout a 24- 
hour period, including increased physical activity, limited 
sitting, and sufficient hours of good quality sleep. Promoting 
healthy lifestyle behaviors in (early) childhood has the po-
tential to provide children a strong foundation for lifelong 
physical and mental health, and this may be especially criti-
cal for more vulnerable populations such as children with 
CP.
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