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Objectives: To compare night-time muscle activity in children with cerebral palsy (CP) with that in typi-
cal developing peers. Methods: Polysomnography with electroencephalography (EEG), electrocardiogram, 
electromyography (EMG), respiration, and electrooculography movements recorded during one night were 
used to characterize sleep stages in a group of children with CP (Gross Motor Function Classification Scale 
I–III) and a group of typically developing (TD) children (aged 3–13 years). Periods of EMG activity for the 
tibialis anterior and soleus (SOL) muscles were identified, and the coherence between EEG and EMG was 
measured to assess corticomuscular drive during sleep. Results: There were no significant differences be-
tween the groups in total sleep time, average time spent awake, or rapid eye movement, N1, and N3 sleep. 
Children with CP spent significantly less time in N2 than their healthy peers (43% vs. 51%, p=0.03). There 
was only a significant difference between TD and CP in SOL muscle activity during the wake stage. Other-
wise, there were no differences between groups in coherence in EEG and EMG signals for any sleep stage. 
Conclusion: Mildly affected children with CP do not show altered night sleep or muscle activity patterns 
as compared to TD peers. Abnormal muscle activity is unlikely to contribute to sleep disturbance, develop-
ment of contractures, joint deformation, pain, or general discomfort in this group of children with CP.

J Sleep Med 2021;18(2):106-116

Keywords:  Muscle activity; Electromyography; Electroencephalography; Coherence; Sleep;  
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INTRODUCTION

Cerebral palsy (CP) is caused by a disturbance in early neu-
ral development prior to or during birth.1 The main character-
istic affected is motor development, but cognitive, perceptual, 
and emotional challenges are also frequent. 

Sleep disturbances are also frequent in children with CP, with 
estimates ranging from 13% to 85%.2,3 These sleep disturbances 
have been shown to greatly affect quality of life4-8 and negatively 
impact school-performance.9-11

The cause of sleep disturbances in children with CP is un-
clear and likely multifactorial. Involuntary muscle activity in 
the form of spasticity, dyskinesia, and dystonia is likely to af-
fect sleep, although a recent study using motion tracking found 

reduced movements during sleep in children with severe CP 
(Gross Motor Function Classification Scale [GMFCS] level V) 
as compared to typically developing (TD) peers.12 Activity in 
individual muscles, especially in the form of increased (static) 
muscle tone, may go undetected in gross motion tracking and 
requires EMG monitoring throughout the different sleep 
stages. 

Information about the activity levels of individual muscles 
is also important to clarify whether increased night-time mus-
cle activity contributes to contractures and joint displacements. 
Many children with CP wear orthoses during the night because 
they are thought to prevent contractures and joint deformities 
by maintaining the joint in a neutral position despite involun-
tary muscle tone.10,13,14 Night orthoses have the advantage that 
they do not interfere with daily activities, but they are associated 
with discomfort and, in all likelihood, disturb sleep.15 Therefore, 
they may add further to the existing sleep disturbances. There 
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is also an ongoing debate on whether muscle contractures are 
related to muscle overactivity (increased muscle tone) or re-
duced muscle activity and growth.16,17 Clarifying whether chil-
dren with CP show more or less night-time muscle activity than 
other children may also help inform this debate. 

Therefore, the primary purpose of the present study was to 
evaluate muscle activity during various sleep stages in children 
with CP and TD peers. We hypothesized that children with CP 
would show more frequent and longer-lasting episodes of mus-
cle activity compared with TD children. We included measures 
of corticomuscular coherence (CMC) and intermuscular co-
herence (IMC) to indirectly assess the functional connectivity 
of the corticospinal tract. CMC is an established method to as-
sess a neurophysiological marker of functional coupling be-
tween the primary motor cortex and the contralateral limb18,19 
as well as the coupling of neural signals to different muscles. 
The CMC between electroencephalography and electromy-
ography (EEG-EMG) and the IMC between EMG-EMG sig-
nals reflect the common oscillatory drive to motor units from 
the corticospinal tract based on the frequency and time (syn-
chronicity) domains.14 Research has shown that beta-band fre-
quencies are the most dominant during muscle contractions. 
However, CMC is greatly reduced in subjects with lesions in the 
central nervous system.20,21 Decreased CMC has been associat-
ed with a lower cortical drive to the contralateral muscles, which 
subsequently affects ongoing motor control and hence senso-
rimotor development.22 Whether the sleep architecture and the 
concurrent functional CMC or IMC differ between children 
with CP and TD children has not been investigated. This could 
have an impact on the night-time muscle activity. Animal re-
search supports an altered night-time CMC pattern during 
certain sleep stages depending on animal health and related 
to neurodegenerative diseases.23,24 Although CP is not a neu-
rodegenerative condition, CMC patterns are affected during 
active movements, which could be affected during sleep.

Therefore, the secondary purpose of the study was to use 
CMC and IMC to investigate possible altered neural activation 
in children with CP as compared to TD peers at different sleep 
stages.

 
METHODS

Subjects
Twelve children (9 boys, 3 girls) diagnosed with CP in the age 

range between 3–13 years (average age: 8.7±3.6) and a control 
group of 15 TD children aged 4–13 years (10 boys, 5 girls; 
average age: 9.0±3.1) were included in the open-label explor-
atory study. Only children diagnosed with spastic CP and a 
functional level of I–III according to the GMFCS25 based on 
their medical records were included. We did not collect infor-

mation regarding the use of night-time orthoses. The children 
included in the study and diagnosed with CP did not report 
any sleep disturbances, as these were not part of the inclusion 
criteria. Since our main focus was to evaluate muscle activity 
and corticospinal tract activity, we did not include subjective 
reporting on sleep disturbances. Children who received mus-
cle relaxants or sleep medications were excluded. Muscle tone 
was clinically evaluated according to the Modified Ashworth 
Scale (MAS)26 as part of an initial neurological examination 
(Table 1).

All children were recruited from the Greater Copenhagen 
area in Denmark. All legal guardians received written and ver-
bal information about the study, and prior to the experiment, 
they signed an informed consent form for their child to partic-
ipate in the study. Afterwards, participants were offered a gift 
to show appreciation for their participation in the study. 

The study was approved by the local ethics committee (H-
16019427), and all procedures conducted in accordance with 
the standards of the Helsinki Declaration.

Materials
We used polysomnography (PSG) to record a single night 

of sleep in children’s natural surroundings according to the 
accepted guidelines from the American Academy of Sleep 
Medicine (AASM).27 A custom-made montage was used to re-
cord the EEG from electrodes placed on F3, F4, C3, C4, O1, 
O2, M1, M2, and Cz (as reference) (Ambu 72620-M, Ballerup, 
Denmark) using the 10–20 system, right and left electroocu-
lography (EOG), bipolar submental EMG (Ambu 72020-K), 
electrocardiogram (ECG), thoracic and abdominal excursions 
(piezo bands), oxygen saturation with a pulse oximeter sensor 
(Nonin Medical, Playmouth, MN, USA), nasal airflow (Pro-
Tech, Murry Ridge Lane, Murrysville, PA, USA), and bilateral 
EMG muscles. All measurements were recorded using a trans-
portable ambulatory EEG/polygraph TrackIt 3.0- device with 
the following dimensions: 14×9.5×3 cm (Lifelines Neuro, Nr. 
Stockbridge, Hants, UK).

In the following data analyses, we chose to focus only on the 
tibialis anterior (TA), soleus (SOL) muscles, as this allowed us 
to investigate the affected muscles in children with both hemi-
plegic and diplegic CP. These muscles were chosen because they 
are both well studied in children with CP. Furthermore, spas-
ticity is known to mainly affect the ankle plantar flexors, where-
as ankle dorsiflexors are often paretic in children with CP.17,28

Experimental design
In the late afternoon of the day preceding the night of record-

ing, the child and its caregivers visited the laboratory at the El-
sass Foundation (Charlottenlund, Denmark) where the initial 
neurological examination was performed, and the equipment 
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mounted on the child. The skin over the bilateral TA, SOL, del-
toideus, lateral eye muscles, and chin muscles was prepared us-
ing a skin prep (3M Red Dot). TA, SOL and deltoideus data 
were obtained from paired monopolar recordings; data from 
the other muscles were obtained from bipolar electrode record-
ings. Electrodes were placed 2 cm apart on the bellies of the re-
spective muscles. Electrodes were placed to monitor the heart. 
The skin on the scalp was prepared using Nuprep gel (Weaver 
and Company, Aurora, CO, USA). EEG electrodes were at-
tached to the head using a Ten20 conductive electrode paste 
(Weaver and Company). All electrodes were placed as indicat-
ed in Fig. 1, and attached close to the body surface, running 
under the clothes, and collected behind the neck before plug-

ging the cable in the transportable ambulatory EEG/polygraph 
TrackIt-device. The cables were placed so that they could change 
their clothes, if necessary. Thoracic and abdominal belts were 
placed afterwards, and their cables attached to the bundle of 
cables from the electrodes. Parents and children were instruct-
ed on how to attach the nasal airflow and how to place the ox-
ygen saturation device on the child; this procedure could either 
be performed just prior to falling asleep or when the child was 
already asleep to minimize discomfort. The TrackIt-device was 
placed in a small backpack easy to carry. The families were in-
structed on how to carry the bag during the rest of the day and 
how to handle it during the night. The experimental setup did 
not exclude the child from regular daily activities, except for 

Table 1. Detailed information about all the participants

ID no Age Sex GMFCS Group Most affected side Preferred/dominant hand MAS score (Lt./Rt. ankle joint)
1  13  Male  I CP, Hemiplegia  Right Left 1/0 
2  5  Male  III CP, Diplegia  Left  0/2 
3  6  Male  II CP, Diplegia  Right  1/0 
4  11  Male  I CP, Hemiplegia  Left Right  2/0 
5  4  Female III CP, Diplegia Right  2/2 
6  13 Female I CP, Hemiplegia Right Left 0/3
7  12  Male  I CP, Hemiplegia  Left Right 0/0 
8  10  Male  I CP, Tetraplegia  Right Left  2/2 
9  10  Female II CP, Diplegia  Left  2/2 

10  6  Male  II CP, Hemiplegia  Left Right  0/0 
11  11  Male  II CP, Hemiplegia  Left Right  1–2/0 
12  3  Male  III CP, Diplegia  Right  Not measured
13 13 Female TD N/A Right N/A
14 12 Female TD N/A Right N/A
15 5 Male TD N/A Right N/A
16 9 Male TD N/A Right N/A
17 6 Female TD N/A Left N/A
18 4 Male TD N/A Right N/A
19 10 Male TD N/A Right N/A
20 13 Female TD N/A Right N/A
21 12 Male TD N/A Left N/A
22 10 Male TD N/A Right N/A
23 6 Male TD N/A Right N/A
24 7 Male TD N/A Right N/A
25 12 Female TD N/A Left N/A
26 4 Male TD N/A Right N/A
27 10 Male TD N/A Right N/A

Children were recruited to either CP group or TD group. For the hemiplegic CP children, their most affected side of their body has been 
noted. Preferred/dominant hand: indicates the dominant arm for the TD children and the preferred arm/less impaired arm for the chil-
dren with CP based on their diagnosis and few questions from the Edinburgh Handedness Inventory list (Oldfield 1971). MAS which in-
dicate the score on the left (Lt.) and right (Rt.) side of the ankle joint. We did not obtain MAS score for one child in the CP group. GMF-
CS, Gross Motor Function Classification Scale; MAS, Modified Ashworth Scale; CP, cerebral palsy; TD, typically developing. 
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water activities.
During mounting, the TrackIt-device was connected to a 

computer, which allowed online monitoring of the signal qual-
ity of all electrodes and respiration belts when the child was 
asked to contract specific muscles and to take deep breaths us-
ing the Nicolet Nervus software (Natus 5.94 Neurology Inc., 
Middleton, WI, USA). After an online signal quality check, the 
TrackIt-device could be detached from the computer. The de-
vice sampling rate was 200 Hz. The sleep recording was con-
trolled to start just prior to the regular child bedtime based on 
approximate hours provided by the parents. Parents and chil-
dren were asked to follow regular bedtime hours despite the 
attached equipment. Furthermore, they were instructed to note 
the time when the child went to bed and woke up. As a final in-
struction, they were explained how to detach the equipment 
the following morning. Data were saved locally on the Track-
It-device until the equipment was returned to the researchers 
for offline data analysis.

Analysis

Sleep registration 
Two independent raters performed offline sleep scoring based 

on 30 second epochs according to the AASM manual for the 
scoring of sleep and associated events.27 Hypnograms were 

based on the sleep recording analysis, where each sleep stage 
was characterized as follows: wake, rapid eye movement (REM), 
N1, N2, and N3. The total amount of sleep was calculated by 
the hypnograms in minutes, lasting from the first indication of 
N1 until the first notation of W not followed by any sleep stages. 
The time in bed was also recorded in minutes.

EEG and EMG preprocessing 
Raw EEG and EMG data were transferred to MATLAB (ver. 

R2015a, MathWorks, Natick, MA, USA) for further EMG and 
EEG analyses. The recorded EDF files from the TrackIt-device 
were then processed in EEGlab (v. 14.1.1b, Swartz Center for 
Computational Neuroscience, San Diego, CA, USA) to calculate 
EMG activity from the TA and SOL muscles and performing 
CMC analyses between the Cz electrode and TA and SOL 
muscles, respectively. We chose Cz because this electrode 
placement corresponds well with the distal leg area of the 
motor cortex for both the right and left legs. Because the Cz 
electrode was recorded as reference electrode, a new reference 
was initially calculated as the average of the F4, F3, O2, O1, 
C4, C3, and the Cz electrode was then re-referenced to the 
new average reference. The Cz electrode signal was high-pass 
filtered with a cut-off of 0.5 Hz and notch filtered between 45–
55 Hz to remove line-noise. Finally, the signal was downsam-
pled to 128 Hz. For the four lower limb muscle signals, that is, 

CP 12-years old TD 12-years old

Figure 1. The location of the EEG and EMG electrode placement according to the standard procedure of the recording of polysomnog-
raphy.28 Electrodes on m. Deltoideus, as well as ECG electrodes were also recorded but not included for further analyses. Two examples 
from two children display the signals for the different sleep stages of the EMG (TA) and EEG (C4). CP, cerebral palsy; TD, typically devel-
oping; TA, Tibialis Anterior; SOL, soleus; EEG, electroencephalography; EMG, electromyography; ECG, electrocardiogram.
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bilateral TA and bilateral SOL, the paired monopolar record-
ings were re-referenced to obtain four bipolar signals. These 
were then high-pass filtered with a cut-off of 5 Hz and notch 
filtered between 45–55 Hz to remove line-noise. Cz and EMG 
signals were then exported as .set files for further processing 
using custom MATLAB scripts.

EMG activity 
Based on the offline sleep analyses, periods with artefacts due 

to loose electrodes or similar problems were excluded from fur-
ther analysis. This corresponds to an average EMG data inclu-
sion of 91.9%±7.8 and 93.6%±4.7, for the CP and TD groups, 
respectively, based on measures from TAright/TAleft and SOL-
right/SOLleft. EMG signals were rectified, and the mean EMG 
activity across the whole night calculated for each muscle. Fur-
ther EMG data processing was performed separately for the 
different sleep stages and for each muscle. EMG activity bursts 
were defined as EMGs exceeding the mean EMG activity+1SD 
of the whole night EMG activity for each muscle. Based on the 
total time spent in each sleep stage, we then calculated the to-
tal time and sleep stage fraction where EMG activity exceeded 
the mean+1SD. For subsequent coherence analyses, we only 
performed coherence analyses when the EMG activity exceed-
ed the mean+1SD EMG activity.

Intermuscular and corticomuscular coherence 
The magnitude squared coherence (C) at frequency (λ) anal-

yses was performed using the Neurospec 2.0 toolbox for MAT-
LAB, calculated using the formula |Cab(λ)|2= |fab(λ)|2

faa(λ)fbb(λ). Here, the 
square magnitude of the cross-spectrum fab of signals a and b 
is divided by the autospectra faa and fbb. The spectra were esti-
mated by averaging the discrete Fourier transforms of the re-
spective signals. Initially, we calculated the coherence between 
the TA and SOL muscles, that is, IMC, for each leg separately 
for each sleep stage. IMC was only calculated during the peri-
ods in which the TA and SOL activity exceeded the mean+1SD 
simultaneously, that is, the intervals defined by the above-men-
tioned periods. Subsequently, the CMC between the Cz elec-
trode and each of the four TA and SOL EMG signals was calcu-
lated in periods where the respective EMG signal exceeded the 
mean+1SD of the rectified EMG amplitude calculated across 
the entire sleep period. 

Coherence quantification
To quantify coherence in the beta band, coherence >95% con-

fidence interval (CI) was summed from 15–30 Hz. If coherence 
measurements were <95% CI, 0 was added to the sum. Coher-
ence can take any value between 0 and 1, but the summed co-
herence can be higher than 1. 

Least/most affected side 
We tested the least and most affected side of children with 

CP. To this effect, we used the MAS score of the ankle joint. If 
the MAS score did not uniquely determine the most affected 
side, the separation of the least and most affected side in chil-
dren with CP was based on their preferred hand, as this was 
also their less impaired side. For TD children we used the aver-
age of the left and right side of muscle activity for further anal-
ysis since no difference was found between the two sides: nei-
ther TA nor SOL EMGs, respectively (F1,25=0.00246, p=0.961 
and F1,25=0.456, p=0.512). 

Statistical analyses
Statistical analyses were performed using the software pack-

age R (R-studio, version 1.3.959, R-version 4.0.2 [2020-06-22]). 
Analysis of total sleep time followed a general linear model 

with group (CP or TD) as the independent fixed effect togeth-
er with Age and Sex. Inference was subsequently tested for dif-
ferences between the two groups.

Analyses of sleep time at each sleep stage followed a linear 
mixed model. Group-by-Sleep stage was tested as the indepen-
dent fixed effect, and age, sex, and GMFCS score were includ-
ed as fixed effects, and participants as random effects. We then 
tested the linear differences between the two groups for each 
of the five sleep stages. Significance was assessed after Bonfer-
roni correction for five comparisons. 

Analyses of TA activity, SOL activity, TA-SOL coherence (IMC), 
Cz-TA coherence, and Cz-SOL coherence (CMC) at each sleep 
stage followed a linear mixed model. Group-by-Sleep Stage-by-
Affected Leg was tested as independent fixed effect, age, sex, and 
GMFCS score were included as fixed effects and participants 
as a random effect. We then tested the linear differences with-
in the CP group (least affected vs. most affected) and between 
the CP and TD groups, both (least affected vs. average and most 
affected vs. average) for each of the five different sleep stages. 
Significance was subsequently assessed after Bonferroni cor-
rection for 15 comparisons. 

RESULTS

Total sleep 
The total sleep time during the night was, on average, 574.75± 

99.1 min (9.58±1.65 h) for children with CP while children in 
the TD group spent an average of 572.73±45 min (9.55±0.75 
h). The fitted GLM: Total Sleep Time Group (TD, CP)+Age+ 
Sex revealed a significant effect of age (t=-3.777, p=0.000978), 
that is, increasing age was negatively correlated with total sleep 
time. The comparison between the two groups did not reveal 
any significant differences between the CP and TD groups (z-
score=0.066, p=0.947).
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Time in sleep stages
The analysis of the time spent in different sleep stages (cal-

culated in minutes) followed the linear mixed model: 

Sleep Time in Stage = Group-by-SleepStage-1 + Age + Sex + 
GMFCS + (1|Participant) 

We did not find any significantly different sleep stage be-
tween the two groups, except for sleep stage N2 (p=0.01) 
(Fig. 2). 

EMG activity 
Analysis of the TA activity 1SD above the average activity 

spent in the different sleep stages followed the linear mixed 
model (Table 2): 

TA activity = Group-by-SleepStage-by-Affected leg-1 + Age + 
Sex + GMFCS + (1|Participant)

Comparing the TA activity fraction revealed no significant 
differences in any of the linear hypotheses tested comparing 
the groups, affected leg, and different sleep stages.  

The analysis of the SOL activity 1SD above average activity 
spent in the different sleep stages followed the linear mixed 
model: 

SOL activity = Group-by-SleepStage-by-Affected leg-1 + 
Age + Sex + GMFCS + (1|Participant)

Comparing the fraction of SOL activity above 1SD of mean 
SOL activity revealed no significant differences in any of the 
linear hypotheses tested comparing the groups (p>0.05), affect-
ed leg, and different sleep stages, with the exception of the com-
parison of CP children’s most affected leg and TD children’s 
average activity during the wake stage and the comparison of 
children with CP’s least and most affected leg during the wake 
stage (p values are 0.021 and 0.002, respectively). In both com-
parisons, children with CP’s most affected leg displayed less SOL 
activity during the wake stage than their least affected leg and 
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Figure 2. The average sleep time in the different sleep stages for 
the CP children and the TD children. X-axis indicates the different 
sleep stages. Wake describes the total time the children have been 
awake during the full night recording. The Y-axis indicates the sleep 
time in percent from sleep onset (from first time N1 was registered 
in the data) to complete wake up next morning (until the first Wake 
was registered successively in the data without any other sleep 
stages following). The p-values are indicated in the table. The sig-
nificant p-value is indicated on the graph. Error bars indicate SD 
values. *p<0.05. CP, cerebral palsy; TD, typically developing.

Table 2. Statistical comparisons for muscle activity during the night for TA and SOL

Linear hypotheses
TA activity SOL activity

z-score p-value z-score p-value
CP.N1.Most – TD.N1.Avg=0 1.511 >0.999 0.461 >0.999
CP.N2.Most – TD.N2.Avg=0 1.384 >0.999 0.577 >0.999
CP.N3.Most – TD.N3.Avg=0 1.102 >0.999 0.337 >0.999
CP.REM.Most – TD.REM.Avg=0 0.660 >0.999 -0.228 >0.999
CP.Wake.Most – TD.Wake.Avg=0 2.068 0.579 -3.199 0.021*
CP.N1.Least – TD.N1.Avg=0 1.445 >0.999 0.730 >0.999
CP.N2.Least – TD.N2.Avg=0 0.893 >0.999 0.940 >0.999
CP.N3.Least – TD.N3.Avg=0 0.699 >0.999 0.461 >0.999
CP.REM.Least – TD.REM.Avg=0 0.406 >0.999 0.064 >0.999
CP.Wake.Least – TD.Wake.Avg=0 1.992 0.696 0.306 >0.999
CP.N1.Least – CP.N1.Most -0.071 >0.999 0.274 >0.999
CP.N2.Least – CP.N2.Most -0.528 >0.999 0.373 >0.999
CP.N3.Least – CP.N3.Most -0.434 >0.999 0.122 >0.999
CP.REM.Least – CP.REM.Most -0.273 >0.999 0.315 >0.999
CP.Wake.Least – CP.Wake.Most -0.082 >0.999 3.867 0.002**
Linear hypotheses have been made for the TD group between the least/most affected leg in the CP group and within the CP group be-
tween least and most affected side. TA or SOL activity = Group-by-SleepStage-by-Affected leg-1 + Age + Sex + GMFCS + (1|Participant). 
p-values Bonferroni corrected for 15 comparisons. *p<0.05; **p<0.01. TA, Tibialis Anterior; SOL, soleus; CP, cerebral palsy; TD, typically de-
veloping; GMFCS, Gross Motor Function Classification Scale



112

Sleeping with Cerebral Palsy

the average activity of TD children’s legs.
Since there were no significant differences between the least 

and most affected sides for CP children, we pooled the bilateral 
data in the graphs to illustrate the difference between CP and 
TD (Fig. 3).

 
Coherence analyses

Both IMC analysis, that is, TA-SOL coherence and CMC, 
that is, Cz-TA/Cz-SOL coherence, followed the following lin-
ear mixed model: 

TA-SOL/Cz-TA/Cz-SOL coherence = Group-by-SleepStage-
by-Affected leg-1 + Age + Sex + GMFCS + (1|Participant)

Comparing the IMC TA-SOL coherence revealed no signifi-
cant differences in any of the linear hypotheses tested compar-

ing groups, affected leg, and different sleep stages (Fig. 4).
Comparing the CMC Cz-TA coherence revealed no signifi-

cant differences in any of the linear hypotheses tested compar-
ing groups, affected leg, and different sleep stages.  

Comparing the CMC Cz-SOL coherence revealed no signif-
icant differences in any of the linear hypotheses tested compar-
ing groups, affected leg, and different sleep stages. 

In Fig. 5 we present a representative example of a partici-
pant where we identified simultaneous activity from Cz-TA 
and TA-SOL, marked in red and used in the following statisti-
cal measurements, for example, frequency power, coherence, 
and cumulant.

DISCUSSION

We found no major differences in sleep patterns or nighttime 
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Figure 3. Muscle activity during the night for TA (A) and SOL (B). The muscle activity is illustrated during the different sleep stages for children 
with CP divided into least affected side (black) and most affected side (light grey) and TD children (dark grey) respectively in the muscles TA 
and SOL. X-axes indicate the different sleep stages. Y-axes indicate the value of when muscle activity has exceeded 1SD of averaged activ-
ity for a complete night in the individual muscle. Average muscle activity has been calculated for right and left muscles. Every child is marked 
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muscle activity between children diagnosed with mild spastic 
CP and TD peers, except that children with mild CP spent less 
time in sleep stage N2. In the wake stage during the night, chil-
dren with CP displayed less SOL activity in their most affect-
ed leg compared with their least affected leg and with the av-
erage SOL leg activity of their TD peers. 

The average amount of nighttime sleep for both groups was 
somewhat lower than that previously reported for children in 
the age group between 4–11 years (on average 9.9–10.5 hours 
of sleep per night).29 Despite the great variety of inter-individ-
ual sleep hours, our data correspond to the recommended to-
tal hours of sleep, which for preschool children aged 3–6 years 
is 10–13 hours and for school-aged children is between and 
9–12 hours.30,31 We found that children with CP generally spent 
a longer time in bed awake (approximately one hour more than 
children in the TD group). This result was calculated directly 
from the PSG as the sum of minutes spent in wake stages, from 
the onset of sleep to the first Wake stage, after which no sleep 
stages followed. Thus, children with CP displayed more or lon-
ger episodes during the night where they were not sleeping but 
still lying in bed. This could indicate that children with CP find 
it more difficult to fall asleep if their sleep pattern is interrupt-
ed regardless of the time compared to TD children. Problems 
with sleep initiation and maintenance have been previously re-
ported in this group of children.9,11,32,33 However, the lower to-
tal sleep time in the CP group did not reach a significant dif-
ference between the two groups. Wayte et al.32 documented 
several sleep disturbances that could explain the decreased to-
tal sleep time in children with CP. It seems to be an overlooked 

problem with an impact on the children’s quality of life, affect-
ing both children and families.3,8,9

The relative time spent sleeping for the TD group seems to 
correspond with the sleep habits of typical elementary school-
children.29,34 Even though the group of children with CP showed 
lower total sleep, there were no significant changes between 
populations when dividing sleep into the different sleep stag-
es, except that children with CP spent less time in sleep stage 
N2. This may indicate that children with mild CP have a re-
duced ability to maintain sleep, which may influence their daily 
functional abilities, as suggested in a recent study by Horwood 
et al.11 They found that sleep-related disturbances, for exam-
ple, sleep initiation and maintenance, are present in approxi-
mately 60% of school-age children and approximately 25% of 
preschool-aged children with CP based on 75% of data from 
children with CP in the GMFCS I-III group. However, general 
recommendations of the amount of time healthy children and 
adolescents should spend in the different sleep stages during 
night sleep30,35 actually confirm that all children in this study, 
including those with CP, reached those recommendations. The 
reason why we observed a decrease in the time the children with 
CP spent in sleep stage N2 is unknown. However, these results 
could have a critical impact on daily activity for this population, 
as sleep plays an important role in brain function, physiology, 
and social and psychological behavior.6,36 Lack of non-rapid 
eye movement (NREM) sleep has a negative effect on memory 
consolidation, since it is broadly accepted that synaptic prun-
ing takes place during NREM sleep.37 

The observation of no differences in muscle activation for 

Cumulant Coherence Time-series Frequency power

Figure 5. Representative example of IMC and CMC from sleep stage N2 of the time-series of 30 s from the Cz-electrode, TA EMG and 
SOL EMG in the center of the figure. In red are displayed the EMG activity that exceeds +1SD of the mean from the EMG activity in the 
given sleep stage. For EMG-EMG coherence only time periods where both EMG activities exceed 1SD of the mean are used for analy-
ses as indicate by the grey bar between the two time-series. For the EEG-EMG coherence, only the periods where the EMG exceeds 
1SD are used, as indicated by the two grey bars between the time-series. To the right are the frequency power of the EEG and two EMG 
channels used for the subsequent coherence analyses displayed to the left with the cumulant. For analyses of coherence in the different 
sleep stages and groups of participants, only coherence in the beta band (15–30 Hz) that exceeds the 95% level of confidence is used for 
the statistical comparisons depicted as the shaded grey area. Furthest to the left are the cumulant densities reflecting at which temporal 
delays the oscillations of the time-series correlate. IMC, intermuscular coherence; CMC, corticomuscular coherence; TA, Tibialis Anterior; 
EMG, electromyography; SOL, soleus; EEG, electroencephalography.
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TA and SOL between the two populations for any sleep stage 
was surprising. The only significant difference was related to 
SOL activity during the wake stage between children with CP 
and TD. Previous studies have indicated that periodic limb 
movements may be an important cause4,11 of sleep disturbance 
in children with CP, but, despite the significant difference in 
our data, this result was difficult to confirm due to the small 
population of mildly affected children. Our calculation of mus-
cle activity during the different sleep stages also included pe-
riodic limb movements, but not as a separate measure for ac-
tual muscle activity. We could expect that the lack of support 
might be due to the inclusion of a heterogeneous group of chil-
dren (including hemiplegic, diplegic, and tetraplegic children), 
which potentially have different muscle activation patterns dur-
ing the night, and which we did not observe as we pooled data 
from that population. We decided to not separate the data into 
different categories of CP diagnosis as the results would be in-
adequate due to the low number of children in each category.  

We were also unable to confirm the observation by Sato et 
al.12 of reduced night-time activity in children with severe CP. 
This could be likely explained by the difference in CP severity 
among studies, although several studies have shown no cor-
relation between sleep disorders and motor deficit severity as 
based on the GMFCS.8,9

The distinct CMC (motor cortex to contralateral TA and 
SOL) and IMC patterns between muscles did not show any 
difference between the two populations. Due to the brain lesion 
in the CP population, we expected an altered activity pattern in 
the CMC during sleep, as described by several research groups20,21 
due to the finding of altered muscle activity in SOL. Healthy 
changes in corticomuscular drive from the motor cortex to the 
muscles (due to aging) have indicated a change in cortical drive 
during the REM, NREM, and AWAKE sleep stages in the delta, 
theta, and beta frequencies, especially in the REM stage.24

Importantly, since we only observed a significant change in 
SOL activity during the wake stage in children with CP com-
pared to TD children, our results cannot confirm or reject ei-
ther hypothesis regarding increased muscle activity or changes 
in the common neural drive. 

Limitations 
The age group ranged from 3–13 years of age. This includes 

a variance in sleep time for children with and without CP. Al-
though individual sleep time varies greatly among children, all 
children in our study reached the recommended level for sleep. 
In Horwood’s research, they grouped children based on age 
preschool and school ages.11 Due to the small number of par-
ticipants in our study, this was not possible. 

We included only children with mild CP. According to other 
studies, children with more severe CP tend to have an altered 

motor activity pattern compared with children with mild CP. 
However, the study by Newman et al.9 did not find any change 
in sleeplessness associated with the children’s GMFCS, but 
they did observe a tendency of full body movement caused by 
involuntary activity, which could influence sleep patterns. The 
effect of CP severity on the muscle activation pattern during 
sleep remains unclear, therefore, more research is needed to 
address this question. 

Conclusion
The evidence from this study does not indicate any differ-

ence in muscle activity between children with CP compared to 
TD peers during sleep, except for the wake stage in SOL activ-
ity. Further, we did not find any difference in CMC or IMC in 
the various sleep stages between the two populations. This sug-
gests that abnormal muscle activity during different sleep stages 
is not the likely cause of contracture development in children 
with CP. However, these results must be taken with caution be-
cause of the limited number of participants. Furthermore, we 
only investigated the mildest GMFSC I–III groups; therefore, 
we cannot completely exclude the possibility that an altered 
muscle activation pattern during the night can be observe in 
more severe CP cases. As sleep is a complex and dynamic pro-
cess that reflects the specific spatiotemporal patterns of neu-
ronal oscillations, we encourage more research on this topic 
to gain further information on how and when altered muscle 
activity patterns lead to contractures.
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