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A B S T R A C T   

Background: Children with Cerebral Palsy (CP) walk with an uncoordinated gait compared to Typically Devel
oping (TD) children. This behavior may reflect greater muscle co-activation in the lower limb; however, findings 
are inconsistent, and the determinants of this construct are unclear. 
Research objectives: (i) Compare lower-limb muscle co-activation during gait in children with, and without CP, 
and (ii) determine the extent to which muscle co-activation is influenced by electromyography normalization 
procedures and Gross Motor Function Classification System (GMFCS) class. 
Methods: An electromyography system measured muscle activity in the rectus femoris, semitendinosus, 
gastrocnemius, and tibialis anterior muscles during walking in 46 children (19 CP, 27 TD). Muscle co-activation 
was calculated for the tibialis anterior-gastrocnemius (TA-G), rectus femoris-gastrocnemius (RF-G), and rectus 
femoris-semitendinosus (RF-S) pairings, both using root mean squared (RMS)-averaged and dynamically 
normalized data, during stance and swing. Mann-Whitney U and independent t-tests examined differences in 
muscle co-activation by group (CP vs. TD) and GMFCS class (CP only), while mean difference 95% bootstrapped 
confidence intervals compared electromyography normalization procedures. 
Results: Using dynamically normalized data, the CP group had greater muscle co-activation for the TA-G and RF- 
G pairs during stance (p < 0.01). Using RMS-averaged data, the CP group had greater muscle co-activation for 
TA-G (stance and swing, p < 0.01), RF-G (stance, p < 0.05), and RF-S (swing, p < 0.01) pairings. Muscle co- 
activation calculated with dynamically normalized, compared to RMS-averaged data, were larger in the RF-S 
and RF-G (stance) pairs, but smaller during swing (RF-G). Children with CP classified as GMFCS II had 
greater muscle co-activation during stance in the TA-G pair (p < 0.05). 
Significance: Greater muscle co-activation observed in children with CP during stance may reflect a less robust 
gait strategy. Although data normalization procedures influence muscle co-activation ratios, this behavior was 
observed independent of normalization technique.   

1. Introduction 

Cerebral palsy (CP) is characterized by difficulties with posture, 
coordination, and motor function [1]. These challenges are evident 
during gait, wherein muscle spasticity, contractures, and altered motor 
control contribute to an uncoordinated walking pattern [1,2]. Compared 
to their typically developing (TD) peers, children with CP walk with a 
more synchronous and less variable lower-limb coordination strategy [3, 
4]. This behavior is likened to a rigid gait pattern and may reflect an 

impaired ability to selectively activate muscles during gait [5]. These 
impairments contribute to pathological gait in CP and can negatively 
impact quality of life [6]. 

Maintaining stability while walking requires synchronization across 
muscle groups [7]. Muscular co-activation (MCa) is a biomechanical 
metric which quantifies timing and activation levels of muscle pairs 
surrounding a joint [8]. Thus, changes in MCa can help describe 
neuromuscular control during movement (e.g., gait), in that, excessive 
or insufficient MCa may suggest a dysfunctional motor strategy [9,10]. 
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In children with CP, greater MCa of the rectus femoris/semitendinosus 
and tibiailis anterior/triceps surae pairings has been observed during 
gait [11]. This behavior likely restricts joint motion and necessitates 
greater energy expenditure [12], contributing to an uncoordinated and 
inefficient gait [7,13]; however, there is heterogeneity in the literature, 
particularly with respect to how methodology and clinical metrics in
fluence MCa [14]. 

A scoping review highlighted (i) heterogeneity in procedures used to 
quantify MCa, and (ii) variability in CP samples across studies, as key 
items to help explain inconsistencies in the literature [11]. Gagnat et al., 
reported that group differences in MCa during gait (CP vs. TD) changed 
based on which electromyography (EMG) normalization technique was 
used prior to calculating MCa ratios [14]. Additionally, children with CP 
are diverse in terms of walking ability [1]. The Gross Motor Function 
Classification System (GMFCS) helps categorize this heterogeneity; un
fortunately, GMFCS class is often underreported and leaves a gap in 
understanding how walking ability is related to MCa [11]. 

Therefore, we aim to (i) compare lower-limb MCa during gait in 
children with, and without CP; and (ii) determine the extent to which 
MCa is influenced by EMG normalization procedures and GMFCS class, 
respectively. We hypothesized that (i) children with CP will have greater 
MCa than their TD peers, (ii) EMG normalization procedures will in
fluence MCa ratios and (iii) greater MCa will be observed in children 
with GMFCS class II, compared to GMFCS class I. 

2. Methods 

2.1. Participants 

Data from 46 children with, and without, CP were extracted from 
two partnering databases located at the Oxford Gait Laboratory (12 CP 
and 27 TD participants) and the New Jersey Institute of Technology (7 
CP participants). Both groups were similar in age, height, and body mass 
(p > 0.05). Participant demographics are provided in Table 1. Inclusion 
criteria for participants with CP were a diagnosis of spastic diplegia, a 
GMFCS class of level I or II, the ability to follow verbal instructions, and 
age < 18 years. TD children (age < 18 years) were included if they had 
no history of gait, neurological, or musculoskeletal abnormalities. All 
parents/guardians provided written consent, and study procedures were 
approved by the local ethics boards. 

2.2. Data collection 

Kinematic and EMG data were collected while participants walked 
barefoot along a 10 m walkway at their comfortable gait speed. Partic
ipants were fit with retro-reflective markers based on a modified Plug-in 
Gait model [15] or the conventional gait model (CGM) 2.5 template 
[16]. A motion-capture system collected marker data at 100 Hz with 
12–17 optoelectronic cameras (Vicon Motion Systems Ltd., Oxford, UK). 
Surface EMG data were collected using multi-channel systems (Delsys 
Inc., Natick, USA), at 2000 Hz. EMG sensors were placed bilaterally over 
the rectus femoris, semitendinosus, lateral gastrocnemius, and tibialis 

anterior muscles. Sensor locations were identified according to SENIAM 
guidelines [17]. 

2.3. Data processing and analyses 

Initial data processing (e.g., marker labelling, trajectory filling) and 
computation of hip, knee, and ankle kinematics were conducted using 
Vicon Nexus (Vicon Motion Systems Ltd., Oxford, UK). Next, data were 
imported into Matlab (v2020a, The Mathworks Inc., Natick, USA) for 
further processing with the biomechZoo toolbox (v1.9.7) [18] and 
custom code. Kinematic data from the heel, toe, and sacrum markers 
were used to identify gait events (i.e., foot strike and foot-off) as 
described by Zeni et al. [19]. Hip, knee, and ankle sagittal plane joint 
angles were retained. Next, raw EMG data were full-wave rectified; 
linear enveloped using a low-pass 4th order Butterworth filter (fre
quency cut offs of 20 and 450 Hz); and smoothed using a root mean 
squared (RMS) moving window (50 ms) [20]. Processed data were then 
duplicated and (i) kept as is (RMS-averaged) or (ii) dynamically 
normalized to muscle specific maximum activations during gait cycles 
(dynamically normalized). Last, data were partitioned into stance and 
swing phases, using foot strike and foot-off gait events [19]. EMG 
waveforms were inspected for signal distortion and removed when 
judged to interfere with our analyses (n = 21/182 observations). Due to 
the symmetrical nature of motor limitation in our CP group, the lower 
limb with the most available trials (i.e., left lower limb) was retained for 
analyses, in both groups. 

Muscle coactivation ratios were calculated for the rectus femoris and 
semitendinosus (RF-S), rectus femoris and gastrocnemius (RF-G), and 
tibialis anterior and lateral gastrocnemius (TA-G) muscle pairs [21]. 
This approach quantifies the simultaneously contraction of a pair of 
agonist-antagonist muscles during a movement cycle as a percentage of 
overall muscle activity. MCa was calculated based on the ratio of the 
common area under the curves of a muscle pair, to the sum of the areas 
under the curve for the respective muscles in that pair (Eq. 1). [22]. 

Percent coactivation = 2 x
Common area of A&B

Area of A + B
x 100 (1) 

Participant MCa ratios during stance and swing phases for the RF-S, 
RF-G, and TA-G muscle pairs were calculated, for each available trial, 
using both RMS-averaged and dynamically normalized EMG data. For 
all participants and conditions, the RMS error (RMSE) between each 
MCa curve and the mean MCa curve was computed. The trial with the 
average overall minimum RMSE was selected as the representative trial 
and retained [23]. 

2.4. Statistical analyses 

To test our hypothesis that lower-limb MCa ratios during gait differ 
in children with and without CP, independent sample t-tests were run. 
Separate tests were conducted for the RF-S, RF-G, and TA-G MCa ratios, 
during stance and swing phases, using both RMS-averaged and 
dynamically normalized EMG data. These data were checked for 
normality using QQ plots and the Shapiro-Wilk test, while Levene’s test 
examined homogeneity of variance. To test our secondary hypothesis 
that lower-limb MCa ratios were greater in children with higher GMFCS 
class, independent sample t-tests were run on the same set of 8 depen
dent variables, comparing children with CP separated by GMFCS class (i. 
e., GMFCS I vs. GMFCS II). For all comparisons, if assumptions of 
normality or homogeneity of variance were not met, the Mann-Whitney 
U test or Greenhouse-Geisser correction were used, respectively (see 
results for test implemented). Mean difference and 95% confidence in
tervals (CI) were calculated. Cohen’s d (d) and Glass’s delta (Δ) deter
mined effect sizes for the results of the t-tests and Mann-Whitney U tests, 
respectively. Level of significance for all tests was set at α = 0.05. Sta
tistical analyses were performed using SPSS (Version 23, IBM, Chicago, 
USA). 

Table 1 
Demographics for children with cerebral palsy and their typically developing 
peers.   

CP TD 

Participants (n) 19 27 
Age (years) 11.3 (3.2) 11.1 (3.0) 
Height (cm) 145.8 (15.9) 150.8 (17.4) 
Weight (kg) 40.4 (14.4) 43.0 (15.2) 
Sex (males) 12 14 
GMFCS I (n = 11) II (n = 8)   

Mean (standard deviation) for all demographics variables in children with ce
rebral palsy (CP) and their typically developing (TD) peers. GMFCS: Gross motor 
functional classification system. 

P. Ippersiel et al.                                                                                                                                                                                                                                



Gait & Posture 108 (2024) 110–116

112

To test the hypothesis that EMG normalization techniques influence 
MCa ratios, mean difference and Cohen’s d 95% bootstrapped confi
dence intervals were calculated for MCa pairings (TA-G, RF-G, and RF-S) 
[24,25]. This was done because RMS-averaged and dynamically 
normalized MCa ratios were judged to be distinct outcome variables and 
not appropriate for comparison using t-tests. Bootstrapping procedures 
were performed by group (CP, TD, full sample), for stance and swing 
phases. Participant data were resampled 1000 times, with replacement. 
For each iteration, differences between MCa (dynamically normalized) 
and MCa (RMS-averaged) were calculated. Based on these 1000 itera
tions, a 95% CI was determined for the averaged mean difference and 
Cohen’s d. If the 95% CI did not include 0, we concluded that the ap
proaches were significantly different [25]. Analyses were performed in 
Matlab (v2020a, The Mathworks Inc., Natick, USA). 

3. Results 

3.1. Dynamically normalized MCa ratios 

Using dynamically normalized data, the CP group had greater MCa 
for the TA-G muscle pair during stance (x‾ difference=18.4; CI=[11.4, 
25.5]; d=1.64), but not swing phase (x‾ difference=5.7; CI=[− 4.7, 
16.0]; d=0.34; Table 2, Fig. 1). Similarly, for the RF-G pair, the CP group 
had greater MCa during stance (x‾ difference=11.5; CI=[3.3, 19.6]; 
d=0.86), but not swing phase (x‾ difference= − 4.2; CI=[− 15.4, 7.0]; 
d=− 0.23). Group differences in MCa were not observed for the RF-S 
muscle pair during stance (x‾ difference=3.7; CI=[− 4.6, 12.0]; 
Δ = 0.27) nor swing (x‾ difference=5.3; CI=[− 2.3, 19.2]; d=0.50). 

3.2. RMS-averaged MCa ratios 

Using RMS averaged data, the CP group had greater MCa for TA-G 
during stance (x‾ difference=17.4; CI=[9.7, 25.1]; d=1.45) and swing 

(x‾ difference=13.1; CI=[4.6, 21.7]; Δ = 0.92; Table 2, Fig. 1). The CP 
group also had greater MCa for RF-G during stance (x‾ difference=9.2; 
CI=[1.4, 17.1]; d=0.73), but not swing (x‾ difference=− 6.8; CI=
[− 16.3, 2.7]; d=− 0.43). For the RF-S pair, we observed greater MCa 
during swing (x‾ difference=15.3; CI=[4.8, 25.8]; Δ = 0.91), but not 
stance (x‾ difference=0.9; CI=[− 10.4, 12.1]; d=0.05). 

3.3. Gross Motor Function Classification System (GMFCS) level 

Using RMS-averaged EMG data, children with CP classified as 
GMFCS II had greater muscle co-activation during stance in the TA-G 
pair, compared to those classified as GMFCS I (x‾ difference=10.1; 
CI=[2.0, 18.1]; d=0.35, Table 3). No other differences were observed. 

3.4. Comparing normalization techniques 

Considering all participants, MCa ratios determined using dynami
cally normalized EMG data showed larger MCa ratios in the RF-S 
(stance/swing) and the RF-G (stance) parings, but not TA-G (Table 4). 
When considered by group, MCa ratios using normalized EMG data were 
greater in both the CP (RF-S and RF-G pairings during stance) and the TD 
group (TA-G and RF-S pairings during swing, RF-G during stance). RF-G 
MCa ratios using normalized EMG data were smaller during swing, for 
all groups. 

4. Discussion 

Children with CP had greater MCa during stance (TA-G and RF-G 
pairs), independent of the normalization technique used. Using RMS- 
averaged data, greater MCa ratios were also seen during swing (RF-S 
and TA-G). Relative to RMS-averaging, dynamically normalization of 
EMG data increased MCa ratios mostly in the RF-S (stance/swing) and 
RF-G (stance) pairs; although, this observation varied depending on 
group and gait phase. 

4.1. Differences between CP and TD (Using dynamically normalized 
data) 

A trend of greater MCa in children with CP was observed for both 
muscle pairs and gait phases, although statistical differences were only 
observed for TA-G and RF-G during stance. Past work also reported 
greater MCa in TA-G during weight acceptance; however, their obser
vation of greater MCa in RF-S during various sub-phases of gait were 
inconsistent with our results [14]. Differences may relate to sample 
characteristics, methodology to quantify MCa, or how gait was parti
tioned. To our knowledge MCa in RF-G hasn’t been studied in the 
context of CP; however, increased RF-G MCa has been reported in 
healthy adults during distinct sub-phases of stance and swing [26]. 
Regardless, collectively, findings point to greater lower-limb MCa in 
children with CP during stance. 

4.2. Differences between CP and TD (Using RMS-averaged data) 

We observed greater MCa ratios for TA-G (stance, swing), RF-G 
(stance), and RF-S (swing) muscle pairs in children with CP. Others 
used comparable procedures and reported both similar (i.e., greater TA- 
G MCa during sub-phases of stance) and conflicting (i.e., greater RF-S 
during weight acceptance and no differences during swing) findings 
[14]. Otherwise, our results are somewhat aligned with work reporting 
greater MCa in TA-G and RF-S pairings in gait; however, these studies 
described MCa qualitatively and statistical comparisons with TD chil
dren were not performed [27–29]. 

4.3. Differences between GMFCS levels 

Children with CP classified as GMFCS II had greater MCa in the TA-G 

Table 2 
Differences in muscle coactivation ratios in children with, and without cerebral 
palsy during gait.  

EMG normalisation 
technique 

Muscle 
Pair 

Gait 
Phase 

CP MCa 
Ratios 

TD MCa 
Ratios 

P- 
value 

Dynamically 
normalized 

TA-G Stance 70.1 
(9.7) 

51.0 
(13.1) 

< 0.01 

Swing 43.6 
(15.3) 

36.3 
(17.1) 

0.27 

RF-S Stance 64.9 
[10.6] 

59.1 
[18.9] 

0.37 

Swing 53.3 
(18.3) 

44.6 
(17.3) 

0.12 

RF-G Stance 59.1 
(12.4) 

46.7 
(14.1) 

< 0.05 

Swing 48.9 
(15.7) 

51.9 
(20.5) 

0.46 

RMS-avg TA-G Stance 68.2 
(9.7) 

50.5 
(14.5) 

< 0.01 

Swing 43.1 
[14.6] 

29.5 
[10.4] 

< 0.01 

RF-S Stance 55.9 
(16.9) 

53.5 
(19.1) 

0.88 

Swing 55.5 
[30.7] 

34.0 
[24.3] 

< 0.01 

RF-G Stance 49.3 
(12.3) 

39.5 
(13.2) 

< 0.05 

Swing 57.6 
(17.7) 

64.1 
(14.3) 

0.16 

Mean (standard deviation) or median [interquartile range] muscle coactivation 
(MCa) ratios for the tibialis anterior-gastrocnemius (TA-G), rectus femoris- 
semitendinosus (RF-S), and rectus femoris-gastrocnemius (RF-G) muscle pairs 
during gait in children with, and without, cerebral palsy, using dynamically 
normalized and RMS averaged (RMS-avg) data. CP: cerebral palsy; TD: typically 
developing. 
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pair during stance, only when using RMS-averaged data. Since a corre
lation between GMFCS level and restricted motor development has been 
previously demonstrated [30], the lack of additional differences in our 
work was unexpected. To our knowledge, no comparable studies exist 
[11]. Regardless, our results suggest that MCa ratios may not differ 
greatly based on GMFCS class, possibly due to heterogeneity of im
pairments reflected in respective GMFCS levels [31]. Alternatively, a 
different motor classification (e.g., by gait pattern) may have led to 
different findings. 

4.4. Clinical implications 

Greater MCa in children with CP was observed in the TA-G and RF-G 
pairings during stance, a behavior that likely limits motor flexibility/ 
adaptability and contributes to less robust gait [32]. Excessive MCa is 
also aligned with an in-phase and invariable lower-limb coordination 
strategy observed in CP [3], and may reflect difficulties with segment 
decoupling during movement (E.g., knee and ankle in early stance,  
Fig. 2) or decreased selective motor control [5]. Thus, findings of 
excessive MCa during challenging phases of gait (stance) are logical. 
Otherwise, greater MCa at the TA-G muscle pair may relate to the 
adoption of an ankle-dominant strategy to help maintain balance during 

gait [33], counteract deficits in plantar flexor muscle power [34], or 
serve as a “vaulting” mechanism to assist with contralateral foot clear
ance during swing [34]. Similarly, greater MCa at the RF-G may underlie 
dysfunctional motor control; although, this behavior likely restricts knee 
motion (Fig. 2) due to the flexor/extensor actions of the bi-articular 
muscles, and may help stabilize the knee [26]. The role of increased 
TA-G MCa during swing, however, is less clear. Increased MCa might 
suggest a compensatory strategy to control foot drop [35], or this 
co-activation may serve no functional role and result from decreased 
selective motor control or weakness. Last, greater MCa in the CP group 
may be due to decreased muscle activity of a select muscle (e.g., tibialis 
anterior). This could attenuate peaks in the signal of the CP, relative to 
TD group, resulting in higher MCa due to greater common area in the 
signals. However, lower muscle activation would be underscored by 
greater relative noise in the signal. 

Greater MCa in the RF-S pairing was observed during swing in the CP 
group when using RMS-averaged data. During swing phase in TD chil
dren, knee extension is largely passive and followed by an eccentric 
lengthening of the of the hamstrings to slow extension [36]. In children 
with CP, however, this quick lengthening of the hamstrings would 
trigger a spastic response and may necessitate greater rectus-femoris 
contraction to actively extend the knee, resulting in greater MCa, as 

Fig. 1. Mean ensemble muscle co-activation ratios (MCa) and lower-extremity muscle activations during gait using both dynamically normalized (Normalized EMG) 
and RMS-averaged (RMS-avg) EMG data, for children with Cerebral Palsy (CP) and their typically developing (TD) peers. Shaded area represents the MCa for the 
respective muscle pairings. Vertical lines denote start of swing phase. Tibialis anterior (Tib-Ant), Gastrocnemius (Gast), Rectus femoris (Rect), Semite
ndinosus (Hams). 

P. Ippersiel et al.                                                                                                                                                                                                                                



Gait & Posture 108 (2024) 110–116

114

observed herein. 

4.5. Effect of EMG normalization technique 

When comparing normalization techniques, dynamic normalization 
generally led to larger MCa ratios relative to RMS-averaging, except in 
the RF-G pair during swing. Larger MCa ratios may be partially 
explained by the presence of lower-limb weakness in CP, wherein 
normalizing to a % max value of a muscle exhibiting low activity may 
exaggerate MCa values [37]. Why this occurred predominantly in the 

RF-S and RF-G pairs, and also in healthy participants is less clear. One 
explanation may be linked to the similar waveform dynamics and 
amplitude of the tibialis anterior and gastrocnemius RMS-averaged EMG 
signals (Fig. 1). These similarities could attenuate the effects of scaling 
muscle activity to a common value during dynamic normalization pro
cedures, resulting in similar MCa ratios, regardless of whether 
RMS-averaged or dynamically normalized data were used. In contrast, 
the other pairings have more distinct relative maximums (i.e., rectus 
femoris vs. semitendinosus and rectus femoris vs. gastrocnemius 
RMS-averaged curves), which can distort the waveforms across the dy
namic normalization approach due to the impact of scaling data to a 
common value (Fig. 1). This may misrepresent relationships between 
waveforms and incorrectly distort MCa values, in the positive or nega
tive direction; thus, using RMS-averaged data to calculate MCa may be 
more appropriate. Qualitatively, Table 2 shows that we observed greater 
MCa in children with CP in 4/6 group comparisons when using 
RMS-averaged data, compared to only 2/6 comparisons when using 
dynamically normalized MCa ratios. This may reflect increased sensi
tivity in detecting group differences when using less processed data to 
calculate MCa ratios (i.e., RMS-averaged instead of dynamically 
normalized EMG signals), possibly to due to improved data fidelity. This 
conflicts, however, with similar work reporting more group differences 
in MCa during gait in children with CP when using amplitude normal
ized, compared to RMS-averaged data [14]. Pending standardized pro
cedures, researchers might consider this issue with respect to their 
research question and population of study. A discussion will highlight 
some considerations. 

Normalization procedures are typically performed to reduce non- 
physiological variability in EMG data and improve comparability be
tween muscles and study participants [38]. Procedures can involve 
referencing data to a standard value, such as maximal voluntary iso
metric contraction [39]; however, it is unclear if such procedures 
accurately reflect maximal activation capacity in people with CP [40]. 
Others dynamically normalize EMG signals to a local maximum ob
tained during the gait cycle [2]; however, this assumes that a local 
maximum would occur at the same gait phase in children with CP and 
their TD peers. Thus, some question the use of normalization procedures 
altogether when calculating MCa in a neurological population and argue 
that absolute EMG data be used instead [37]. Further, the construct of 
MCa is typically represented as a ratio and serves as a form of normal
ization, possibly limiting the need for further data transformation [41]. 
Overall, further research is required; however, our data suggest that 

Table 3 
Comparison of muscle co-activation ratios during gait in children with cerebral 
palsy, based on gross motor function classification system level.  

EMG 
normalisation 
technique 

Muscle 
Pair 

Gait 
Phase 

GMFCS I 
n ¼ 11 

GMFCS II 
n ¼ 8 

P- 
value 

Dynamically 
normalized 

TA-G Stance 67.5 (8.6) 72.7 
(10.6) 

0.25 

Swing 40.6 
(12.6) 

47.8 
(17.6) 

0.33 

RF-S Stance 59.0 
(17.2) 

65.7 (6.6) 0.32 

Swing 47.1 
(19.6) 

61.0 
(14.0) 

0.11 

RF-G Stance 58.4 
(10.1) 

59.9 
(15.1) 

0.80 

Swing 45.9 
(17.0) 

50.4 
(15.3) 

0.56 

RMS-Avg TA-G Stance 63.7 (7.4) 73.8 (9.2) < 0.05 
Swing 42.9 

(11.4) 
50.6 
(16.4) 

0.24 

RF-S Stance 51.4 
(18.2) 

58.4 
(17.4) 

0.42 

Swing 48.7 
(19.9) 

55.3 
(15.4) 

0.44 

RF-G Stance 47.2 
(12.6) 

50.9 
(12.3) 

0.53 

Swing 55.2 
(21.1) 

60.1 
(10.8) 

0.51 

Mean (standard deviation) coactivation ratios for the tibialis anterior- 
gastrocnemius (TA-G), rectus femoris-semitendinosus (RF-S), and rectus 
femoris-gastrocnemius (RF-G) muscle pairs during gait in children with cerebral 
palsy, using dynamically normalized and RMS averaged (RMS-Avg) data. Data 
are segregated based on gross motor function classification system (GMFCS) 
levels. 

Table 4 
The influence of normalization techniques on muscle coactivation ratios during gait.  

Group Muscle Pair Gait Phase Mean difference (95% CI) Cohen’s d (95% CI) 

All participants TA-G Stance 1.03 [− 1.07, 2.92] 0.07 [− 0.07, 0.20] 
Swing 1.61 [− 1.62, 4.79] 0.10 [− 0.10, 0.32] 

RF-S Stance 5.96 [1.70, 10.87] 0.38 [0.11, 0.68] 
Swing 5.50 [2.21, 9.35] 0.31 [0.12, 0.54] 

RF-G Stance 8.84 [6.53, 11.39] 0.65 [0.44, 0.88]  
Swing -11.02 [¡ 15.33, ¡ 6.52] -0.65 [¡ 0.95, ¡ 0.37] 

CP only TA-G Stance 1.67 [− 2.29, 5.28] 0.19 [− 0.23, 0.65] 
Swing -2.60 [− 7.54, 1.99] -0.19 [− 0.60, 0.15] 

RF-S Stance 7.54 [0.59, 15.3] 0.51 [0.03, 1.10] 
Swing 1.89 [− 1.36, 5.78] 0.11 [− 0.08, 0.34] 

RF-G Stance 10.20 [6.13, 14.49] 0.87 [0.53, 1.27]  
Swing -9.38 [¡ 15.1, ¡ 2.70] -0.59 [¡ 1.07, ¡ 0.15] 

TD only TA-G Stance 0.71[− 1.15, 2.75] 0.05 [− 0.09, 0.22] 
Swing 4.91 [0.39, 9.81] 0.32 [0.03, 0.69] 

RF-S Stance 4.91 [− 0.90, 10.71] 0.31 [− 0.05, 0.71] 
Swing 8.65 [3.66, 14.15] 0.55 [0.21, 1.02] 

RF-G Stance 8.00 [5.12, 11.18] 0.62 [0.34, 1.04]  
Swing -12.08 [¡ 18.10, ¡ 5.91] -0.72 [¡ 1.15, ¡ 0.33] 

Mean difference and 95% confidence intervals comparing the influence of normalization techniques (RMS-averaged vs. dynamically normalized) on muscle coac
tivation ratios in children with and without cerebral palsy during gait. Positive mean differences indicate larger MCa values when using dynamically normalized, 
compared to RMS-averaged, EMG data. Bolded denotes statistical significance. MCa: Muscle Coactivation; CP: Cerebral palsy; TD: Typically developing; TA-G: Tibialis 
anterior-gastrocnemius; RF-S: Rectus femoris-semitendinosus; RF-G: Rectus femoris-gastrocnemius. 
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calculating MCa ratios using RMS-averaged data may be more 
appropriate. 

4.6. Limitations 

We only considered single muscle pairs in MCa calculations. 
Considering more muscles when comparing MCa in dynamic activities 
such as walking might provide a more complete picture. Next, the gait 
cycle was partitioned into 2 phases (i.e., stance and swing). Including 
more sub-phases (e.g., 6 phases as Gagnat et al. [14]) may have gener
ated some additional findings; however, this process results in fewer 
data points in certain phases (e.g., pre-swing phase [36]), which may 
make the data more sensitive to aberrations. Last, our MCa index focuses 
on magnitude of co-activation, while temporal information is lost. 
Future work may consider comparing traditional measures of MCa with 
emerging methods [42]. 

5. Conclusion 

Children with CP have greater MCa than their TD peers, at the ankle 
joint (tibialis anterior-gastrocnemius pairing) and knee (rectus femoris- 
gastrocnemius) during stance. This muscle activity pattern is aligned 
with a rigid and invariable gait strategy, possibly due to decreased se
lective motor control. The EMG normalization technique used impacts 
the resulting MCa ratios, which emphasizes that clinical decisions 
should not be taken based solely on these ratios. Rather, clinicians may 
consider incorporating MCa ratios alongside traditional gait metrics 
common in gait reports. 
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Fig. 2. Lower extremity sagittal plane joint angles during gait in children with Cerebral Palsy (CP) and their typically developing (TD) peers. A-C: Representative gait 
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children with CP (dashed red line) and their TD peers (solid black line). Vertical line denotes start of swing phase. 
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Klug, G. Hägg, European recommendations for surface electromyography, 
Roessingh Res. Dev. 8 (1999) 13–54. 

[18] P.C. Dixon, J.J. Loh, Y. Michaud-Paquette, D.J. Pearsall, biomechZoo: an open- 
source toolbox for the processing, analysis, and visualization of biomechanical 
movement data, Comput. Methods Prog. Biomed. 140 (2017) 1–10. 

[19] J.A. Zeni, J.G. Richards, J.S. Higginson, Two simple methods for determining gait 
events during treadmill and overground walking using kinematic data, Gait Posture 
27 (2008) 710–714, https://doi.org/10.1016/j.gaitpost.2007.07.007. 

[20] P. Konrad, The abc of emg, Pract. Introd. Kinesiol. Electromyogr. 1 (2005) 30–35. 
[21] J. Lo, O.-Y. Lo, E.A. Olson, D. Habtemariam, I. Iloputaife, M.M. Gagnon, B. Manor, 

L.A. Lipsitz, Functional implications of muscle co-contraction during gait in 
advanced age, Gait Posture 53 (2017) 110–114, https://doi.org/10.1016/j. 
gaitpost.2017.01.010. 

[22] A.J. Ikeda, M.F. Abel, K.P. Granata, D.L. Damiano, Quantification of cocontraction 
in spastic cerebral palsy, Electromyogr. Clin. Neurophysiol. 38 (1998) 497–504. 

[23] P.C. Dixon, J. Stebbins, T. Theologis, A.B. Zavatsky, Spatio-temporal parameters 
and lower-limb kinematics of turning gait in typically developing children, Gait 
Posture 38 (2013) 870–875, https://doi.org/10.1016/j.gaitpost.2013.04.010. 

[24] P.W. Stratford, D.M. Kennedy, Does parallel item content on WOMAC’s Pain and 
Function Subscales limit its ability to detect change in functional status? BMC 
Musculoskelet. Disord. 5 (2004), 17 https://doi.org/10.1186/1471-2474-5-17. 

[25] E.S. Banjanovic, J.W. Osborne, Confidence intervals for effect sizes: applying 
bootstrap resampling, Pract. Assess. Res. Eval. 21 (2016) 5. 

[26] A. Mengarelli, A. Gentili, A. Strazza, L. Burattini, S. Fioretti, F. Di Nardo, Co- 
activation patterns of gastrocnemius and quadriceps femoris in controlling the 
knee joint during walking, J. Electromyogr. Kinesiol. 42 (2018) 117–122. 

[27] V. Dietz, W. Berger, Normal and impaired regulation of muscle stiffness in gait: a 
new hypothesis about muscle hypertonia, Exp. Neurol. 79 (1983) 680–687, 
https://doi.org/10.1016/0014-4886(83)90032-8. 

[28] C.T. Leonard, H. Hirschfeld, H. Forssberg, The development of independent 
walking in children with cerebral palsy, Dev. Med. Child Neurol. 33 (1991) 
567–577, https://doi.org/10.1111/j.1469-8749.1991.tb14926.x. 

[29] W. Berger, J. Quintern, V. Dietz, Pathophysiology of gait in children with cerebral 
palsy, Electroencephalogr. Clin. Neurophysiol. 53 (1982) 538–548, https://doi. 
org/10.1016/0013-4694(82)90066-9. 

[30] J.R. Gage, M.H. Schwartz, S.E. Koop, T.F. Novacheck, The Identification and 
Treatment of Gait Problems in Cerebral Palsy, John Wiley & Sons, 2009. 

[31] A. Mandaleson, Y. Lee, C. Kerr, H.K. Graham, Classifying cerebral palsy: are we 
nearly there? J. Pediatr. Orthop. 35 (2015) 162–166, https://doi.org/10.1097/ 
BPO.0000000000000222. 

[32] N. Stergiou, R.T. Harbourne, J.T. Cavanaugh, Optimal movement variability: a new 
theoretical perspective for neurologic physical therapy, J. Neurol. Phys. Ther. 30 
(2006) 120–129, https://doi.org/10.1097/01.NPT.0000281949.48193.d9. 
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