
 

 Gait training in children with cerebral palsy 

Gait training facilitates push-off and improves gait symmetry in children with cerebral palsy 

Jakob Lorentzen1,2 Rasmus Frisk1,2, Maria Willerslev-Olsen1,2, Laurent Bouyer,3 Simon Francis Farmer,4,5, and Jens Bo 

Nielsen1 

1) Department of Neuroscience, Univ. of Copenhagen, Copenhagen, Denmark.  

2) Helene Elsass Center, Charlottenlund, Denmark.  

3) Department of Rehabilitation, University Laval, Quebec, Canada 

4) Department of Clinical and Movement Neurosciences, Institute of Neurology of Neurology, University College 

London 

5) Department of Clinical Neurology, National Hospital for Neurology and Neurosurgery, United Kingdom 

 

Word Count: 4302  

Keywords: Neuroplasticity; Cerebral palsy; Gait training 

 

Proof and correspondence to: 

Maria Willerslev-Olsen 

Department of Neuroscience 

University of Copenhagen, 

Panum Institute 33.3 

Blegdamsvej 3, 2200 Copenhagen N, Denmark. 

E-mail: mwo@elsassfonden.dk 

 

 

 

  



 

Abstract 

Background: Human walking involves a rapid and powerful contraction of ankle plantar flexors during push-

off in late stance (dPF).   

Objective: Here we investigated whether impaired dPF contributes to gait problems in children with cerebral 

palsy (CP) and whether it may be improved by intensive gait training. 

Methods: Sixteen children with CP (6-15 years) and fourteen typically developing (TD) children (4-15 years) 

were recruited. Foot pressure was measured by insoles and gait kinematics were recorded by 3-dimensional 

video analysis during treadmill and overground walking.  Maximal voluntary plantar flexion (MVC) was 

measured while seated. Measurements were performed before and after a control period and after 4 weeks 

of 30 minutes daily inclined treadmill training. 

Results:  dPF and MVC were significantly lower in children with CP on the most affected (MA) as compared 

to TD children (p<0.001). dPF was lower on the MA leg as compared to the less affected (LA) leg in children 

with CP (p<0.05). Following gait training, increases in dPF (p<0.001) and MVC (p<0.01) were observed for the 

MA leg. Following gait training children with CP showed similar timing of dPF and similar stance phase 

duration on both legs indicating improved symmetry of gait. These effects were also shown during 

overground walking. 

 Conclusion: Impaired ability to voluntarily activate ankle plantar flexors and produce a rapid and powerful 

push-off during late stance are of importance for impaired gait function in children with CP. Intensive 

treadmill training may facilitate the central drive to ankle plantar flexors and reduce gait asymmetry during 

both treadmill and overground walking.  

 

Introduction 

 



 

Ankle plantar flexor muscles are of fundamental importance for human gait since they exert their action 

directly on the supporting ground and are in a position to both support the body against gravity and help to 

propel the body forward by providing a forward thrust at push-off 1.  

Several studies have demonstrated a relation between weakness of plantar flexors, reduced push-off force 

and gait speed in people with central motor lesions caused by stroke or cerebral palsy (CP) 2-6.  Impaired push-

off force will result in a) lack of stability during roll-off, b) impaired vertical and forward components of 

propulsion and c) impairment of leg flexion resulting in poor energy transfer from the swing leg to the trunk. 

Pathological gait asymmetry is likely to further impair these mechanisms. Such findings support the idea that 

the main functional challenge in patient populations with lesion of central motor pathways relates to muscle 

weakness due to lack of central drive and that a rational therapy should be directed towards strengthening 

muscle and improving the central drive to motoneurons 7-12. Training that facilitates the power of ankle 

plantar flexors has indeed been shown to improve gait function in these patient populations 7,13-16.  

  An additional problem for people with hemiplegic stroke and cerebral palsy (either childhood hemiplegia or 

asymmetric diplegia or quadriplegia) is that asymmetry of gait is suspected to result in long-term trauma to 

joints, tendons and muscles and thus may increase the risk of arthritis 17. Impaired push-off force and forward 

propulsion on the most affected side has been shown to be a major determinant of asymmetry of gait in 

individuals with hemiplegic stroke 18-20 and therapy directed towards improving push-off force may therefore 

also help to adjust asymmetries of gait and prevent possible long-term mechanical deterioration  21. The 

recent initiation of central registration of biomechanical and clinical data in children and adults with CP in 

the Scandinavian countries promises to provide important information about such long-term effects22. 

The present study is based on a re-analysis of a previous gait training study designed to facilitate dorsiflexor 

force and toe lift in the swing phase of gait in children with CP 23,24.  Children were asked to train at home for 

30 minutes daily for 4 weeks on a treadmill with progressive incline and progressive speed. Here we 

hypothesized that the training would not only improve function of dorsiflexors, but also facilitate activation 

of plantar flexors in stance to produce increase of the maximum rate of change of push off force. We further 



 

hypothesized that the training would reduce gait asymmetry and that these effects on gait function would 

be transferrable to overgound walking. 

  

 

Methods 

Participants 

Sixteen children with cerebral palsy (CP) (Table 1; mean age 9.4 years, range 4-13; 11 boys, 5 girls) were 

recruited through the Danish Cerebral Palsy Organisation. Neurological evaluation was performed by an 

experienced physician (JBN) and therapist (JL). All children had impaired gait function with some degree of 

foot drop and/or toe walking.  All children were classified as spastic CP with unilateral or bilateral weakness 

of the lower limbs. 12 were classified as hemiplegic (8 right sided and 4 left sided) and 4 as diplegic. All 

children showed greater or lesser asymmetry of gait with a most affected (MA) and less affected (LA) side. 

None of the children had received any corrective surgery of the lower limbs. 8 children had received 

Botulinum toxin treatment, but not within the past 6 months. The severity of CP was classified according to 

the Gross Motor Classification System (GMFCS 25). The clinical characteristics of the children are given in Table 

I. 

 The study was approved by the local ethics committee (H-B-2009-017) and all procedures were conducted 

within the standards of the Helsinki declaration. Prior to the experiments parents and children received 

written and verbal information. Written consent for participation was obtained.  

Kinematic measures were obtained in the children with CP at four different experimental sessions (twice 

before and twice after training with one-month interval between each measurement).  

14 typically developing (TD) children were recruited for the study (age 10.2 years, range 4-15; 8 boys, 6 girls) 

in order to provide normative data. TD children were only tested once and thus did not participate in any 

training. 

 



 

Experimental set up 

Gait function was evaluated in the children with CP during four separate test sessions at intervals of 

approximately one month. All test sessions took place at the Helene Elsass Center (www.elsasscenter.dk; 

Charlottenlund, Denmark). The test sessions were carried out at recruitment (1pre) and then again after a 

one-month control period (2pre) in order to assess the reproducibility of measurements. Gait training was 

initiated the day after the second control test session. The last two test sessions took place the last day of 

training (1post) and again one month after end of training (2post).  

 

 Gait analysis during treadmill and over ground walking 

The gait of the children was analysed by recording the leg movements using a 3-D motion capture system. 

The children were asked to walk on a treadmill as well as over ground. Measurements during treadmill 

training were obtained since the training took place at a treadmill and in order to compare kinematics at the 

same gait speed before and after training during controlled conditions at the treadmill. Following 5 minutes 

of familiarisation to treadmill walking in the beginning of the first test session, the children selected their 

own comfortable walking speed. It varied between 2km/h and 4km/h with a mean of 2.8km/h ± 0.6. This self-

chosen walking speed was used for measurements in all subsequent test sessions during treadmill walking. 

All the children were asked to hold on to the bars of the treadmill for support. 

 Measurements during over ground walking were obtained in order to investigate whether findings obtained 

during treadmill walking could be translated into over ground walking.  For over ground walking children 

were asked to walk back and forth in a corridor where a five-meter lane had been marked. Children were 

asked to walk at their preferred walking speed at all sessions. Two-minute recordings were obtained for 

plantar pressure analysis. 3D motion capture was not feasible during over ground walking. 

 

Motion analysis 

http://www.elsasscenter.dk/


 

Kinematic data were captured using a Qualysis motion capture system (Qualisys, Gothenburg, Sweden) with 

six, synchronous Oqus 1 cameras operating at a sampling frequency of 200 Hz. Reflective markers (Size 

12mm) were placed bilaterally at 1) the hip, 2) the lateral articular line of the knees, 3) the lateral malleolus 

and 4) the lateral side of the 5th metatarsal.  

 

Plantar pressure measurement 

Pressure sensitive soles were placed in the children’s shoes in order to record the plantar pressure from each 

foot during walking (F-scan wireless, Tekscan, CA Mätsystem, Sweden). The pressure sensitive soles were 

fitted individually for the shoes of each child and reused by that child for each of the four test sessions. Prior 

to each recording, the system was calibrated by having the child standing relaxed while holding on to the 

rails of the treadmill with equal weight on the two legs. This measurement was not possible for technical 

reasons in 5 of the children with CP at either pre-test 2, post-test 1 or post-test 2 and data from these children 

was therefore omitted when comparing data across the different sessions. 

 

Measurement of maximal voluntary contraction strength (MVC) 

In order to measure MVC, children were placed in a dynamometer (custom-build, Thomas Sinkjær & Jakob 

Buus Andersen, University of Aalborg, Denmark), which allowed isometric contractions of ankle muscles 

against a foot plate at fixed hip (100 deg.), knee (90 deg.) and ankle joint positions (100 deg.). This position 

was chosen to ensure comfortable support for the children and relatively selective activation of the soleus 

muscle during MVC. This was checked by meausring  EMG activity from two sets of bipolar electrodes (Ambu 

Blue sensor N,N-10-A/25. Ambu A/S Ballerup, Recording area 0.5 cm2 inter-electrode distance, 2 cm) placed 

at the proximal end of the Tibialis anterior (TA) muscle and over the soleus muscle below the gastrocnemii 

muscles. The skin was brushed softly with sandpaper (3M red dot; 3M, Glostrup, Denmark). EMG signals were 

sampled by a wireless EMG recording system (BTSFreeEMG; BTS Bioengineering Corp.Brooklyn, NY, USA). 

Data was filtered (band-pass, 10 Hz–400Hz), sampled at 1000 Hz, and stored on a PC for off-line analysis.  



 

Children were verbally encouraged to perform a plantar flexion as quickly and strongly as possible. Children 

were carefully explained how to perform the contraction and were allowed several attempts to get 

familiarized with the setup before performing the actual measurements. Consistency was ensured once 

measures were obtained with little variability between the two baseline sessions. None of the children 

showed TA EMG activity during the MVC tests. Activation of knee muscles was not checked by EMG recording, 

but by observation and palpation of the tension of the muscle bellies. 

Three trials were performed at intervals of 20-30 s. The trial with the largest torque measured from the foot 

plate was selected. It was difficult for some of the children to understand how to perform the task and exert 

maximal effort. It was therefore only possible to use MVC data from 10 of the children. MVC measurements 

were not obtained in TD children.  

 

In the same experimental session and with the leg in the same position, supramaximal electrical stimulation 

was applied to the tibial nerve at the popliteal fossa (Stimulator: Digitimer, DS4, Cambridge, UK) in order to 

determine the strength of the muscle independently of voluntary neural drive. The cathode was a ball 

electrode placed over the nerve, whereas the anode was a plate placed above the patella. The stimulus was 

a rectangular pulse with a duration of 1 msec. Single stimuli were applied at intervals of 10 s while stimulation 

intensity was increased until the recorded force from the foot plate and the maximal M-response recorded 

in the soleus EMG no longer increased with increasing stimulus intensity. The maximal torque elicited was 

determined (Tmax). 5-10 stimuli were usually necessary to determine Tmax in each child. Seven of the 

children with CP (or their parents) did not tolerate maximal electrical stimulation and data were therefore 

obtained from 9 children with CP. MVC was also obtained in all these children. Tmax measurements were 

not obtained in TD children. 

 

Training protocol 



 

Only children with CP performed treadmill training. Training sessions were scheduled for 30 minutes every 

day for four consecutive weeks at home. All participants had a treadmill (ECO ll G6432N) delivered to their 

home several days prior to initiating the training. The children could split up the 30 minutes of walking in 

multiple periods of shorter duration as long as 30 minutes of total walking time was achieved by the end of 

the day.  

  The speed and incline settings of the treadmill for the initial training was based on the settings for the first 

test session. As the child’s gait improved and they became more comfortable with incline and speed, the 

settings could be increased. Parents and children were instructed to increase primarily the treadmill incline. 

The children were also instructed to make an effort in placing the heel on the treadmill in early stance. The 

parents were instructed to encourage the child as much as possible both with respect to maintenance and 

progression of the training and with the placement of the heel in early stance. Attention was thus focussed 

on walking on an incline and on facilitating activity of the dorsiflexors in a fast but controlled pace without 

running. All children wore shoes without any inserts or orthosis during the testing. During the training period 

children were instructed to walk barefoot or with shoes without any inserts.   

All children and their parents were handed a diary in order to record how long time the child had been 

training each day, the speed of the treadmill, the incline of the treadmill and what other activities they had 

been participating in during the day.  

The children on average walked 25.7 minutes (Range: 14.4-30, SD: 4.8) daily on the treadmill. They 

progressively increased their walking speed from 2.4km/h to 3.3km/h (Range: 2-5.9km/h, SD: 0.55, SD: 1.16), 

corresponding to an increase of 19% and the incline on the treadmill from 7.5% to 10% (Range: 5-12% SD: 

2.3, SD: 2.76), corresponding to an increase of 25%. All children found the training strenuous in the beginning, 

but all of them, nonetheless completed the full training period and reported that the training was less hard 

towards the end of the training period. 

 



 

 

Off-line data analysis 

Signal processing and analysis was carried out off line. All motion and plantar pressure data were imported 

into Matlab (Mathworks, Massachusetts, USA) for further analysis.  

 

Measurement of rate of change of push-off force during gait 

Movement of the ankle joint was calculated from the position of the reflective markers throughout the gait 

cycle for both legs (Fig. 1A, C). The push-off velocity was calculated by differentiating the movement of the 

ankle joint in the second part of the stance phase and identifying the peak of the derivative (Fig. 1A, C). 

Pressure on the forefoot was calculated at different times during the gait cycle by averaging all measuring 

points covering the most distal 1/3 of the foot (Fig. 1B, D). The pressure at push-off was quantified by 

differentiating this force measurement and identifying the peak of the derivative (i.e. peak rate of change of 

force; Fig. 1B, D). We refer to this as the peak derivative of ground reaction force at push off (dPF), while 

realizing that the force measured is only the vertical component of the actual force applied to the ground, 

rather than a force applied in the direction of the movement of the body.  To take differences in body weight 

among the children into account dPF was normalized by relating the peak of the derivative to the peak force. 

This was done separately for each leg. All measures were averaged over all steps within the recording period. 

 

Calculation of symmetry indexes 

In order to compare symmetry of gait for TD children and children with CP as well as before and after gait 

training for children with CP, symmetry indexes were calculated by dividing measurements on the MA and 

LA leg in children with CP and the left and right leg in TD children. Symmetry indexes were obtained for 1) 

the stance phase duration (calculated from the interval between ground contact and toes off for each leg. 2) 

The amplitude of the dPF. 3) The timing of dPF on the two sides with respect to each other. In order to 

calculate the latter index, we first determined the time of the maximal dPF for each leg in each step. This 



 

resulted in two time series which were then analysed using simple cross-correlation. This resulted in cross-

correlation peaks located at equal distance before and after time zero; i.e. the right leg preceded and 

followed the left leg with a similar time. The asymmetry index was therefore calculated as the relation 

between the time from zero to the two cross-correlation peaks.   

  

Statistics 

Assumptions of normality of the distribution for all variables were explored through histograms and 

normality plots and confirmed with the Shapiro-Wilk’s normality test. One Way RM ANOVA was used to 

determine differences in measurements at the four test sessions in MVC, dPF and over-ground gait speed. 

Student-Newman-Keuls (SNK) postHoc test was used to determine significant differences between individual 

test sessions. If nothing else is stated correlation coefficients (r2) are given for regression lines calculated for 

the relation between different measures. Pearson’s bivariate correlation analysis was used to explore the 

statistical significance of associations between the different measures. 1-way ANCOVA was used to test for 

differences in the relation between dPF and gait speed between the LA and MA leg in children with CP and 

TD children. Differences in average values between the populations was tested using SNK posthoc test. All 

analyses were performed with Sigmaplot 12.5 (SYSTAT Software, San Jose, CA, USA) for Windows. 

 

Results 

 

Comparison between children with CP and TD children.  

Treadmill and overground gait speed were correlated to the peak rate of change in push-off force exerted by 

the forefoot (dPF for both the MA (Fig. 2A-B; closed circles) and LA leg of children with CP (Fig. 2A-B; open 

circles) as well as for TD children (Fig. 2A-B; open triangles) with correlation coefficients varying between 

0.42 and 0.77. A significantly steeper gradient in the relationship between dPF and gait speed was found for 

the MA leg in children with CP than for TD children for both treadmill gait (ANCOVA; F=5.07; p=0.03) and 



 

overground gait (ANCOVA; F=5.07; p=0.03). No difference in slope gradient was found between the LA leg in 

children with CP and TD children. Posthoc tests showed significantly higher dPF for the LA leg in children with 

CP and in TD children than for the MA leg in children with CP (SNK; p<0.01). 

 Neither treadmill (Fig. 2C) nor overground dPF (Fig. 2E) were significantly correlated to MVCpf for the MA 

leg in children with CP, although an almost significant relation was found for the treadmill dPF (r2=0.33; 

p=0.056). There was also no significant correlation between treadmill and overground gait speed and MVCpf 

(Fig. 2D & F).  

 

 

Effect of gait training on push-off ground reaction force. 

As already described dPF was lower on the MA side than on the LA side prior to training (Fig. 3A-B; data from 

the LA leg are shown as shaded grey rectangle). Training had no effect on the LA leg, but improved dPF 

significantly for the MA leg. Following training the difference in dPF between the two legs consequently 

diminished and the children had a similar dPF for both legs during both treadmill (Fig. 3A) and overground 

(Fig. 3B) walking (Fig. 3A-B; compare columns 3-4 to shaded grey rectangle). One way RM ANOVA thus 

revealed a significant effect of test session (F=6.5, p<0.001 for treadmill walking and F= 8.5 ; p<0.001 for 

overground walking) and posthoc test (SNK) revealed a significance increase at both sessions following 

training  compared to the two sessions prior to training (p<0.05) for both treadmill and overground walking. 

There were no significant changes in the size of the torque evoked by supramaximal stimulation of the tibial 

nerve following training, signifying that the training was not accompanied by increased contractile force of 

the plantar flexor muscles (Fig. 3C; F= 0.01; p=0.9). The maximal voluntary plantar flexion (MVCpf), in 

contrast, showed significant interaction with session (Fig. 3D; F= 8.6; p<0.001) and posthoc tests  

demonstrated significant increase at both post training sessions with respect to the first pretraining session 

(p<0.001), but not the second pretraining session (p=0.13 and p=0.3 respectively for the first and second post 

training sessions). There were no significant differences in MVCpf between the two sessions prior to training 



 

(Fig. 3D; p=0.18). When calculating the percentage change in dPF and MVCpf from before (pre-test 1) to after 

training (post-test 1), a significant correlation was found between the change in MVCpf and dPF during both 

treadmill and overground gait (Fig. 3E-F; Treadmill: r2=0.52; p<0.001; overground: r2=0.24; p<0.05), indicating 

that the children who increased their MVCpf were the same children who increased dPF in the MA leg. 

 

Effect of gait training on symmetry of gait 

In order to quantify side to side differences in the gait of the children with CP we divided the duration of the 

stance phase and magnitude of dPF during treadmill and overground walking on the MA side by the 

corresponding measurements taken from the LA side.  Stance phase ratio values >1 indicate MA/LA 

asymmetry; dPF ratio values <1 indicate MA/LA push-off force asymmetry.  We quantified the cadence of gait 

further by recording the timing of the MA and LA dPFs and expressing this as a ratio where values >1 indicate 

gait timing asymmetry.  Fig. 4 shows these relations calculated for the 1st session prior to training (black 

columns) and the first session immediately after the training (grey columns).  A significant change in the 

relation between the two sides towards a more symmetric gait was observed for both the duration of the 

stance phase (p<0.01), overground dPF (p<0.01), timing ratios of the treadmill and overground dPF (p<0.001).  

The change observed for treadmill dPF ratio whilst tending towards improved symmetry just failed to reach 

statistical significance (p=0.064, see Fig. 4, second column). The range of symmetry indexes calculated for TD 

children is indicated as a shaded grey rectangle in the graph for comparison. 

 

Age-related difference in training effect 

Not all children responded to the training. When plotting the increase in MVCpf following the training as a 

function of age a significant negative correlation was found (Fig. 5A; r2=0.56; p=0.003). This was also the case 

when plotting the change in symmetry index for the timing of dPF during overground walking (Fig. 5B; 

r2=0.56; p=0.007).  A negative correlation with age was also found for the magnitude of dPF during treadmill 



 

gait (Fig. 5C; r2=0.27; p=0.1) and during overground walking (Fig. 5D; r2=0.25; p=0.051), but none of these 

correlations were significant. 

  

Discussion 

This study has demonstrated that reduced ability to produce voluntary plantar flexion force is correlated with 

reduced peak rate of change of push-off force (dPF) during treadmill gait in children with CP.  It has further 

been shown that gait training may increase the voluntary plantar flexion torque and push-off force in the legs 

of children with CP.  The training related improvements in these parameters result in a significantly more 

symmetric gait in children with CP.  This effect on symmetry of gait was shown to transfer to overground 

walking.  We suggest that impaired plantar flexion effort resulting in reduced dPF should be an important 

therapeutic target in children with CP. 

 

Increase in MVC with training 

It is surprising that maximal voluntary plantar flexion effort increased significantly in the children with CP 

following gait training, since such large increases are normally associated with specific strength training 

programmes 26-28.  However, the gain in MVC should be seen in relation to the very low voluntary muscle 

strength in the children prior to the training at the two baseline sessions. Importantly, there were no changes 

in the strength of the muscle itself as determined from the maximal torque elicited by supramaximal nerve 

stimulation (Tmax). This indicates that the increase in MVC was related to increased central neural drive to 

the plantar flexor motor neuron pools rather than peripheral changes in the muscle contraction properties. 

Our data show that daily treadmill training has helped to optimize central neural drive to the ankle plantar 

flexor muscles, which transfers to both increased MVC and dPF and more symmetric overground walking. 

  

 

What determines gait ability?  



 

The present findings confirm the results of a large number of studies in the past two decades, which have 

indicated that reduced muscle strength is the main functional problem in people with central motor lesion 

such as stroke and CP, whereas spasticity – at least in the sense of hyperexcitable reflex activity - is of less or 

no importance 7-12 2,11,29-36. Similar to what has been reported also in other studies we found that voluntary 

plantar flexor muscle strength was related to dPF and self-chosen gait speed on the treadmill and overground 

prior to training 13. Following training the increase in MVC was correlated to improved dPF as well as 

improved symmetry of walking during both treadmill and overground walking. This indicates that stronger 

central neural activation of the plantar flexor muscles is a key factor determining the improvement of gait 

speed.  

 

 

 

Age-related training effects 

We found that only children younger than 10-12 years showed increased MVCpf and increased dPF following 

the training (Fig. 5). Willerslev-Olsen et al. (2015) studying the same cohort of children with CP found that 

increased beta and gamma band coherence between populations of Tibialis anterior motor units following 

gait training was restricted to children younger than 10-12 years of age.  They argued that the increased 

coherence in young children was best explained by plastic changes in central motor pathways leading to 

increased central drive to ankle dorsiflexors. In older children (>10-12 years) the treadmill training 

programme appeared insufficient to produce similar plastic changes. We suggest that compared to older 

children and adults, children younger than 10-12 years are in a more developmentally sensitive period where 

exercise induced plastic changes are more easily induced in the central motor pathways that deliver the 

central drive involved in the control of gait. It is important to stress, however, that our findings do not indicate 

that older children and adults cannot benefit from gait training. They may benefit in different ways (i.e. 

increased movement range, longer endurance etc). The plastic changes found here for the younger children 



 

may also take longer to induce in older children and adults and thus require more than the 4 weeks of training 

that we investigated.  

  

Symmetry of gait 

It has been shown in a number of studies that normal gait is seldom fully symmetric and that step length and 

push-off force may vary between the two legs in neurologically-intact individuals without any apparent link 

to leg dominance 37,38. However, this variation in step length, push-off force and other gait parameters is 

much smaller than that seen in hemiplegic stroke survivors and individuals with hemiplegic CP 18,20,39. It is 

generally believed that the asymmetry of gait in people with hemiplegia is a problem that requires 

consideration in its own right because of the risk of inappropriate loading of joints, muscles and tendons with 

consequent pain and osteoarthritis 17. The observation that the treadmill training improved dPF and gait 

timing on the MA side in the children with CP during both treadmill and overground walking leading to a 

significant reduction in gait asymmetry should be seen as a beneficial effect of the training in its own right. It 

indicates that training induced reduction of gait asymmetry has the potential to reduce long term tear and 

load on more proximal joints, muscles and tendons, which may translate to a reduction in long-term pain and 

osteoarthritis.  Long-term follow up studies will be required in order to answer this question. 

 

Limitations of the study 

It should be pointed out that we deliberately decided not to use a force platform to measure ground reaction 

forces which is the conventional way of determining the push-off force during gait 40. The reason for this is 

that we wished to compare directly the force measurements during treadmill and overground walking and 

to obtain an average measure over a larger number of steps. Furthermore, the derivative of the change of 

force quantifies the propulsive kick needed to launch the leg into swing. We argue therefore that the dPF 

measure during gait captures the explosive increase in central drive required for leg push off from stance 

40,41. 



 

It should also be pointed out that the demonstration of correlation between dPF and gait speed during both 

treadmill and overground walking does not tell us anything about the causal relationship between the two 

parameters. Gait speed may increase because of increased dPF or the other way around.   

Finally, we did not measure MVC and Tmax on the LA leg in children with CP. We therefore cannot say 

whether the training also affected muscle strength on the LA leg. The lack of change in gait parameters on 

the LA leg following the training (Fig. 3) suggests that major changes in MVC on that side are unlikely. 

 

Conclusion 

We suggest that impaired ability to voluntarily activate ankle plantar flexors and produce a rapid and 

powerful push-off at end of stance is of importance for asymmetric gait in children with CP. We further argue 

that intensive gait training in children with CP may facilitate voluntary control of ankle plantar flexors and 

reduce gait asymmetry by increasing push-off force.  
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Figure 1. Ankle joint movement and push-off velocity (A,C) and force (B, D) in a single child with cerebral palsy before 

(A-B) and after gait training (C-D). 

Position of the ankle joint (upper traces in A & C) was calculated from the relative position of the reflexive markers 

throughout the gait cycle for the least (red lines) and most (black lines) affected leg throughout the gait cycle. It is 

given in deg and scale bars are indicated to the right of the races.  The velocity of the changes in ankle joint position 

was obtained by differentiating the ankle joint position measurements (lower traces in A & C). The peak velocity was 

taken as the velocity at push-off. The time period towards the end of stance where the ankle joint moves rapidly in 

plantarflexion is indicated for each leg by shaded red and grey bars. The peak push-off velocity occurred within this 

period as can be seen. Data from three gait cycles are shown. The time is indicated by a horizontal scale bar to the 

lower right in C. Note, the larger push-off velocity following training for the MA leg. 

Force was measured from a foot sole placed under each foot of the child which allowed a detailed map of the force 

distribution for each time point throughout the gait cycle. The force corresponding to the forefoot (B & D, upper 

traces) was calculated by setting an area corresponding to the distal most 1/3 of the foot sole and averaging the force 

for each timepoint throughout the gait cycle. Data from the MA leg are shown in black and data from the LA leg in red. 

The velocity of force changes (B & D, lower traces) was calculated by differentiating the force measurements and dPF 

was determined by identifying the peak of the velocity of force changes and normalising for the peak force. Data from 

4 gait cycles are shown. The time is indicated by a horizontal scale bar to the lower right in D. Note, the larger push-off 

force following training for the MA leg. 



 

 

Fig. 2 Relation between MVCpf, push-off force and gait speed during treadmill and overground walking at baseline. 

A-B show the treadmill (A) and overground (B) gait speed as a function of PJF Closed circles designate measurements 

from the MA leg and open circles measurements from the LA leg in children with CP. Open triangles designate 

measurements from TD children. C-F show dPF (C & E) and gait speed (D &F) as a function of MVCpf for treadmill (C-D) 

and overground walking (E-F). In all graphs each symbol represents data from an individual child. Full lines designate 

regression lines for data from TD children, dashed lines for MA leg in children with CP and dotted lines for the LA leg in 

children with CP.  Correlation coeeficients for the regression lines are given in the upper, left part of the graphs.  



 

Fig. 3 Effect of 4 weeks of daily treadmill training on push-off force and MVCpf for MA leg. The mean across subjects 

of dPF during treadmill walking (A), the mean across subjects of dPF during overground walking (B), the average 

plantarflexor torque evoked by supramaximal nerve stimulation (C) and the average MVCpf (D) was calculated for the 

MA leg in the children with CP at the first (1pre) and second (2pre) session prior to training as well as the first (1post) 

and second (2post) session after the training. All data are the mean of the measurements from all children and vertical 

bars give the standard errors of the mean. Asterisks in A, B and D designate that measurements at 1post and 2post 

were significantly different from meaurements at 1pre (*=0.05; **=0.01;***=0.001). In E and F the ratio between the 

measurement at 1post and 1pre sessions is given in percent, ratio calculated forthe push-off velocity (E) and the dPF 

(F) and plotted against the ratio between MVCs  measured at 1post and 1pre sessions for each individual child. In A 



 

and B the shaded grey rectangles give the range of measurements for the LA leg across the four sessions in the 

children with CP. The full lines designate the regression lines for the data in the graphs. Each symbol represents 

measurements from one child.  

 

 

Fig. 4 Changes in symmetry relations between kinematic gait parameters for the least and most affected legs 

following training 

All data show the relation between measurements from the MA limb divided by measurements from the LA leg before 
(1st pre test; black columns) and after training (1st post; grey columns)  
The dashed horizontal line designates similarity between the two sides. The grey box indicates range of equivalent 
measures in TD children. Values below 1 designate that the measurement on the MA side was lower than on the LA 
side. The columns designate from left to right: Stance phase duration (calculated for each leg as interval from ground 
contact to toes off), the amplitude of the dPF (calculated from the plantar pressure measurements), the amplitude of 
the peak rate of change of force at push-off during overground walking, the timing of the peak rate of change of force 
during treadmill walking and finally the timing of the peak rate of change of force during overground walking.  
  



 

 

 

 
Fig. 5 Age related differences in the effect of training on MVCpf (A), push-off velocity on treadmill (B) push-off jerk 
force on treadmill (C) and push-off jerk force overground (D).  
Each symbol represents measurements from one child the full drawn lines are the regression lines for the data. 
Correlation coefficients are given in the upper left part of each graph. In all cases the ordinate is the size of the 
measurement following training (1st post training test) as a percentage of the same measurement in the 1st pretest 
prior to training. The abscissa is the age of the child in years. 
 

 


