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A B S T R A C T   

Background: Children with cerebral palsy (CP) present altered gait patterns and electromyography (EMG) activity 
compared to typically developing children. To temporarily reduce muscular activity and to correct the abnormal 
muscle force balance, Botulinum Toxin type A (BTX-A) injections are used. 
Research question: What is the effect of BTX-A injections on dynamic muscle forces during gait, when calculated 
using an EMG-constrained approach?. 
Methods: Retrospective data of ten typically developing (TD) and fourteen children with spastic diplegic CP were 
used for musculoskeletal modeling and dynamic simulations of gait, before and after BTX-A treatment. Individual 
muscle forces were calculated using an EMG-constrained optimization, in which EMG of eight muscles was used 
as muscle excitation signal to constrain the muscle activation patterns. Paired t-tests were used to compare 
average modelled muscle forces in different phases of the gait cycle pre- and post-BTX-A, summarized in the 
muscle profile score. Two-sample t-tests were used to determine significant differences between TD and pre- and 
post-BTX-A modelled muscle forces. 
Results: For most muscles, the force was decreased in CP compared to TD children in all phases of the gait cycle, 
both before and after BTX-A treatment. Differences in muscle forces before and after BTX-A treatment were 
limited, with only few significant differences between pre- and post-BTX-A. Compared to a standard static 
optimization approach, imposing the EMG activity increased modelled muscle forces for most muscles. 
Significance: Our findings indicate that BTX-A treatment has a limited effect on the muscle balance in CP children. 
Besides that, the use of EMG-constrained optimization is recommended when studying muscle balance in chil
dren with CP.   

1. Introduction 

Children with cerebral palsy (CP) have altered electromyography 
(EMG) activity and gait patterns compared to typically developing 
children (TD) [1]. Reduced voluntary activation [2], as well as inap
propriate timing and increased co-activation of antagonist muscles were 
reported based on EMG measurements [1]. Although EMG is directly 
linked to muscle action and reflects the excitation state of the muscle, it 
is not proportional to muscle force during dynamic contractions (e.g. 
during gait), because the muscle length and muscle contraction velocity 

affect its relation to muscle force [3]. 
Botulinum Toxin type A (BTX-A) injections are used to correct the 

abnormal muscle balance in children with CP [4]. BTX-A temporarily 
reduces muscular activation following injections [4,5]. When used in 
treating abnormal muscle tone and spasticity, it provides a period of 
tone reduction of about 12–16 weeks [5]. During this period, improve
ment in functional ability can be achieved when combined with inten
sive physiotherapy, casting and orthotic management [5,6]. Treatment 
with BTX-A injections were found to improve spatiotemporal parame
ters, ankle dorsiflexion and knee extension angles, as well as hip range of 
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motion [7–10]. In addition, increased muscle length and normalized 
ankle kinetics after BTX-A treatment were found [10,11]. Interestingly, 
BTX-A injections did not improve surface EMG patterns during gait in 
children with CP although their functional ability improved [12]. 
However, only a few muscles can be measured with surface EMG. Be
sides that, the effect of BTX-A injections on the dynamic muscle force 
distribution during gait has not been studied. 

A better understanding of dynamic muscle forces can be gained 
through musculoskeletal modeling. Modeling already provided valuable 
insights in the mechanisms behind crouch gait and muscle weakness in 
CP [13,14]. As the musculoskeletal system is redundant, optimization 
techniques are used to determine the muscle force distribution. Typi
cally, minimization of muscle activations is the most common optimi
zation criterion [15–17]. However, this optimization criterion is not 
appropriate for use in CP children, as it calculates minimal 
co-contraction, whereas measured EMG signals show an increased 
co-contraction in these children [1]. Therefore, EMG signals should be 
taken into account when calculating muscle forces. Previous research 
indeed showed that an EMG-constrained optimization method tracks 
experimental joint moments and EMG-excitations well in healthy sub
jects and in children with CP. 

The aim of this study was to investigate the effect of BTX-A injections 
on dynamically modelled muscle force distribution during gait. Muscle 
forces were calculated using an EMG-constrained approach to account 
for the pathological neuromuscular control strategy of each child with 
CP. Based on previous research, which showed functional improvements 

after BTX-A injections [5,6], we hypothesized that BTX-A injections 
would decrease forces of spastic muscles during walking and therefore 
lead to a closer to typically developing muscle force distribution pattern. 

2. Methods 

2.1. Participants 

Fourteen children with spastic diplegic CP who underwent BTX-A 
treatment between 2009 and 2015, were selected from the database of 
Clinical Motion Analysis Laboratory of the University Hospitals Leuven. 
A homogeneous group of children that received a similar approach of 
multilevel treatment with BTX-A injections, predominantly in the 
gastrocnemius, hamstrings and psoas muscles, was selected (supple
mentary material table S1). Children were included if they were able to 
walk independently for at least 10 m and had a GMFCS (Gross Motor 
Function Classification System) score of I or II. Children who underwent 
previous orthopedic surgery or more than four previous BTX-A treat
ments were excluded. Additionally, the data of ten typically developing 
(TD) children were included from the database. Participant character
istics are shown in Table 1. The dosage of BTX-A injection (Botox®) is 
reported in supplementary material (Table S1). Medical Research 
Council (MRC) strength and Ashworth spasticity scores were measured 
in the CP patients before and after BTX-A. Due to lack of patient 
compliance, the MRC score could not be measured in some patients for 
the hip extensors (2 patients), hip abductors (1 patient), hip adductors (1 
patient), ankle dorsiflexors (1 patient) and ankle plantarflexors (3 pa
tients). The Ashworth score of the tibialis posterior could not be 
measured for one patient. All participants and/or their legal guardians 
signed informed consent. Approval to access the retrospective database 
was obtained from the local Ethical Committee (S57746). 

2.2. Motion capture 

Three-dimensional motion capture data of all children with CP were 
collected before and after BTX-A treatment. The TD children underwent 
a single 3D gait analysis. During the gait analysis, participants walked 
barefooted on a 10 m walkway at a comfortable, self-selected speed 
without the use of walking aids. Reflective markers were placed on bony 
landmarks following the lower body Vicon plug-in-gait model [18] and 
marker trajectories were measured using a Vicon motion capture system 
(Oxford Metrics, Oxford, UK; 100 or 120 Hz, dependent on the lab 
configuration history). Ground reaction forces were measured using two 
AMTI force plates (Advanced Mechanical Technology Inc., Watertown, 
MA, USA; 1000, 1500 or 1560 Hz, dependent on the lab configuration 
history). Surface EMG was measured (Zerowire system, Cometa, Milan, 
IT; 1000, 1500 or 1560 Hz, dependent on the lab configuration history) 
for the gluteus medius (middle part), vastus lateralis, rectus femoris, 
biceps femoris (long head), semitendinosus, tibialis anterior, soleus, and 
gastrocnemius muscles. Due to measurement issues (such as artefacts or 
technical problems), in some participants EMG signals of the gluteus 
medius (in 3 pre- and 2 post-BTX-A participants), semitendinosus (in 2 
pre- and 1 post-BTX-A participants), vastus lateralis (in 1 TD and 1 
pre-BTX-A participants) and rectus femoris (in 1 TD and 1 post-BTX-A 
participants) were missing. EMG was band-pass filtered between 
20− 400 Hz, rectified, low-pass filtered at 10 Hz and normalized to the 
maximum value within the gait trial. For each participant, at least three 
representative left and right strides were selected. 

2.3. Musculoskeletal modeling 

OpenSim 3.3 [16] was used to calculate the muscle forces during 
gait. A modified version of the generic gait2392 OpenSim model was 
used as a reference model. This model included three rotational degrees 
of freedom (DOF) at the hip and knee joint, one rotational DOF at the 
ankle joint, 92 muscle-tendon actuators and a coordinate limit force to 

Table 1 
Subject characteristics with mean (standard deviation) and MRC and Ashworth 
scales with median [range].   

CP-pre CP-post TD 

Age 7.27 
(1.16) 

7.54 (1.12) 8.00 
(1.60) 

Weight 22.59 
(4.46) 

23.19 
(4.85) 

28.70 
(6.19) 

Lenght 1.21 
(0.08) 

1.24 (0.09) 1.32 
(0.11) 

BMI 15.32 
(1.63) 

15.05 
(1.62) 

16.23 
(1.58) 

Gender 9M/5F 9M/5F 6M/4F 
Walking speed 0.95 

(0.25)* 
0.90 (0.20) 
* 

1.19 
(0.15) 

Normalized Walking speed 0.41 
(0.11) 

0.40 (0.11) 
* 

0.49 
(0.075) 

GMFCS level I:4 II:10 – – 
Time GA after treatment – 58.43 

(12.21) 
– 

MRC 

Hip flexors 4 [3,5]** 4 [3,4]** – 
Hip extensors 4 [3,5] 4 [2,5] – 
Hip abductors 3 [3,4] 3 [2,4] – 
Hip adductors 4 [3,5] 4 [3,5] – 
Knee flexors 3 [3,5] 3 [3,4] – 
Knee extensors 4 [3,5] 4 [3,5] – 
Ankle dorsiflexors, knee 
90◦ 3 [2,4] 3 [1,4] – 

Ankle dorsiflexors, knee 
0◦ 3 [2,4] 3 [1,4] – 

Ankle plantarflexors 3 [1,5] 3 [1,4] – 

Ashworth 

Hip flexors 1 [0,2]** 0 [0,2]** – 
Hip adductors (knee 
0◦ flexion) 

1.5 [0,2] 
** 1 [0,2]** – 

Hip adductors (knee 90◦

flexion) 
1 [0,1.5] 
** 0 [0,1.5]** – 

Hamstrings 1.5 [0,3] 1.5 [0,3] – 
Duncan elly 0 [0,1.5] 1 [0,2] – 
Soleus 1.5 [0,3] 1.5 [1,2] – 
Gastrocnemius 2 [1.5 3]** 2 [1.5,3]** – 
Tibialis posterior 0 [0,2] 0 [0,2] – 
Clonus 1 [0,2] 0 [0,3] –  

* Indicates a significant difference from the TD children. 
** Indicates a significant difference between CP patients pre- and post-BTX-A 

treatment. 
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simulate passive forces in knee hyperextension. The model was scaled to 
the anthropometry of each participant using the 3D marker positions 
from the static trial and the participant’s body mass [19]. Additionally, 
maximal isometric muscle forces in the model were scaled to body mass 
to the power of 2/3 [15]. Joint angles were calculated using a Kalman 
smoother procedure [20] and joint moments were calculated with the 
standard inverse dynamics tool in OpenSim [16]. Individual modelled 
muscle forces during gait were calculated with only one DOF (flex
ion/extension) in the knee using an EMG-constrained approach. 

2.3.1. EMG-constrained approach 
To account for the individual motor control of each child, an EMG- 

constrained approach was used to calculate muscle forces during 
walking. In the EMG-constrained approach (implemented in Matlab 
2015b), the processed EMG signal was used to constrain the calculated 
muscle activation patterns, taking into account an electromechanical 
delay of 0.05 s upon the EMG signals [21]. As the EMG signals could not 
be scaled to the maximal activation, an individual scale factor of each 
EMG signal was minimized within the cost function: 

mina,sEMG =
∑43

m,sEMG

(am(ti) + sEMG)
2
+
∑5

dof
MID + Mm,

subject to am∗sEMG − 0.1∗ am− SO ≤ am ≤ am∗sEMG + 0.1∗ am− SO,

where am is the muscle activations, ti is the time frame, sEMG the scale 
factors for the EMG signals, MID the inverse dynamics joint moments and 
Mm the muscle joint moments. The constrained muscle activations were 
allowed to deviate from the scaled EMG signal by maximally 10 % of the 
maximal activation calculated using a standard static optimization (SO) 
approach (am-SO). Muscles for which no EMG signals were available were 
free to vary at each time step. The EMG signals were scaled within the 
EMG-constrained optimization, as the magnitude of the EMG activities 
relative to the maximum activations were not known. Due to muscle 
weakness and impaired muscle coordination, the measurement of 
maximum voluntary contractions in children with CP is unreliable [2] 
and therefore a normalisation of EMG to a maximum activation was not 
possible. The gastrocnemius EMG signal was imposed to both the lateral 
and medial head of the muscle, due to a lack in consistency of the 
retrospective EMG data. While in the children with CP the lateral 
gastrocnemius was measured, in most of the TD children the medial 
gastrocnemius was measured. However, medial and lateral gastrocne
mius can be expected to present similar EMG activity [22]. To investi
gate if the results observed using an EMG-constrained approach would 
change compared to when using a standard SO approach that does not 
account for the measured EMG signals, we compared both approaches. 
This analysis can be found in supplementary material. 

2.4. Data analysis 

Similar to the gait profile score [23] and gait kinetic index [24], 
root-mean-square-differences between the CP and TD participants for 
the joint angles and moments in all degrees of freedom in the model 
were compared pre- and post-BTX-A treatment. Modelled muscle forces 
were compared between the pre- and post-BTX-A gait assessment and 
between CP and TD participants, for which the gait cycle was divided in 
four phases (initial double support (IDS), single stance (SS), terminal 
double support (TDS) and swing (SW)) based on the events of initial 
contacts and toe offs. For each phase, the average modelled muscle 
forces were calculated and normalized to body mass. For each partici
pant, all variables were averaged over the available trials for the left and 
right leg separately and analyzed as independent samples. In addition, 
the Individual-Muscle-Score and Muscle-Profile-Score (MPS) were 
calculated and illustrated in the Muscle-Force-Profile (MFP) [28]. The 
MPS was calculated as the mean of the root-mean-square differences 
between the CP and average TD modelled muscle force waveforms over 

all analyzed individual muscles. The Individual-Muscle-Score was 
determined as the root-mean-square difference between the CP child’s 
modelled muscle force waveform and the average waveform of the TD 
children. 

To determine statistical differences in age, weight, height, body mass 
index (BMI), gait speed and normalized gait speed between the TD and 
CP children, two-sample independent t-tests were used. Gait speed was 
normalized to leg length following [25]: 

vnorm = v/g∗ll2/3  

Where vnorm is the normalized walking speed, v is walking speed, g is 
gravitational constant (9.81 m/s2) and ll is the leg length calculated as 
the 3D distance from the hip joint center to the ankle joint center. MRC 
strength and Ashworth spasticity scores were compared before and after 
BTX-A treatment using a Wilcoxon signed rank test. 

To evaluate the effect of BTX-A treatment, a paired t-test was used to 
compare modelled muscle forces before and after BTX-A treatment. A 
two-sample t-test was used to determine significant differences between 
TD and pre-BTX-A and TD and post-BTX-A modelled muscle forces. In 
addition, the MPS for the injected and non-injected muscles were 
compared using a paired t-test. Significance level was set at α = 0.05 (2- 
tailed). 

3. Results 

The weight and height of the TD children was significantly higher 
compared to the CP children both pre- and post-BTX-A treatment, while 
BMI was not significantly different. Gait speed was significantly faster in 
TD compared CP children before and after treatment. Normalized gait 
speed was only significantly slower in CP children post-BTX-A treatment 

Fig. 1. Kinematic and kinetic waveforms with the root-mean-square (RMS) 
difference for each degree of freedom. Asterisks (*) indicate significant differ
ences in RMS differences before and after BTX-A treatment. 
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compared to TD. 

3.1. Clinical assessments 

The CP children showed only a significant difference between pre- 
and post-measurements of CP-children for hip flexor MRC strength 
scores, which were significantly weaker after compared to before BTX-A 
treatment (Table 1). Ashworth spasticity scores showed a significant 
decrease in spasticity for the hip flexors, hip adductors and gastrocne
mius muscles (Table 1). 

3.2. Joint kinematics and kinetics 

Joint kinematics were similar between patients pre- and post-BTX-A 
treatment (Fig. 1). Deviation in joint kinematics was only significantly 
decreased post-treatment for the ankle flexion angle. Larger differences 
were found in joint kinetics, with a significantly decreased deviation for 
hip, knee and ankle flexion (Fig. 1). 

3.3. Modelled muscle forces 

Table 2 only shows muscle forces for which the EMG-constrained 
force exceeded 1.5 N/kg. Results for all muscles in all phases of the 
gait cycle are presented in supplementary material (Table S2 till S5). 

Muscle forces in CP children were significantly different compared to 
TD children, both before and after BTX-A treatment (Fig. 2). Towards 
the end of the stance phase, specifically iliacus, psoas and triceps surae 
muscle forces were lower for CP compared to TD children (Table 2). 
However, in other phases of the gait cycle, higher muscle forces in CP 
children were found, e.g. the triceps surae muscle forces in IDS. Differ
ences before and after BTX-A treatment were limited, with only few 
significant differences between the pre- and post-BTX-A assessment 
(Table 2). When considering the whole muscle waveforms instead of 
single time points in the MPS (Fig. 3), most muscle forces were higher in 
CP than in TD children. The MPS additionally showed a small, but sig
nificant decrease for both the injected (from 0.59 N/kg pre-BTX-A to 
0.53 N/kg post-BTX-A) and non-injected muscles (from 0.88 N/kg pre- 
BTX-A to 0.79 N/kg post-BTX-A). 

Table 2 
Average muscle force for TD children and CP children before and after BTX-A treatment calculated using EMG-constrained (N/kg) generated for all muscles in the 
model where the force was more than 1.5 N/kg. Results of the statistical analysis comparing the CP patients pre and post-BTX-A treatment (paired t-test), pre- and post- 
BTX-A with TD (two-sample t-test) are presented. Muscles printed in italic were injected with BTX-A, muscles with an asterisk were measured using EMG. Underlined p- 
values show a difference in significant results depending on the use of static optimization (see supplementary material) or EMG-constrained. Significant p-values are 
printed in bold.    

Muscle force EMGcon (N/kg) p-value using EMGcon    

TD BTX-Apre BTX-Apost TD vs BTX-Apre TD vs BTX-Apost BTX-Apre vs BTX-Apost 

IDS Glut med ant 1.98 1.10 1.00 0.02 0.00 0.52  
Glut med mid* 1.69 0.95 1.01 0.01 0.02 0.68  
Glut med post 1.94 1.72 1.76 0.62 0.69 0.83  
Semimembranosis 5.52 3.96 3.46 0.15 0.04 0.18  
Biceps fem longus* 2.19 1.38 1.14 0.04 0.00 0.04  
Glut max mid 2.09 2.28 2.12 0.74 0.97 0.47  
Vastus med 0.88 1.69 1.65 0.09 0.07 0.66  
Vastus lat* 0.99 1.98 1.82 0.08 0.08 0.25  
Gastroc med* 1.22 2.32 1.58 0.09 0.42 0.05  
Soleus* 1.73 4.85 4.22 0.01 0.04 0.30  
Tibialis ant* 3.32 0.21 0.29 0.00 0.00 0.15  
Ext digitorum 2.34 0.54 0.67 0.00 0.00 0.17  

SS Glut med ant 6.11 3.24 2.87 0.00 0.00 0.08  
Glut med mid* 2.62 1.64 1.39 0.00 0.00 0.04  
Glut med post 3.17 1.72 1.65 0.00 0.00 0.62  
Semimembranosis 0.85 1.72 1.46 0.02 0.08 0.09  
Biceps fem short 2.03 1.19 1.50 0.01 0.13 0.14  
Iliacus 2.75 1.43 1.36 0.00 0.00 0.53  
Psoas 3.61 1.78 1.69 0.00 0.00 0.54  
Rectus fem* 1.63 0.83 0.73 0.02 0.00 0.46  
Gastroc med* 5.39 4.91 4.39 0.59 0.30 0.45  
Soleus* 12.32 8.82 9.55 0.02 0.14 0.43  
Tibialis post 1.80 2.54 2.55 0.14 0.11 0.97  

TDS Glut med ant 2.79 1.45 1.50 0.02 0.02 0.73  
Glut med post 1.52 0.43 0.53 0.00 0.00 0.19  
Iliacus 8.64 4.47 3.91 0.00 0.00 0.10  
Psoas 11.08 5.51 4.82 0.00 0.00 0.13  
Rectus fem* 2.34 1.28 1.07 0.03 0.00 0.13  
Gastroc med* 4.32 1.55 1.62 0.00 0.00 0.82  
Soleus* 12.50 3.52 4.57 0.00 0.00 0.04  
Tibialis post 7.53 4.57 5.50 0.04 0.17 0.18  
Peroneus brev 5.16 2.33 2.97 0.00 0.02 0.07  

SWING Semimeme branosis 1.92 1.61 1.45 0.34 0.12 0.24  
Iliacus 2.19 1.65 1.55 0.10 0.04 0.17  
Psoas 2.56 1.81 1.70 0.04 0.02 0.15  
Soleus* 1.87 0.94 1.03 0.00 0.01 0.62  
Tibialis ant* 2.05 0.69 0.88 0.00 0.00 0.19  
Ext digitorum 2.18 1.25 1.11 0.01 0.00 0.36 

IDS = Initial Double Support, SS = Single Stance, TDS = Terminal Double Support, EMGcon = EMG-constraint optimization. 

M. Wesseling et al.                                                                                                                                                                                                                              



Gait & Posture 82 (2020) 54–60

58

4. Discussion 

This study showed that BTX-A injections only have a minor impact 
on dynamic modelled muscle forces during gait, despite reduced de
viations in kinematics and kinetics. Nevertheless, spasticity was signif
icantly reduced (improved Ashworth scores) after treatment for several 
major muscle groups, similar to previous research [26]. 

Observed changes in sagittal joint moments are not directly reflected 
in a change in individual muscle force, but a complex interaction across 
muscles is observed, thereby emphasizing the need to investigate indi
vidual muscle forces, rather than joint moments only. CP patients pre
sented significantly different modelled muscle forces from TD children, 
both pre- and post-BTX-A treatment. For CP patients both before and 
after BTX-A treatment a reduced hip flexor moment at the end of stance, 
being related to reduced psoas forces; a reduced hip abductor moment 
during stance, being related to reduced gluteus medius forces and 
impaired initial contact due to excessive plantarflexor forces were found 
compared to TD children after BTX-A treatment. The average forces 
were significantly decreased after BTX-A compared to before treatment 
in only a few muscles, e.g. biceps femoris long head in IDS, gluteus 
medius in SS, and soleus in TDS (Table 2 and supplementary material), 
indicating no overall normalisation of the modelled muscle forces. 
Nevertheless the MPS, showed a significant decrease in the deviation of 
the modelled muscle forces from TD after BTX-A treatment for both the 
injected and non-injected muscles. 

In clinics, BTX-A is used to slow down musculoskeletal impact of 
spasticity during young age and to optimize gait function till more 
skeletal maturity is reached. As such, it is expected that the complexity 
of future single event multi-level surgical (SEMLS) interventions can be 
impacted. In contrast, however, the present results suggest only a 
limited impact of BTX-A injections on the muscle force distribution 
during gait, impacting minimally musculoskeletal loading, especially 
compared to the impact of SEMLs [27]. Ongoing work using bone 

Fig. 2. Muscle forces calculated for all muscles in the model when using EMG constrained optimization. The black squares indicate the muscles for which EMG was 
measured, the underlined muscle names were injected with BTX-A. 

Fig. 3. The average Muscle-Force-Profile pre- (red bars) and post-BTX-A (green 
bars) for all participants with CP. Positive and negative Individual-Muscle-Score 
for the injected and non-injected muscles, as well as the Muscle-Profile-Score 
(MPS) for injected and non-injected muscles are shown. The MPS was calcu
lated as the mean of the root-mean-square differences between the CP and 
average TD modelled muscle force waveforms over all analyzed individual 
muscles. The Individual-Muscle-Score was determined as the root-mean-square 
difference between the CP child’s modelled muscle force waveform and the 
average waveform of the TD children. Since the Individual-Muscle -Score rep
resents the variation over the gait cycle, values are both positive and negative. 
Black boxes re- present the average variation observed in typically developing 
(TD) children. The closer the bars are to the black boxes, the smaller are the 
deviations from the TD muscle forces. If the bars are within the black boxes, it 
indicates that the deviation of the CP children was less than the variation 
observed in the TD children (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article). 
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growth simulations will need to confirm if the effect of BTX-A on 
musculoskeletal loading suffices to significantly contribute to the pre
vention of bony deformities. 

The use of EMG constrained optimization affected the differences in 
muscle forces before and after the BTX-A treatment with most muscles 
presenting a small increase in force when imposing EMG constraints 
(supplementary material). Despite these differences in calculated muscle 
forces, the trends (increase or decrease in modelled muscle force) 
following BTX-A treatment, were unaltered by the optimization used. 
This indicates that, similar to what was reported by Kainz et al. [28], 
although the selected optimization approach will change individual 
modelled muscle force waveforms and magnitude, it will not change the 
overall conclusion on treatment effect. 

This study includes several limitations. First, generic adult models 
scaled to the child’s anthropometry were used, therefore no subject- 
specific geometry or muscle-tendon parameters were taken into ac
count. In addition, subject-specific spasticity was not modelled. 
Although subject-specific models affect calculated muscle forces [17], 
the goal of this study was to determine the effect of BTX-A treatment, 
independent of the skeletal morphology. Second, to obtain a homoge
neous group of CP subjects who received similar BTX-A treatment, a 
limited number of subjects was included in the study (14 CP and 10 TD 
children). This might affect the comparison of the treatment, specifically 
when p-values are near significance. Furthermore, calculated muscle 
forces might have been affected by differences in gait speed. However, 
differences in normalized walking speed were limited to the post-BTX-A 
condition. While decreased walking speed might explain partially 
muscle force differences, we opted to investigate the clinical impair
ments as they present, with decreased walking speed being an integral 
part of the pathological gait pattern and BTX-A impacting speed as part 
of the treatment outcome. Third, the morphological changes in CP 
children [29] and changes in the injected and neighbouring muscles as a 
result of the BTX-A treatment [30], were not taken into account in the 
models. Therefore, the modelled muscle forces might be overestimated, 
as affected muscles in CP children might not be able to produce the 
estimated level of force. In addition, diverse dynamical interactions 
between muscles were not taken into account. 

In conclusion, the effect of BTX-A injections on modelled muscle 
forces during gait was only limited, despite differences in joint moments 
and clinical spasticity scores. Besides that, the use of EMG-constrained 
optimization is recommended when studying muscle balance in chil
dren with CP. 
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