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Abstract

Balance impairments are common in cerebral palsy. When balance is perturbed by back-

ward support surface translations, children with cerebral palsy have increased co-activation

of the plantar flexors and tibialis anterior muscle as compared to typically developing chil-

dren. However, it is unclear whether increased muscle co-activation is a compensation strat-

egy to improve balance control or is a consequence of reduced reciprocal inhibition. During

translational perturbations, increased joint stiffness due to co-activation might aid balance

control by resisting movement of the body with respect to the feet. In contrast, during rota-

tional perturbations, increased joint stiffness will hinder balance control as it couples body to

platform rotation. Therefore, we expect increased muscle co-activation in response to rota-

tional perturbations if co-activation is caused by reduced reciprocal inhibition but not if it is

merely a compensation strategy. We perturbed standing balance by combined backward

translational and toe-up rotational perturbations in 20 children with cerebral palsy and 20

typically developing children. Perturbations induced forward followed by backward movement

of the center of mass. We evaluated reactive muscle activity and the relation between center

of mass movement and reactive muscle activity using a linear feedback model based on cen-

ter of mass kinematics. In typically developing children, perturbations induced plantar flexor

balance correcting muscle activity followed by tibialis anterior balance correcting muscle activ-

ity, which was driven by center of mass movement. In children with cerebral palsy, the switch

from plantar flexor to tibialis anterior activity was less pronounced than in typically developing

children due to increased muscle co-activation of the plantar flexors and tibialis anterior

throughout the response. Our results thus suggest that a reduction in reciprocal inhibition

causes muscle co-activation in reactive standing balance in children with cerebral palsy.

PLOS COMPUTATIONAL BIOLOGY

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012209 June 13, 2024 1 / 24

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Willaert J, Desloovere K, Van

Campenhout A, Ting LH, De Groote F (2024)

Combined translational and rotational perturbations

of standing balance reveal contributions of reduced

reciprocal inhibition to balance impairments in

children with cerebral palsy. PLoS Comput Biol

20(6): e1012209. https://doi.org/10.1371/journal.

pcbi.1012209

Editor: Lizeth Sloot, Newcastle University, UNITED

KINGDOM

Received: August 8, 2023

Accepted: May 28, 2024

Published: June 13, 2024

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pcbi.1012209

Copyright: © 2024 Willaert et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All experimental data

is available on Zenodo (DOI:10.5281/zenodo.

https://orcid.org/0000-0002-9750-0401
https://doi.org/10.1371/journal.pcbi.1012209
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1012209&domain=pdf&date_stamp=2024-06-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1012209&domain=pdf&date_stamp=2024-06-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1012209&domain=pdf&date_stamp=2024-06-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1012209&domain=pdf&date_stamp=2024-06-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1012209&domain=pdf&date_stamp=2024-06-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1012209&domain=pdf&date_stamp=2024-06-26
https://doi.org/10.1371/journal.pcbi.1012209
https://doi.org/10.1371/journal.pcbi.1012209
https://doi.org/10.1371/journal.pcbi.1012209
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5281/zenodo.8220096


Author summary

Children with cerebral palsy often have balance impairments. When standing balance is

perturbed using support-surface translations, children with cerebral palsy have high ago-

nist-antagonist co-activation. Increasing joint stiffness by co-activating agonists and

antagonists might aid standing balance control during translational, but not rotational

perturbations. If children with cerebral palsy show muscle co-activation during rotational

perturbations, we can assume that this co-activation is a consequence of neurological

impairments (e.g., not be able to suppress antagonist activation upon stretch of the

agonist).

We found that both in typically developing children and children with cerebral palsy

reactive muscle activity could be explained by delayed feedback of center of mass kinemat-

ics. Our combined translational and rotational perturbations induced a switch in center of

mass movement (forward to backward). We found that upon this switch in center of mass

movement, typically developing children switched from plantarflexor to tibialis anterior

muscle activity. This switch in muscle activity was less clear in children with cerebral

palsy, although center of mass movement was the same as in typically developing children,

due to muscle co-activation. Therefore, our results suggest that neural impairments cause

muscle co-activation in reactive standing balance in children with cerebral palsy.

Introduction

Balance impairments are common in cerebral palsy (CP), but it is yet unclear which motor

control pathways contribute to these balance impairments [1,2]. When balance is perturbed by

backward support surface translations, children with CP have increased co-activation of the

plantar flexors and tibialis anterior as compared to typically developing (TD) children [1–4].

However, it is unclear whether muscle co-activation is a compensation strategy to improve bal-

ance control or a consequence of neural deficits [5,6]. Increased joint stiffness due to muscle

co-activation might aid standing balance control in response to translational perturbations by

resisting movement of the body with respect to the feet. However, increased joint stiffness will

hinder standing balance control in response to rotational perturbations as it induces coupling

between the body and platform motion resulting in body tilt (Fig 1). Hence, if co-activation is

Fig 1. Illustration of the effect of stiffening the ankle (in orange) (e.g., by co-activation) on body movement induced by a backward translation versus

toe-up rotation of the platform. A stiff ankle will help to keep the body upright in response to translational perturbations by resisting movement of the body

with respect to the feet whereas it will lead to additional body tilt in response to rotational perturbations by coupling body to platform movement. Backward

translational perturbations will require balance correcting activity of the plantar flexors to counteract forward body tilt whereas rotational toe-up perturbations

will require balance correcting activity of the tibialis anterior to counteract backward body tilt.

https://doi.org/10.1371/journal.pcbi.1012209.g001
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used as a compensation strategy in children with CP in translational perturbations, we do not

expect to observe it in response to rotational perturbations. But if co-activation is caused by

neural deficits, we do expect to observe it in response to rotational perturbations as well.

Reduced reciprocal inhibition is often observed in CP [5–10] and could cause increased co-

activation. Reciprocal inhibition is defined as the inhibition of antagonistic muscle activity

upon agonistic muscle activation [11]. In healthy adults, rapid dorsiflexion of the ankle elicits

reflex activation of the plantar flexors (stretched muscles) while the antagonistic muscle (i.e.,

tibialis anterior) remains silent. In contrast, in children with CP, rapid dorsiflexion of the

ankle elicits a response with similar latencies in both plantar flexors and tibialis anterior. This

impaired reciprocal inhibition in CP is observed with different levels of muscle activation

[5,6]. When the tibialis muscle is activated to actively dorsiflex the ankle, the soleus muscle is

inhibited in healthy adults [12], whereas there is no modulation of soleus inhibition during

tibialis anterior contraction in children with CP [6]. Such reduction in reciprocal inhibition

might also affect sensorimotor processing, (i.e., how the nervous system translates incoming

sensory information about body motion into motor commands to activate muscles) underly-

ing reactive balance control in CP.

We found that both agonists and antagonists were more sensitive to CoM disturbances elic-

ited by support-surface translations in children with CP than in TD children [4]. Previous

work in healthy and pathological humans and animals [13–17] has shown that muscle activity

in response to support-surface translations can be explained by CoM kinematics, with CoM

displacement, velocity, and acceleration having a distinct effect on the muscle response. In a

previous study, we reconstructed plantar flexor and tibialis anterior activity elicited by sup-

port-surface translations by a weighted linear combination of delayed (to account for neural

transmission times) CoM displacement, velocity, and acceleration. We included stabilizing

pathways that activate the plantar flexor and tibialis anterior when the CoM moves forward

and backward respectively, and a destabilizing pathway that activates the tibialis anterior when

the CoM moves forward (and plantar flexor activity is required to stabilize posture) [16]. The

weights or gains of the CoM displacement, velocity, and acceleration in the linear combination

indicate the sensitivity of the muscle response to CoM disturbances. We found that displace-

ment and velocity gains were higher for plantar flexors and tibialis anterior in children with

CP than in TD children [4]. The higher gains for the tibialis anterior for the destabilizing path-

way reflect increased co-activation and might reflect reduced reciprocal inhibition, i.e., a simi-

lar sensory input (CoM kinematics) drives both the agonist and antagonist. Yet, to distinguish

reduced reciprocal inhibition from the use of co-activation as a successful compensation strat-

egy, we should also investigate perturbations that contain a rotational component, where mus-

cle co-activation will not help balance recovery (Fig 1).

In healthy humans and animals, CoM movement seems to dictate muscle responses to a

wide range of translational and rotational support-surface perturbations. Translational and

rotational perturbations that elicit similar CoM movements yet different joint movements

induce activity in similar groups of muscles [17–20]. Furthermore, delayed feedback from

CoM kinematics but not joint angles could explain reactive muscle activity during a train of

translational perturbations that induced uncorrelated CoM and joint angle trajectories [14].

By combining backward translational and toe-up rotational perturbations, we can induce a

change in the direction of the CoM displacement during the response (forward in response to

translation followed by backward in response to rotation). Based on the previously proposed

CoM feedback theory, a switch from plantar flexor to tibialis anterior muscle activity upon

reversal of the CoM is expected in healthy subjects. However, if reciprocal inhibition is

impaired in children with CP, we expect the antagonist to be activated along with the agonist

hindering this switch from plantar flexor to tibialis anterior muscle activity.
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Here, we combined translational and rotational perturbations to test whether muscle co-

activation is the result of compensation or due to neural deficits. If increased co-activation in

response to translational perturbations is due to neural deficits, we expect to see it in response

to combined translational and rotational perturbations as well. In that case, the increased co-

activation might be the result of reduced reciprocal inhibition leading to simultaneous activa-

tion of agonists and antagonists. First—to assess whether co-activation is due to neural deficits

and not a compensation strategy—we evaluated reactive muscle activity. We hypothesized that

children with CP would have prolonged activity in the plantar flexors, i.e., we expected that the

plantar flexors would remain active upon reversal of the CoM movement in children with CP

but not in TD children. In addition, we hypothesized that children with CP would have

increased muscle co-activation as compared to TD children. Second -to assess whether plantar

flexor and tibialis anterior activity might have been driven by a common input due to reduced

reciprocal inhibition—we evaluated the relation between CoM movement and reactive muscle

activity using the sensorimotor response model described by Welch & Ting [13]. The sensori-

motor model used for this analysis describes both a stabilizing and destabilizing pathway

based on CoM movement and is therefore suitable to distinguish a muscle’s role as an agonist

and antagonist. We hypothesized that CoM feedback could explain muscle activity in both TD

children and children with CP, but that gains for the stabilizing and destabilizing pathway

would be higher in children with CP.

Overall, we found that activation of the plantar flexors was prolonged leading to a less pro-

nounced switch from plantar flexor to tibialis anterior activity upon reversal of the CoM move-

ment in children with CP. We observed increased muscle co-activation throughout the

response and increased stabilizing and destabilizing gains in children with CP. Similar as in

TD children, reactive muscle activity in children with CP could be explained by delayed CoM

feedback. Our results thus suggest that muscle co-activation in CP is due to neural impair-

ments rather than being a compensation strategy during balance perturbations.

Materials & methods

Ethics statement

The study was approved by the Ethical Committee of UZ/KU Leuven (S63321). Forty-six chil-

dren participated in this study. A legal representative of the participant and participants signed

a written informed consent or informed assent form, respectively, before the start of the mea-

surements according to the principles of the Declaration of Helsinki.

Participants

Children with CP were recruited through the CP reference center at the University Hospital

Leuven (Belgium). All patients were diagnosed as having spastic CP by a neuro-pediatrician

and met the following inclusion criteria: (1) 5 to 17 years old; (2) Gross Motor Function Classi-

fication Scale (GMFCS) I-III; (3) able to stand independently for at least 10 minutes; (4) no

orthopedic or neurological surgery in the previous year; and (5) no botulinum neurotoxin

injections in the previous 6 months. TD children were recruited through colleagues and

friends and were age matched with the children with CP.

Data from six children were excluded due to (1) the child not completing the whole proto-

col (N = 1), (2) the child being unable to follow the instructions (N = 3), or (3) missing EMG

data due to technical errors (N = 2). Data from 20 TD children (8 girls/12 boys) and 20 chil-

dren with CP (9 girls/11 boys) were included for further analysis (Table 1). Fourteen children

with CP were unilaterally involved and six children with CP were bilaterally involved. Fifteen

children had GMFCS level I and five children had GMFCS level II. Sixteen children had
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spasticity in the gastrocnemius muscle, as indicated by a Modified Ashworth Scale between 1

and 3 (more information in Table A in S1 Text). All children were able to stand and walk with-

out walking aids. For the children with CP, the most affected leg, based on clinical spasticity

scores, was used for further analysis, while for TD children, one leg was randomly selected.

Materials

Trajectories of reflective skin markers (for details on marker placement, see Fig A in S1 Text)

were captured by 7 infrared Vicon cameras (Vicon, Oxford Metrics, United Kingdom, 100 Hz).

Activity of gastrocnemius lateralis (LG), gastrocnemius medialis (MG), soleus (SOL), and tibia-

lis anterior (TA) was measured simultaneously through surface electromyography (sEMG, Zer-

oWire EMG Aurion, Cometa, Italy, 1000 Hz). Silver-chloride, pre-gelled bipolar electrodes

(Ambu Blue Sensor, Ballerup, Denmark) were placed according to SENIAM guidelines [21].

Reactive balance was tested using combined translational and rotational perturbations on an

instrumented, movable platform (Caren platform, Motek, The Netherlands) (Fig 2A). Children

were secured using a safety harness, connected to an overhead rail to prevent falling.

Protocol

For every participant, we collected age and anthropometrics (length and weight). We per-

formed a clinical exam to determine the range of motion and Modified Ashworth Score (for

the gastrocnemii and soleus) for the children with CP. During balance assessment, participants

stood barefoot on the platform. Before the start of the assessments, participants were instructed

to stand upright and maintain balance without taking a step, unless necessary to avoid falling.

When participants needed to take a step, we asked them to return their feet to the starting posi-

tion, which was marked with tape on the platform. Arm movement was unconstrained. The

protocol consisted of four increasingly difficult perturbation levels (increased platform dis-

placement, velocity and/or acceleration, Fig 2B). Within each perturbation level, the same

eight perturbations were administered with 12s between perturbations. When the participant

stepped in more than 3 out of 8 perturbations, we did not continue to the next level. If needed,

rest was given between perturbation levels. The measurements described above were part of a

larger single-session protocol more broadly assessing spasticity and balance.

Data processing and analysis

Marker trajectories were processed using OpenSim 3.3 [22,23]. A generic full-body musculo-

skeletal model (Gait2392 with arms, [24]) was scaled based on anatomic marker positions.

Joint angles were computed using OpenSim’s Inverse Kinematics tool. CoM position was com-

puted from low-pass filtered (6Hz) joint angles using OpenSim’s Body Kinematic tool. Ante-

rior-posterior CoM displacement was expressed relative to the ankle and numerically

Table 1. Demographic data of participants (mean and standard deviations).

CP TD

Mean (±SD) Mean (±SD)

Female/Male 9/11 8/12

Age (years) 12.3 3.1 12.0 3.0

Length (cm) 153 16 156 16

Weight (kg) 46.7 16.7 43.8 12.8

CP = cerebral palsy; TD = typically developing.

https://doi.org/10.1371/journal.pcbi.1012209.t001
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differentiated to compute the CoM velocity. Ankle angle was numerically differentiated to

compute ankle velocity. Ankle and CoM acceleration were then computed using a Savitzky-

Golay filter (5th order and frame length 11) [25]. Average ankle angles and CoM displacement,

velocity, and acceleration were calculated across all non-stepping trials within each perturba-

tion level for each participant and each level.

Fig 2. Experimental set-up and perturbation profiles. a) Caren platform for combined translational and rotational perturbations and b) platform kinematics

and exemplar reactive balance responses for a typically developing child for the different perturbation levels (L1-L4). One perturbation involved simultaneous

translation and rotation of the platform. Platform displacement increased from L2 to L3, while platform velocity and acceleration increased with every level.

Row 1: Platform kinematics: displacement, velocity, and acceleration of a point on the platform between the ankles; row 2: Angular displacement, velocity, and

acceleration; row 3: center of mass kinematics (anterior-posterior direction) relative to the ankle; row 4: ankle kinematics; row 5: muscle responses. Vertical

grey line indicates platform onset LG = lateral gastrocnemius; SOL = soleus; TA = tibialis anterior.

https://doi.org/10.1371/journal.pcbi.1012209.g002
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EMG data was band-pass filtered using a fourth order Butterworth filter between 10 and

450 Hz followed by signal rectification. Finally, a fourth order Butterworth low-pass filter with

40 Hz cut off was applied [26]. The filtered EMG signal was scaled by the maximum, filtered

value across all perturbations for every participant. As part of the bigger protocol, we also per-

formed translational perturbations [4], which were also taken into account when determining

the scaling value. The average EMG signal was calculated across all non-stepping trials for

each participant and each level.

Outcome parameters

Muscle activity, center of mass movement, and ankle kinematics. We computed average

reactive muscle activity for LG, MG, SOL, and TA in three time bins. Reactive muscle activity

was computed by subtracting baseline activity, i.e., average muscle activity in the 100ms pre-

ceding perturbation onset, from the filtered and scaled EMG. Time bins were defined based

on the sequence of muscle responses during combined translational and rotational perturba-

tions described in literature for healthy participants [20,27]. The first time bin (Z1) started at

platform onset and ended 150ms later, during this time interval we observed little reactive

muscle activity, possibly due to the slow movement onset in combination with neural trans-

mission delay. The second time bin (Z2) lasted from 150ms to 250ms after platform onset,

when the first peak in plantar flexor activity occurred in TD children (LG, MG, SOL). The

third time bin (Z3) lasted from 250ms to 400ms after platform onset and started when a switch

from plantar flexor to TA activity was typically observed in TD children (Fig 3: row 7–9).

We similarly assessed the average CoM (Fig 3: row 1–3) and ankle angle (Fig 3: row 4–6)

displacement, velocity, and acceleration. All time bins were shifted 100ms backwards in time

(i.e., Z1: onset platform to 50ms; Z2: 50ms to 150ms; Z3: 150ms to 300ms) as we assumed that

the kinematic disturbances provided sensory inputs for the later muscle responses. Assessing

the kinematics allowed us to identify potential kinematic triggers for the switch from plantar

flexor to TA activity.

We assessed differences in average reactive muscle activity and kinematics for the three dif-

ferent time bins between children with CP (Fig 3 - left) and TD children (Fig 3- right).

Co-contraction index. We calculated the co-contraction index (CCI) as the overlap in fil-

tered and scaled EMG between TA and respectively LG, MG, and SOL (PF) [28]:

CCI ¼

Xend

1
ðminðEMGPF; EMGTAÞÞ

＃frames

Low CCI values indicate that both muscles are active at different moments whereas high

CCI values indicate that both muscles are active at the same time. We performed the analysis

for two time intervals, i.e. between perturbation onset and 400ms after perturbation onset

(interval covering the time bins described above), and between 0.5s before perturbation onset

and 1.5s after perturbation onset (similar time interval as sensorimotor response model

described below).

Sensorimotor response model. We tested the relation between muscle activity and CoM

kinematics by reconstructing measured EMG trajectories by a weighted sum of delayed CoM

acceleration, velocity, and displacement trajectories [13]. We modeled both a balance correct-

ing and an antagonistic feedback pathway (Fig 4A) [16]. The balance correcting pathway yields

plantar flexor activity when the CoM moves forward and tibialis anterior activity when the

CoM moves backward. The antagonistic pathway yields plantar flexor activity when the CoM

moves backward and tibialis anterior activity when the CoM moves forward. We used the fol-

lowing sensorimotor response model to reconstruct plantar flexor (LG, MG, SOL) activity
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Fig 3. Representative examples for center of mass movement, ankle kinematic, and muscle activity for perturbation level 2

in time bins (zones) for a child with cerebral palsy (left) and typically developing child (right). Both children had moderate

co-activation (exemplar trajectories for children with high/low co-activation can be found in Figs B and C in S1 Text). Row

1–3: Center of mass kinematics (displacement, velocity, and acceleration) as a function of time with indication of time bins

(dotted lines, colored boxes) and average trajectories (black). Time bin 1 (Z1) in blue, time bin 2 (Z2) in yellow, and time bin 3
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(plantar flexors needed to restore upright position when CoM moves forward):

EMGrecon ¼ be0 þ kd∗dCoMðt � tÞ þ kv∗vCoMðt � tÞ þ ka∗aCoMðt � tÞ þ ks∗aCoMinitðt � tÞc ðbalance correcting pathwayÞ

+

bkd0∗ � dCoMðt � tÞ þ kv0∗ � vCoMðt � tÞ þ ka0∗� aCoMðt � tÞc ðantagonistic pathwayÞ

and the following sensorimotor response model to reconstruct tibialis anterior activity (tibialis

anterior needed to restore upright position when CoM moves backward):

EMGrecon ¼ be0 þ kd∗� dCoMðt � tÞ þ kv∗� vCoMðt � tÞ þ ka∗ � aCoMðt � tÞc ðBalance correcting pathwayÞ

+

bkd0∗dCoMðt � tÞ þ kv0∗vCoMðt � tÞ þ ka0∗aCoMðt � tÞc ðantagonistic pathwayÞ

With EMGrecon the reconstructed muscle activity for the plantar flexors and tibialis ante-

rior, e0 baseline muscle activity; dCoM, vCoM, aCoM center of mass displacement, velocity, and

acceleration; kd, kv, ka feedback gains or weights for the balance correcting pathway, kd’, kv’,

kd’ feedback gains or weights for the antagonistic pathway, and a common time delay (τ) of

100 ms to account for processing and neural transmission time. Only the positive part of the

signal (b.c) was used to represent excitatory drive to motor pools. We added a separate feed-

back term for the initial center of mass acceleration, aCoM_init, with a corresponding stiction

gain, ks, inspired by Welch and Ting [13]. The initial burst in EMG is proportional to the ini-

tial CoM acceleration and might be driven by the initial strong increase in spindle firing that

coincides with short-range stiffness in the muscle [29,30]. We therefore included this term

until the change in the ankle angle was 0.5˚, corresponding to the estimated short-range stiff-

ness range [31]. In contrast to Welch and Ting [13], we included both an acceleration and stic-

tion term based on preliminary analyses. No stiction gain was used in the tibialis anterior

muscle, as in our protocol, this muscle was first shortened and short-range stiffness is strongly

reduced with prior movement [30].

Baseline activity (e0) was set to the measured data 0.5s before perturbation onset. Gains

were estimated by minimizing the cost function, which was defined as the weighted sum of the

squared difference between reconstructed and measured EMG over a time interval from 0.5s

before until 1.5s after perturbation onset (weight of 1) and squared prime gains (i.e., gains of

the antagonistic pathway) (weight of 1E-4). Prime gains (i.e., gains of the antagonistic path-

way) were penalized to discourage the use of the antagonistic pathway unless this had a consid-

erable effect on the fit between reconstructed and measured EMG as we did not expect the

antagonistic pathway to be active in TD children. All gains were constrained between 0 and

10/m (displacement and prime displacement), 0 and 10s/m (velocity and prime velocity), and

0 and 10s2/m (acceleration, prime acceleration, and stiction). Gains were calculated for each

participant and each perturbations level that was performed successfully.

We assessed the goodness of fit between measured and reconstructed muscle activity (per-

turbation onset until 1.5s after perturbation onset) using the coefficient of determination (r2,

calculated as the squared correlation coefficient), the variability accounted for (VAF, defined

as the uncentered r2) and root mean square error (RMSE). Furthermore, we tested for

(Z3) in red; Row 4–6: Ankle angle kinematics (angle, velocity, and acceleration) as a function of time with indication of time bins

and average trajectories. Row 7–9: Muscle activations as a function of time with indications of time bins and average muscle

activity. Light gray traces are separate trials of one subject. The bars represent the average for each time bin for the corresponding

(black) trace (average over trials) on the left.

https://doi.org/10.1371/journal.pcbi.1012209.g003
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Fig 4. Sensorimotor response model. a) Graphical representation of the (extended) sensorimotor response model. Measured

muscle activity (black) is reconstructed (red) using delayed feedback of CoM acceleration, velocity, displacement, and stiction (for

plantar flexors only) along a balance-correcting pathway (green) and antagonistic pathway (orange; sensitive to CoM movement in

the opposite direction). CoM acceleration, velocity, position, and stiction are multiplied by subject specific feedback gains (balance

correcting: ka, kv, kd, ks; antagonistic pathway: ka’, kv’, kd’). Note the opposite sign of the CoM kinematics in the balance correcting
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differences in gains between children with CP and TD children (Fig 4B). Different gains would

indicate that the sensitivity to CoM perturbations differs between both groups of children.

We also explicitly tested whether EMG trajectories could be reconstructed without using

the antagonistic feedback pathways (i.e., activity of the plantar flexors when the CoM moves

backwards and activity of the tibialis anterior when the CoM moves forward) in both groups

of children (Fig 4A). Antagonistic co-activation is not captured in the simple model. There-

fore, if co-activation is present, the fit between modeled and experimental activation would

be worse for the simple model compared to the extended model. We expected that the

antagonistic pathway is not necessary to reconstruct reactive muscle activity in TD children,

whereas adding the antagonistic pathway would improve the fit between reconstructed and

measured EMG when reciprocal inhibition is impaired in children with CP. To test this, we

calculated the difference in cost (squared difference between reconstructed and measured

activations) between the extended model with the antagonistic pathway (characterized by

prime gains) and the simple model without antagonistic pathway (no prime gains). We

expressed this improvement as a percentage of the cost of the model without antagonistic

pathways.

Statistical analysis

All statistical analyses were performed using Matlab (R2018b, Mathworks, United States).

Differences in average muscle activity (for LG, MG, SOL, TA), center of mass kinematics

(displacement, velocity, and acceleration) and ankle angle kinematics (change, angular veloc-

ity, and angular acceleration) between children with CP and TD children were tested for each

perturbation level using a linear mixed model with two fixed effects: (1) group (CP vs. TD)

and (2) time bin (1 to 3, ordinal). A participant factor was included as a random factor nested

within group. We investigated whether there was a significant interaction effect between

group and time bin. If this interaction effect appeared significant, post-hoc comparisons were

performed.

The co-contraction index was compared between children with CP and TD children using

a linear mixed model with two fixed effects: (1) group (CP vs. TD) and (2) perturbation level

(1 to 4, ordinal). A participant factor was included as a random factor nested within group.

We investigated whether there was a significant fixed effect of group.

Differences in gains between groups were tested using a linear mixed model with two fixed

effects: (1) group (CP vs. TD) and (2) perturbation level (1 to 4, ordinal) for each muscle sepa-

rately. A participant factor was included as a random factor nested within group. We investi-

gated whether there was a significant fixed effect of group.

Improvements in cost for the extended model compared to the simple model were com-

pared between children with CP and TD children using a linear mixed model with two fixed

effects: (1) group (CP vs. TD) and (2) perturbation level (1 to 4, ordinal). A participant factor

was included as a random factor nested within group. We investigated whether there was a sig-

nificant fixed effect of group.

(green) and antagonistic pathways (orange) of the plantar flexors (top row) and tibialis anterior (bottom row). In the extended

model, both pathways are used (balance correcting and antagonistic gains), while in the simple model only the gains of the balance

correcting pathway are used. b) Exemplar cases with the extended sensorimotor response model for one child with cerebral palsy

(left) and one typically developing child (right) with average co-activation for perturbation level 2. Exemplar cases for children with

high and low co-activation are presented in Fig E in S1 Text. Top row: center of mass kinematics; second row: measured (black) and

reconstructed (red) muscle activity signals with balance correcting contribution in green and antagonistic contribution in orange;

third row: balance correcting gains; bottom row: antagonistic gains (i.e., prime gains). Grey line indicated onset of perturbation.

LG = lateral gastrocnemius; SOL = soleus; TA = tibialis anterior.

https://doi.org/10.1371/journal.pcbi.1012209.g004
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To account for unequal variances, we incorporated weights ꙍ for each observation (i) that

is used as input to the model. Weights were calculated as the inverse of the variance observed

across all observations within one group (i.e., CP or TD) and condition (i.e., different time

zones or perturbation level) yið Þ : ꙍi ¼
1

varðyiÞ
. To account for simultaneous interference, we

performed the Bonferroni-Holm correction. We rapport significancy before and after correc-

tion as p-values before correction give an indication of the raw associations between variables.

Results

Due to technical errors in EMG recordings, we had to exclude data of LG in one TD child,

SOL in one child with CP, and TA in another child with CP. All TD children performed all lev-

els. Four children with CP did not perform levels 2–4 and one child with CP did not perform

levels 3–4.

Muscle activity, center of mass movement, and ankle kinematics

Muscle activity. Children with CP modulated their muscle response differently in time

than TD children, indicating a reduced ability to switch between plantar flexors and tibialis

anterior (Fig 5 and Table B in S1 Text, significant interaction effect between time bin and

group). Muscle activity changed differently from the second time bin to the third time bin in

children with CP compared to TD children (except for L1 in MG and L4 in SOL) (Tables C

and D in S1 Text). The decrease in plantar flexor activity (LG, MG, SOL) from the second

(increasing acceleration of CoM) to the third time bin (decreasing acceleration of CoM, i.e.,

forward movement of CoM slows down) that was present in TD children was reduced or even

absent in children with CP (Tables C and D in S1 Text). The increase in tibialis anterior muscle

activity from the second to the third time bin was higher in children with CP than in TD chil-

dren (Tables C and D in S1 Text).

Center of mass movement. CoM displacement, velocity, and acceleration were different

between time bins but not between groups, indicating that there were no differences in CoM

movement between groups (Fig 6A and Table E in S1 Text). While average CoM displacement

and velocity continued to increase from the second to the third time bin, average CoM acceler-

ation decreased from the second to third time bin. Hence, CoM acceleration is a potential trig-

ger for the switch between plantar flexor and TA activity.

Ankle kinematics. Ankle displacement, velocity, and acceleration were different between

time bins but not between groups (Fig 6B and Table F in S1 Text). There was an interaction

effect between time bins and groups for angular velocity (L1-L3) (Tables G and H in S1 Text).

Angular velocity increased less from time bin 2 to 3 in children with CP than in TD children

(Fig 6B). While average ankle angular displacement and velocity continued to increase from

the second to the third time bin, average ankle angular acceleration decreased from the second

to third time bin (Fig 6B). Hence, ankle angular acceleration is another potential trigger for the

switch between plantar flexor and tibialis anterior activity.

Co-contraction index

Co-activation was higher in children with CP than in TD children over the entire response.

The CCI was significantly higher for children with CP than for TD children across all pertur-

bation levels and for all muscle pairs (LG and TA, MG and TA, SOL and TA) for both the

shorter (0-400ms after perturbation onset) (Fig 7 and Tables I and J in S1 Text) and longer

(0.5s before until 1.5s after perturbation onset) time interval (Tables K and L and Fig D in

S1 Text).
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Sensorimotor response model

Muscle EMG during combined translational and rotational perturbations of standing can be

reconstructed by delayed CoM feedback in both children with CP and TD children as reflected

in the high goodness of fit values (r2—CP: 0.60 ± 0.21, TD 0.50 ± 0.20; VAF–CP: 90.04% ±

Fig 5. Average normalized EMG for three time bins (Z1-Z3) for all muscles and all levels. Children with cerebral

palsy (CP) in orange, typically developing (TD) children in blue. Group average for children with cerebral palsy in red,

group average for typically developing children in dark blue. Significant interaction effects after Bonferroni-Holm

correction between time bin and group (p < 0.05) are indicated with a diamond.

https://doi.org/10.1371/journal.pcbi.1012209.g005
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6.9%, TD: 86.9% ± 7.1%) and low error scores (RMSE–CP: 0.018 ± 0.01, TD: 0.015 ± 0.01)

(Fig 8A and Table M in S1 Text).

The fitting error (defined as the squared error between measured and reconstructed signals)

was lower when adding the antagonistic pathways for both children with CP (LG: 26.4% ±

Fig 6. Average center of mass (a) and ankle kinematics (b) for three time bins (Z1-Z3) for all levels. Children with

cerebral palsy (CP) in orange, typically developing (TD) children in blue. Group average for children with cerebral

palsy in red, group average for typically developing children in dark blue. Significant interaction effects after

Bonferroni-Holm correction between time bin and group (p < 0.05) are indicated with a diamond.

https://doi.org/10.1371/journal.pcbi.1012209.g006
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3.7%; MG: 23.4% ± 4.5%; SOL: 26.0% ± 8.5%; TA: 63.2% ± 6.8%) and TD children (LG: 8.2% ±
4.5%; MG: 5.5% ± 2.6%; SOL: 12.1% ± 3.8%; TA:43.9% ± 5.1%) (Fig 8B and Table N in S1

Text). Adding the antagonistic pathway induced a larger reduction in the fitting error for chil-

dren with CP than for TD children for the soleus (p = 0.010, CI:[-31.73–4.46]) and tibialis

anterior (p = 0.041, CI:[-27.806–0.616]) across all levels.

Children with CP had higher gains for CoM feedback than TD children for all muscles

(Fig 9 and Tables O and P and fig F in S1 Text).

For the lateral gastrocnemius, velocity (average increase of 203% across all levels, p = 0.004, CI:

[-0.915–0.183]), displacement (91%, p = 0.018 (not significant after Bonferroni-Holm correction),

CI: [-2.937–0.275]), and prime velocity (728%, p = 0.003, CI: [-0.804–0.173]) gains were higher in

children with CP than in TD children across all levels (Fig 9A and Table P in S1 Text).

For the medial gastrocnemius, velocity (69%, p = 0.037 (not significant after Bonferroni-

Holm correction), CI:[-0.754–0.024]), prime acceleration (281%, p = 0.014 (not significant

after Bonferroni-Holm correction), CI:[-0.856–0.097]), prime velocity (973%, p< 0.001, CI:

[-0.835–0.406]), and prime displacement (292%, p = 0.048 (not significant after Bonferroni-

Holm correction), CI:[-2.256–0.013] gains were higher in children with CP than in TD chil-

dren across all levels (Fig F and Table P in S1 Text).

Fig 7. Co-contraction index for perturbation onset until 400ms after perturbation onset. Children with cerebral palsy (CP) in orange, typically developing

(TD) children in blue. Boxplots in black indicate median and interquartile range and dots represent individual scores. Groups are significantly different across

all levels for all muscle pairs. LG = lateral gastrocnemius; MG = medial gastrocnemius; SOL = soleus; TA = tibialis anterior.

https://doi.org/10.1371/journal.pcbi.1012209.g007
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For the soleus, velocity (112%, p< 0.001, CI:[-0.810–0.234]), displacement (25%, p = 0.026

(not significant after Bonferroni-Holm correction), CI:[-2.469–0.185]), prime acceleration

(141%, p = 0.001, CI:[-0.946–0.238]), and prime velocity (197%, p = 0.010 (not significant after

Bonferroni-Holm correction), CI:[-0.970–0.133]) gains were higher in children with CP than

in TD children across all levels (Fig F and Table P in S1 Text).

For the tibialis anterior, velocity (p = 0.002, CI:[-2.671–0.650]), prime velocity (p< 0.001,

CI:[-1.774–0.488]), and prime displacement (p = 0.036 (not significant after Bonferroni-Holm

correction), CI:[-4.227–0.148]) gains were higher in children with CP than in TD children

across all levels (Fig 9B and Table P in S1 Text).

Discussion

Reduced reciprocal inhibition might contribute to balance impairments in CP. We perturbed

standing balance in children with CP and TD children by a combined translational and

Fig 8. Goodness of fit for the extended sensorimotor response model and reduction in cost for the extended versus simple sensorimotor response model.

a) Goodness of fit values and error scores across all levels for all muscles for the extended (with antagonistic pathways) sensorimotor response model. Standard

deviations are indicated in black. r2 = r squared; VAF = variance accounted for; RMSE = root mean square error. b) Improvement in cost (%) when using the

extended versus simple (no antagonistic pathways) sensorimotor response model for all muscles. The cost is the squared difference between measured and

reconstructed EMG. Boxplots in black indicate median and interquartile range, dots represent individual scores. Significant differences between groups (CP vs.

TD) are indicated with a star and p-values. LG = lateral gastrocnemius; MG = medial gastrocnemius; SOL = soleus; TA = tibialis anterior. Children with

cerebral palsy (CP) in orange, typically developing (TD) children in blue.

https://doi.org/10.1371/journal.pcbi.1012209.g008
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Fig 9. Center of mass feedback gains of children with cerebral palsy and typically developing children. a) Lateral gastrocnemius. b)

Tibialis Anterior. Differences between children with CP and TD children were larger for lateral gastrocnemius than for soleus and medial

gastrocnemius, therefore results for lateral gastrocnemius are shown in the main figure. Figures for medial gastrocnemius and soleus can be

found in Fig F in S1 Text. Upper row: balance correcting pathway gains, bottom row: antagonistic pathway gains. L1-L4: Level 1 to level 4.

Boxplots in black indicate mean and interquartile ranges and dots represent individual scores. Children with cerebral palsy (CP) in orange,
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rotational movement of the support surface that induced an initial plantar flexor response, fol-

lowed by a switch to tibialis anterior activity in TD children. This switch from plantar flexor to

tibialis anterior activity was less pronounced in children with CP (Fig 5). The reduced ability

to selectively activate muscles in response to CoM movement was reflected in increased co-

activation of plantar flexors and tibialis anterior throughout the response (Fig 7) and in the

gains of the sensorimotor response model (Fig 9). In both children with CP and TD children,

muscle activity in response to combined translational and rotational perturbations could be

explained by delayed CoM feedback. However, we found that accounting for antagonistic

pathways was more needed in children with CP than in TD children to reconstruct measured

EMG (Fig 8). In addition, feedback gains of both the balance-correcting and antagonistic path-

ways were higher in children with CP than in TD children meaning that muscle activity was

more sensitive to CoM disturbances in children with CP than in TD children. Higher joint

stiffness, as induced by muscle co-activation, hinders balance control in response to rotational

perturbations where retaining an upright posture depends on the ability to dissociate the

motion of the body from the motion of the feet. Our results thus suggest that muscle co-activa-

tion in CP is due to neural impairments rather than being a compensation strategy during bal-

ance perturbations. We did not explore models based on feedback from joint instead of CoM

kinematics because previous work has demonstrated that models based on feedback from joint

kinematics could not explain muscle responses across perturbation conditions [14]. However,

CoM and ankle kinematics might be related in some parts of the response (see e.g., Fig 6) and

hence the switch from plantar flexor to dorsiflexor activity also coincides with a change in sign

of ankle angular acceleration.

Decreased reciprocal inhibition is a common symptom in children with CP, contributing to

excessive antagonistic muscle co-activation during voluntary movement such as walking [5,6,9].

Although increased muscle co-activation was observed in response to translational perturba-

tions of standing balance in CP, this was not tested before during combined translational and

rotational perturbations. Our results show that when tibialis anterior was activated, the plantar

flexors were silenced in TD children but remained active in children with CP, suggesting that

the expected reciprocal inhibition of the plantar flexors is lacking in children with CP [5].

Our observation that delayed CoM feedback could explain muscle activity in response to

combined rotational and translational perturbations suggests that task-level feedback is pre-

served in children with CP. We previously demonstrated that CoM feedback could explain

muscle activity in response to support surface translations in children with CP [4]. Since sup-

port surface translations elicit correlated CoM and ankle movements, we could not confidently

conclude that task-level feedback was preserved in CP. Backward translational perturbations

cause forward CoM movement whereas toe-up rotational perturbations cause backward CoM

movement. Both perturbations dorsiflex the ankle (note that the observed body movement is

the result of both the platform movement and the response of the subject). Using such com-

bined translational and rotational perturbations, it was demonstrated that muscle activity is

dictated by CoM movement in healthy adults [19,20,27]. Healthy adults first activate their gas-

trocnemius and then switch to activating their tibialis anterior [20,27]. Although these experi-

ments demonstrated that reactive muscle activity is driven by CoM movement rather than by

joint movement during combined translational and rotational perturbations, we tested this for

the first time–to our knowledge–using an explicit sensorimotor response model in both TD

children and children with CP.

typically developing (TD) children in blue. Significant differences between groups are indicated with a star after Bonferroni-Holm

correction. A star between brackets indicates significant effects that did not survive the Bonferroni-Holm correction.

https://doi.org/10.1371/journal.pcbi.1012209.g009
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We are unable to attribute alterations in responsive muscle activity to local or task-level

feedback pathways. Both spinal and supraspinal feedback pathways are involved in reactive

balance [32] and both pathways are impaired in CP. Children with CP often have reflex hyper-

excitability reflecting spinal feedback deficits [7,33]. In addition, they have difficulties with

selectively controlling their muscles due to impaired supraspinal pathways [7,33]. Reflex

hyper-excitability might lead to exaggerated responses of both the plantar flexors, which are

stretched during balance perturbations, and the antagonistic tibialis anterior. Such increased

sensitivity to muscle stretch might prevent children with CP to suppress plantar flexor activity,

requiring compensations in supraspinal control to stabilize posture. Alternatively, the reduced

ability to selectively activate muscles might rely in the supraspinal pathways. To gain more

insight in the underlying pathways, we explored the relation between the gains and a clinical

score of joint hyper-resistance, i.e., the MAS score of the gastrocnemius (exploratory analysis,

Figs G and H in S1 Text). We did not find any correlations. However, this might be due to

inherent limitations of the MAS score [34]. For example, the MAS score does not distinguish

contributions from reflex hyper-excitability and altered passive tissue properties to joint

hyper-resistance. A more in-depth analysis is thus required.

Notwithstanding the altered control of reactive balance, CoM displacements were not larger

in children with CP than in TD children. We found that the maximum CoM excursion in

response to translational perturbations was smaller in children with CP than in TD children

[4]. This might indicate that co-activation indeed helps to maintain an upright position when

standing is perturbed by translational perturbations (although it might have causes children

with CP to step at lower perturbation levels). Here, we found no differences in maximum

CoM excursion between both groups. This suggests that children with CP were able to com-

pensate for the increased co-activation when controlling the CoM position in response to rota-

tional perturbations. We observed differences in the ankle angle velocity and acceleration,

suggesting less ankle dorsiflexion movement. Children with CP thus likely compensated in

other joints to control their CoM position.

Fewer children with CP than TD children were able to successfully perform the higher per-

turbation levels, leading to missing data in our analysis. It is likely that the children who were

unable to perform the higher perturbation levels were more affected and therefore differed

more form TD children. Given that we found differences between groups notwithstanding

missing data from more affected children only strengthens our conclusions. The maximum

EMG across all perturbation levels was used for scaling and therefore missing data might have

impacted EMG scaling. However, it is unlikely that EMG magnitude at a given perturbation

level is similar across children given the differences in muscle responses that we observed.

Therefore, our scaling method is based on the assumption that the EMG magnitude is similar

at maximal performance, i.e., at the highest perturbation level that could be performed without

stepping. Many TD children might have been able to withstand perturbations larger than

those admitted here without stepping. Hence, we might have used scaling factors that are too

low, resulting in an overestimation of the muscle responses and thus an underestimation of

the differences between groups.

Our results might have clinical importance and give inspiration to therapist to explore new

training options. Currently, clinical assessments mainly focus on hyper-reflexia, whereas

reduced reciprocal inhibition is evaluated less. Based on our results, we suggest that clinical

assessments of reduced reciprocal inhibition might provide useful information about balance

control impairments. Therapists should be aware of the underlying mechanisms of muscle co-

activation during balance control in order to develop novel therapeutic approaches. These new

therapies should specifically target reciprocal inhibition as our results suggest that improved

reciprocal inhibition might improve balance control in children with CP.
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Conclusion

Reduced reciprocal inhibition might underlie altered standing balance control in children

with CP, leading to increased co-activation in response to both support surface translations

and rotations. Notwithstanding this reduced reciprocal inhibition, task-level control of the

CoM was preserved in the rather functional (GMFCS I and II) children with CP included in

this study. Future work should explore whether alterations in balance control are also corre-

lated with falls.

Supporting information

S1 Text. Including: S1. Additional information on children with cerebral palsy. Table A.

Additional information on children with cerebral palsy. GMFCS = Gross Motor Function

Classification System (range 1–5) H = Hemiplegic; D = Diplegic; L = Left; R = Right;

MAS = Modified Ashworth Scale for the gastrocnemii (range 1–4). S2. Full body marker set-

up. Fig A. Marker set-up. S3. Muscle activity, center of mass movement, and ankle kine-

matics. S3.1 Exemplar trajectories. Fig B. Exemplar trajectories for center of mass move-

ment, ankle kinematics, and muscle activity for perturbation level 2 in time bins (zones)

for a child with cerebral palsy (left) and typically developing child (right) with low co-acti-

vation. FigC. Exemplar trajectories for center of mass movement, ankle kinematics, and

muscle activity for perturbation level 2 in time bins (zones) for a child with cerebral palsy

(left) and typically developing child (right) with high co-activation. S3.2 Muscle activity.

Table B. Statistical outcome parameters (p-values) for EMG time bins for children with

cerebral palsy and typically developing children. LG = lateral gastrocnemius; MG = medial

gastrocnemius; SOL = soleus; TA = tibialis anterior. Significant differences (p<0.05) are indi-

cated in bold. Table C. Post-hoc comparison for the interaction effect between group and

time bin for EMG time bins for children with cerebral palsy and typically developing chil-

dren. LG = Lateral Gastrocnemius; MG = Medial Gastrocnemius; SOL = Soleus; TA = Tibialis

Anterior. Significant differences are indicated in bold (before Bonferroni-Holm correction).

Table D. Statistical outcome parameters (p-values, Fstat, and confidence intervals) for the

interaction effect between time bin and group. LG = lateral gastrocnemius; MG = medial

gastrocnemius; SOL = soleus; TA = tibialis anterior; BH = Bonferroni-Holm.Significant results

are indicated with Y (yes) in column six before Bonferroni-Holm correction and in column

nine after Bonferroni-Holm correction. New alpha-levels defined by the Bonferroni-Holm

correction are indicated in column eight. S3.3 Center of mass movement. Table E. Statistical

outcome parameters (p-values) for CoM time bins for children with cerebral palsy and typ-

ically developing children. Significant differences are indicated in bold. Table F. Statistical

outcome parameters (p-values) for ankle angle kinematics for children with cerebral palsy

and typically developing children. Significant differences are indicated in bold. Table G.

Post-hoc comparison for the interaction effect between group and time bin for angular

velocity and acceleration for children with cerebral palsy and typically developing chil-

dren. LG = Lateral Gastrocnemius; MG = Medial Gastrocnemius; SOL = Soleus; TA = Tibialis

Anterior. Significant differences are indicated in bold (before Bonferroni-Holm correction).

Table H. Statistical outcome parameters (p-values, Fstat, and confidence intervals) for the

interaction effect between time bin 3 and group. Pos = Ankle angle position; Vel = Ankle

angle velocity; Acc = Ankle angle acceleration; BH = Bonferroni-Holm. Significant results are

indicated with Y (yes) in column six before Bonferroni-Holm correction and in column nine

after Bonferroni-Holm correction. New alpha-levels defined by the Bonferroni-Holm correc-

tion are indicated in column eight. S4. Co-contraction index. Table I. Statistical outcome

parameters (p-values) for co-contraction index between children with cerebral palsy and
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typically developing children for the time frames similar as the time bins (onset-350ms

after onset). LG = lateral gastrocnemius; MG = medial gastrocnemius; SOL = soleus;

TA = tibialis anterior. Significant differences are indicated in bold. Table J. Statistical out-

come parameters (p-values, Fstat, and confidence intervals) for the fixed effect of group.

LG = lateral gastrocnemius; MG = medial gastrocnemius; SOL = soleus; TA = tibialis anterior.

BH = Bonferroni-Holm. Significant results are indicated with Y (yes) in column six before

Bonferroni-Holm correction and in column nine after Bonferroni-Holm correction. New

alpha-levels defined by the Bonferroni-Holm correction are indicated in column eight.

Table K. Statistical outcome parameters (p-values) for co-contraction index between chil-

dren with cerebral palsy and typically developing children for the time frames similar as

the sensorimotor response model. LG = lateral gastrocnemius; MG = medial gastrocnemius;

SOL = soleus; TA = tibialis anterior. Significant differences are indicated in bold. Table L. Sta-

tistical outcome parameters (p-values, Fstat, and confidence intervals) for the fixed effect

of group. LG = lateral gastrocnemius; MG = medial gastrocnemius; SOL = soleus;

TA = tibialis anterior. BH = Bonferroni-Holm. Significant results are indicated with Y (yes) in

column six before Bonferroni-Holm correction and in column nine after Bonferroni-Holm

correction. New alpha-levels defined by the Bonferroni-Holm correction are indicated in col-

umn eight. Fig D. Co-contraction index for 0.5s before perturbation onset until 1.5s after

perturbation onset. Children with cerebral palsy (CP) in orange, typically developing (TD)

children in blue. Grey bars indicate group averages, boxplots in black indicate median and

interquartile range and dots represent individual scores. Groups are significantly different

across all levels for all muscle pairs. LG = lateral gastrocnemius; MG = medial gastrocnemius;

SOL = soleus; TA = tibialis anterior. S5. Sensorimotor response model. S5.1 Exemplar

responses. Fig E. Exemplar trajectories for the sensorimotor response model for children

with low co-activation (a) and children with high co-activation (b) S5.2 Goodness of fit val-

ues. Table M. Goodness of fit and error scores (mean and standard deviations) for the

extended sensorimotor response model for children with cerebral palsy and typically

developing children. R2: R-squared, indicating fit with overall pattern; VAF = variance

accounted for, indicating fit with amplitude of response activity; RMSE = root mean square

error, indicating absolute error between measured and reconstructed signal. LG = lateral gas-

trocnemius; MG = medial gastrocnemius; SOL = soleus; TA = tibialis anterior. CP = cerebral

palsy; TD = typically developing. S5.3 Improvement in fit when adding antagonistic muscle

pathways. Table N. Improvement in fit (mean and standard deviations) when adding

antagonistic feedback pathways (extended model vs. simple model) for children with cere-

bral palsy and typically developing children. LG = lateral gastrocnemius; MG = medial gas-

trocnemius; SOL = soleus; TA = tibialis anterior. CP = cerebral palsy; TD = typically

developing. Significant differences (p<0.05) are indicated in bold. S5.4 Feedback gains.

Table O. Statistical outcome parameters (p-values) for feedback gains for the extended

model for children with cerebral palsy and typically developing children. LG = lateral gas-

trocnemius; MG = medial gastrocnemius; SOL = soleus; TA = tibialis anterior.

ka = acceleration gain; kv = velocity gain; kd = displacement gain; ka’ = prime acceleration

gain; kv’ = prime velocity gain; kd’ = prime displacement gain; ks = stiction gain. Significant

differences are indicated in bold. Table P. Statistical outcome parameters (p-values, F-stat,

and confidence intervals) for the fixed effect of group. LG = lateral gastrocnemius;

MG = medial gastrocnemius; SOL = soleus; TA = tibialis anterior. BH = Bonferroni-Holm.

Significant results are indicated with Y (yes) in column six before Bonferroni-Holm correction

and in column nine after Bonferroni-Holm correction. New alpha-levels defined by the Bon-

ferroni-Holm correction are indicated in column eight. Fig F. Center of mass feedback gains

for all levels for children with cerebral palsy and typically developing children. a) Medial
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gastrocnemius. b) Soleus. Upper row: balance correcting pathway gains, bottom row: antago-

nistic pathway gains. L1-L4: level 1 to level 4. Boxplots in black indicate mean and interquartile

ranges, and dots represent individual scores. Children with cerebral palsy (CP) in orange, typi-

cally developing (TD) children in blue. Significant differences between groups are indicated

with a star after Bonferroni-Holm correction. A star between brackets indicates significant

effects that did not survive the Bonferroni-Holm correction. S6. Correlation with MAS. Fig

G. Associations between feedback gains for the lateral gastrocnemius, medial gastrocne-

mius and soleus and the Modified Ashworth Score of the gastrocnemii. Dots are individual

scores. Gains for lateral gastrocnemius in light orange, medial gastrocnemius in orange, soleus

in dark orange. Fig H. Associations between feedback gains for the tibialis anterior and the

Modified Ashworth Score of the gastrocnemii. Dots are individual scores.

(DOCX)

Acknowledgments

We would like to thank all our participants for participating in this study.

Author Contributions

Conceptualization: Lena H. Ting, Friedl De Groote.

Data curation: Jente Willaert.

Formal analysis: Jente Willaert, Friedl De Groote.

Funding acquisition: Jente Willaert, Kaat Desloovere, Lena H. Ting, Friedl De Groote.

Investigation: Jente Willaert, Friedl De Groote.

Methodology: Jente Willaert, Lena H. Ting, Friedl De Groote.

Project administration: Jente Willaert.

Resources: Kaat Desloovere, Anja Van Campenhout, Friedl De Groote.

Software: Jente Willaert.

Supervision: Kaat Desloovere, Anja Van Campenhout, Lena H. Ting, Friedl De Groote.

Validation: Jente Willaert, Friedl De Groote.

Visualization: Jente Willaert, Friedl De Groote.

Writing – original draft: Jente Willaert.

Writing – review & editing: Jente Willaert, Kaat Desloovere, Anja Van Campenhout, Lena H.

Ting, Friedl De Groote.

References
1. Nashner LM, Shumway-Cook A, Marin O. Stance Posture Control in Select Groups of Children with

Cerebral Palsy: Deficits in Sensory Organization and Muscular Coordination. Exp Brain Res. 1983; 49:

393–409. https://doi.org/10.1007/BF00238781 PMID: 6641837

2. Woollacott M, Shumway-Cook A, Hutchinson S, Ciol M, Price R, Kartin D. Effect of balance training on

muscle activity used in recovery of stability in children with cerebral palsy: a pilot study. Dev Med Child

Neurol. 2005; 47: 455–461. https://doi.org/10.1017/s0012162205000885 PMID: 15991865

3. Burtner PA, Woollacott MH, Craft GL, Roncesvalles MN. The capacity to adapt to changing balance

threats: a comparison of children with cerebral palsy and typically developing children. Dev Neuroreh-

abilitation. 2007; 10: 249–260. https://doi.org/10.1080/17518420701303066 PMID: 17564865

PLOS COMPUTATIONAL BIOLOGY Reduced reciprocal inhibition impairs balance control in cerebral palsy

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012209 June 13, 2024 22 / 24

https://doi.org/10.1007/BF00238781
http://www.ncbi.nlm.nih.gov/pubmed/6641837
https://doi.org/10.1017/s0012162205000885
http://www.ncbi.nlm.nih.gov/pubmed/15991865
https://doi.org/10.1080/17518420701303066
http://www.ncbi.nlm.nih.gov/pubmed/17564865
https://doi.org/10.1371/journal.pcbi.1012209


4. Willaert J, Martino G, Desloovere K, Van Campenhout A, Ting LH, De Groote F. Increased muscle

responses to balance perturbations in children with cerebral palsy can be explained by increased sensi-

tivity to center of mass movement. Gait Posture. 2023. https://doi.org/10.1016/j.gaitpost.2023.03.014

PMID: 36990910

5. Myklebust BM, Gottlieb GL, Penn RD, Agarwal GC. Reciprocal excitation of antagonistic muscles as a

differentiating feature in spasticity. Ann Neurol. 1982; 12: 367–374. https://doi.org/10.1002/ana.

410120409 PMID: 7149662

6. Leonard CT, Sandholdt DY, McMillan JA, Queen S. Short- and Long-Latency Contributions to Recipro-

cal Inhibition During Various Levels of Muscle Contraction of Individuals With Cerebral Palsy. J Child

Neurol. 2006; 21: 240–247. https://doi.org/10.2310/7010.2006.00068 PMID: 16901427

7. Graham HK, Rosenbaum P, Paneth N, Dan B, Lin J-P, Damiano DL, et al. Cerebral palsy. Nat Rev Dis

Primer. 2016; 2: 1–25. https://doi.org/10.1038/nrdp.2015.82 PMID: 27188686

8. Milner-Brown HS, Penn RD. Pathophysiological mechanisms in cerebral palsy. J Neurol Neurosurg

Psychiatry. 1979; 42: 606–618. https://doi.org/10.1136/jnnp.42.7.606 PMID: 479900

9. Filloux FM. Neuropathophysiology of Movement Disorders in Cerebral Palsy. J Child Neurol. 1996; 11:

S5–S12. https://doi.org/10.1177/0883073896011001S02 PMID: 8959456

10. Leonard CT, Moritani T, Hirschfeld H, Forssberg H. Deficits in reciprocal inhibition of children with cere-

bral palsy as revealed by H reflex testing. Dev Med Child Neurol. 1990; 32: 974–984. https://doi.org/10.

1111/j.1469-8749.1990.tb08120.x PMID: 2269407

11. Croke C. Reciprocal inhibition in man. Danish Medical bulletin. 1993.

12. Kagamihara Y, Tanaka R. Reciprocal inhbition upon initiation of voluntary movement. Neurosci Lett.

1985; 55: 23–27.

13. Welch TDJ, Ting LH. A Feedback Model Explains the Differential Scaling of Human Postural

Responses to Perturbation Acceleration and Velocity. J Neurophysiol. 2009; 101: 3294–3309. https://

doi.org/10.1152/jn.90775.2008 PMID: 19357335

14. Safavynia SA, Ting LH. Long-latency muscle activity reflects continuous, delayed sensorimotor feed-

back of task-level and not joint-level error. J Neurophysiol. 2013; 110: 1278–1290. https://doi.org/10.

1152/jn.00609.2012 PMID: 23803325

15. Payne AM, Palmer JA, McKay JL, Ting LH. Lower Cognitive Set Shifting Ability Is Associated With Stif-

fer Balance Recovery Behavior and Larger Perturbation-Evoked Cortical Responses in Older Adults.

Front Aging Neurosci. 2021; 13: 742243. https://doi.org/10.3389/fnagi.2021.742243 PMID: 34938171

16. McKay JL, Lang KC, Bong SM, Hackney ME, Factor SA, Ting LH. Abnormal center of mass feedback

responses during balance: A potential biomarker of falls in Parkinson’s disease. Sakakibara M, editor.

PLOS ONE. 2021; 16: e0252119. https://doi.org/10.1371/journal.pone.0252119 PMID: 34043678

17. Ting LH, Macpherson JM. Ratio of Shear to Load Ground-Reaction Force May Underlie the Directional

Tuning of the Automatic Postural Response to Rotation and Translation. J Neurophysiol. 2004; 92:

808–823. https://doi.org/10.1152/jn.00773.2003 PMID: 15084643

18. Diener HC, Bootz F, Dichgans J, Bruzek W. Variability of postural reflexes in humans. Exp Brain Res.

1983;52. https://doi.org/10.1007/BF00238035 PMID: 6653703

19. Nardone A, Giordano A, Corrà T, Schieppati M. Responses of leg muscles in humans displaced while

standing: effects of types of perturbation and of postural set. Brain. 1990; 113: 65–84. https://doi.org/10.

1093/brain/113.1.65 PMID: 2302538

20. Carpenter MG, Allum JHJ, Honegger F. Directional sensitivity of stretch reflexes and balance correc-

tions for normal subjects in the roll and pitch planes. Exp Brain Res. 1999; 129: 93–113. https://doi.org/

10.1007/s002210050940 PMID: 10550507

21. Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of recommendations for SEMG sen-

sors and sensor placement procedures. J Electromyogr Kinesiol Off J Int Soc Electrophysiol Kinesiol.

2000; 10: 361–374. https://doi.org/10.1016/s1050-6411(00)00027-4 PMID: 11018445

22. Delp SL, Anderson FC, Arnold AS, Loan P, Habib A, John CT, et al. OpenSim: open-source software to

create and analyze dynamic simulations of movement. IEEE Trans Biomed Eng. 2007; 54: 1940–1950.

https://doi.org/10.1109/TBME.2007.901024 PMID: 18018689

23. Seth A, Hicks JL, Uchida TK, Habib A, Dembia CL, Dunne JJ, et al. OpenSim: Simulating musculoskele-

tal dynamics and neuromuscular control to study human and animal movement. PLoS Comput Biol.

2018; 14: e1006223. https://doi.org/10.1371/journal.pcbi.1006223 PMID: 30048444

24. Hamner SR, Seth A, Delp SL. Muscle contributions to propulsion and support during running. J Bio-

mech. 2010; 43: 2709–2716. https://doi.org/10.1016/j.jbiomech.2010.06.025 PMID: 20691972

25. Press WH, Teukolsky SA. Savitzky-Golay Smoothing Filters. Comput Phys. 1990; 4: 669. https://doi.

org/10.1063/1.4822961

PLOS COMPUTATIONAL BIOLOGY Reduced reciprocal inhibition impairs balance control in cerebral palsy

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012209 June 13, 2024 23 / 24

https://doi.org/10.1016/j.gaitpost.2023.03.014
http://www.ncbi.nlm.nih.gov/pubmed/36990910
https://doi.org/10.1002/ana.410120409
https://doi.org/10.1002/ana.410120409
http://www.ncbi.nlm.nih.gov/pubmed/7149662
https://doi.org/10.2310/7010.2006.00068
http://www.ncbi.nlm.nih.gov/pubmed/16901427
https://doi.org/10.1038/nrdp.2015.82
http://www.ncbi.nlm.nih.gov/pubmed/27188686
https://doi.org/10.1136/jnnp.42.7.606
http://www.ncbi.nlm.nih.gov/pubmed/479900
https://doi.org/10.1177/0883073896011001S02
http://www.ncbi.nlm.nih.gov/pubmed/8959456
https://doi.org/10.1111/j.1469-8749.1990.tb08120.x
https://doi.org/10.1111/j.1469-8749.1990.tb08120.x
http://www.ncbi.nlm.nih.gov/pubmed/2269407
https://doi.org/10.1152/jn.90775.2008
https://doi.org/10.1152/jn.90775.2008
http://www.ncbi.nlm.nih.gov/pubmed/19357335
https://doi.org/10.1152/jn.00609.2012
https://doi.org/10.1152/jn.00609.2012
http://www.ncbi.nlm.nih.gov/pubmed/23803325
https://doi.org/10.3389/fnagi.2021.742243
http://www.ncbi.nlm.nih.gov/pubmed/34938171
https://doi.org/10.1371/journal.pone.0252119
http://www.ncbi.nlm.nih.gov/pubmed/34043678
https://doi.org/10.1152/jn.00773.2003
http://www.ncbi.nlm.nih.gov/pubmed/15084643
https://doi.org/10.1007/BF00238035
http://www.ncbi.nlm.nih.gov/pubmed/6653703
https://doi.org/10.1093/brain/113.1.65
https://doi.org/10.1093/brain/113.1.65
http://www.ncbi.nlm.nih.gov/pubmed/2302538
https://doi.org/10.1007/s002210050940
https://doi.org/10.1007/s002210050940
http://www.ncbi.nlm.nih.gov/pubmed/10550507
https://doi.org/10.1016/s1050-6411%2800%2900027-4
http://www.ncbi.nlm.nih.gov/pubmed/11018445
https://doi.org/10.1109/TBME.2007.901024
http://www.ncbi.nlm.nih.gov/pubmed/18018689
https://doi.org/10.1371/journal.pcbi.1006223
http://www.ncbi.nlm.nih.gov/pubmed/30048444
https://doi.org/10.1016/j.jbiomech.2010.06.025
http://www.ncbi.nlm.nih.gov/pubmed/20691972
https://doi.org/10.1063/1.4822961
https://doi.org/10.1063/1.4822961
https://doi.org/10.1371/journal.pcbi.1012209


26. De Luca CJ, Gilmore LD, Kuznetsov M, Roy SH. Filtering the surface EMG signal: Movement artifact

and baseline noise contamination. J Biomech. 2010; 43: 1573–1579. https://doi.org/10.1016/j.

jbiomech.2010.01.027 PMID: 20206934

27. Gollhofer A, Horstmann G.A., Berger W., Dietz V. Compensation of translational and rotational pertur-

bations in human posture: stabilizion of the centre of gravity. NeuroScience Letters. 1989; 73–78.

28. Frost G, Dowling J, Dyson K, Bar-Or O. Cocontraction in three age groups of children during treadmill

locomotion. J Electromyogr Kinesiol. 1997; 7: 179–186. https://doi.org/10.1016/s1050-6411(97)84626-

3 PMID: 20719703

29. Blum KP, Lamotte D’Incamps B, Zytnicki D, Ting LH. Force encoding in muscle spindles during stretch

of passive muscle. Ayers J, editor. PLOS Comput Biol. 2017; 13: e1005767. https://doi.org/10.1371/

journal.pcbi.1005767 PMID: 28945740

30. Campbell KS, Moss RL. History-dependent mechanical properties of permeabilized rat soleus muscle

fibers. Biophys J. 2002; 82: 929–943. https://doi.org/10.1016/S0006-3495(02)75454-4 PMID:

11806934

31. De Groote F, Blum KP, Horslen BC, Ting LH. Interaction between muscle tone, short-range stiffness

and increased sensory feedback gains explains key kinematic features of the pendulum test in spastic

cerebral palsy: A simulation study. PLoS ONE. 2018;13. https://doi.org/10.1371/journal.pone.0205763

PMID: 30335860

32. Ting LH. Dimensional reduction in sensorimotor systems: a framework for understanding muscle coor-

dination of posture. Progress in Brain Research. Elsevier; 2007. pp. 299–321. https://doi.org/10.1016/

S0079-6123(06)65019-X PMID: 17925254
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