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Abstract

treatment on toe-walkers with different walking patterns.

effect.

temporary effect is desired.

Background and Aim: Botulinum toxin is often adopted as a treatment for muscle spasticity and toe walking in
children with several palsy. Efficacy and long-term effect of botulinum toxin are currently discussed in the literature
as the effects may vary depending on the subject. The aim of this work was to study the efficacy of botulinum toxin

Methods: The analysis was conducted on children diagnosed with diplegia related to cerebral palsy. The walking
patterns were classified according to the plantarflexor-knee extension couple index. Deviation in gait patterns and
changes post-treatment were quantified by summary measures based on kinematics in order to evaluate the overall

Outcomes: Three motor phenotypes were identified: (i) Bilateral true equinus, (ii) Bilateral jump gait, (iii)
Asymmetric gait. Bilateral true equinus and bilateral jump gait subjects had a post-treatment improvement at the ankle
joint but no improvement in the overall gait. The subjects with asymmetric gait did not benefit from the treatment.

Conclusions and Implications: This study showed that botulinum toxin had its main effect locally rather than on
the overall gait. Both phenotypes of equinus foot (bilateral true equinus and bilateral jump gait) are good candidates
for this treatment. The treatment of toe-walkers subjects with botulinum toxin is recommended only if a localized and

Keywords: Botulinum toxin; Cerebral palsy; Equinus foot; Gait
analysis; Rehabilitation; Toe walking

Introduction

Spastic Cerebral Palsy (CP) is a complex pathology of neurologic
origin expressed by physical disabilities due to tone alterations of
muscles. The equinus foot is a pathological condition that is commonly
observed in children with CP. Such condition is characterized by a
permanent plantar flexion that leads to toe walking and balancing issues
[1]. The causes were identified in the status of permanent contraction
or spasticity of the Triceps surae muscles [2]. Several treatments were
proposed in the literature. These can be reversible, e.g. braces, physical
therapy, stretching, strengthening of the dorsiflexors and botulinum
toxin injections (BTX-A) [2]; or non-reversible, e.g. surgical lengthening
of the triceps surae and Single Event Multi Level Surgery (SEMLS) [2,3].
Choosing the correct or optimal treatment or each patient is not an easy
task, as the success and durability of the treatment ultimately depends
on patient’s age, conditions, severity of the illness and gait abnormalities
[4-6].

Nowadays the walking abnormalities can be assessed by a set
of quantitative measurements that provide an objective description
of the condition of the patient as well as the effects of the treatment
[7-11]. Several studies were conducted on the various treatment
options. Computerized gait and its classification by means of synthetic
descriptors already demonstrated that SEMLS produces a long term and
stable improvement [3,6], [10], the BTX-A has a limited and temporary
efficacy but the use of BTX-A is often recommended before surgery
[7,12]. Due to its non-permanent effect, BTX-A treatment has emerged
as a common treatment for the management of spasticity, the drug is
well tolerated with minor side effects and the pharmacologic effect is
obtained after about 3-6 months [12].

The effect of BTX-A was evaluated by means of quantitative

methods in several studies [7,12,13] and the success of such a treatment
was correlated to the age of the children, severity of the pathology and
type of spasticity [1]. Moreover the response to BTX-A is different
depending on subjects and in selected patients it may delay the need
for surgery [13].

Recently a new method to classify gait patterns in children with CP,
namely the Plantarflexor-Knee Extension Couple Index (PFKE), was
developed by Sangeux et al. [14]. This method was based on sagittal
ankle and knee scores obtained by gait analysis, and allowed objective
identification of the sagittal gait pattern. By using this method, walking
patterns of children with CP can be classified within these groups: (i)
True equinus; (ii) Jump gait; (iii) Crouch gait; (iv) Knee recurvatum; (v)
Within Normal Limits.

It was observed that subjects may respond differently to a BTX-A
treatment depending on their qualitative walking pattern [15]. Moreover,
different walking patterns or muscle activation patterns are associated to
different pathological conditions of CP. Thus it would be interesting to
study the effect and success of a BTX-A treatment on children belonging
to different walking pattern groups.
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The aim and strength of the present work, was to evaluate the
impact of a specific gait pattern, with respect to the plantarflexor-knee
extension couple index, on the effectiveness of the BTX-A treatment.
The analysis was conducted through a retrospective study targeting
specific joint kinematics and global gait too.

Materials and Methods
Subjects

Gait analysis data of children with CP were obtained from the gait
database of the Motion Analysis Laboratory of “IRCCS San Raffaele
Pisana” Hospital of Rome, Italy. Subjects were selected according to the
following criteria: (i) Diagnosis of CP; (ii) spasticity of the triceps surae
and equinus foot; (iii) BTX-A treatment; (iv) no previous surgery to the
lower limbs; (v) a Gait Analysis evaluation available before and after
treatment.

Thirty-three subjects, for a total of 66 lower limbs, were enrolled in
the study. Mean age was 9.5 £ 5.6 years. GMFCS at the time of diagnosis
was within IT and ITI. Gait analysis exams were recorded at the time of
diagnosis, i.e. the pre-treatment, and after the treatment. For the cohort
of subjects included in this study the post-treatment exam was recorded
after and average time of 1.81 + 0.87 months from the treatment. The
treatment consisted in BTX-A injections to the triceps surae. In some
cases, the subject received also the BTX-A to the tibialis anterior, as
decided by the clinician. The goal of the treatment was to improve the
overall gait and to improve mobility of the lower limb by controlling
spasticity.

Gait analysis data of a control group composed of 18 normally
developing children (age: 11.8 + 4.7 years), for a total of 36 lower limbs,
served for computing the classification indices.

The study was approved by the Hospital Ethics Committee on
19.04.2017 (n. 14/17) in accordance with the Helsinki Declaration
of 1975. All participants were volunteers and their parents or legal
guardians gave their written consent to the children’s participation.

Equipment

Gait analysis data were collected by a 12 cameras and 2 force
plates optoelectronic system (ELITE 202, BTS Bioengineering, Italy),
opportunely calibrated according to manufacturer’s instructions.
Sampling frequency was 100 Hz. Kinematic data was obtained by
solving the Davis protocol [16]. For each subject the results of at least
three walking trials were collected and then averaged.

Data processing

Gait analysis data pre-treatment were classified according to the
PFKE [14]. By using sagittal kinematics of ankle and knee, the PFKE
indices were computed for the limbs included in the study. The PFKE
takes into account the deviation from normality of the ankle and
knee angles on the sagittal plane during the mid-stance phase. The
mid-stance phase is defined as within the 20% and 45% of gait cycle,
corresponding to knee extension and ankle dorsiflexion. Knee moment
changes from extension to flexion. In this phase, ankle absorbs power
through an eccentric contraction of the gastrocnemius complex. PFKE
consists of two indices, computed for the ankle and knee:
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where superscript ¢ denotes the knee or ankle curve, subscript i
denotes the time instant (in % of the gait cycle), k is the value of the

kinematic curve at the i* instant of the gait cycle, p is the value of the
average kinematic curve of control subjects at the i* instant and o is
the value of the standard deviation from the normal kinematics curve
at the i instant. e.g. a PFKE index of (-3, 2) means that, on average
between 20% and 45% of the gait cycle, the ankle curve is three standard
deviation below normal and the knee curve is two standard deviations
above normal [14].

Improvements and variations in gait pattern for each subject were
quantitatively evaluated by computing: the Gait Profile Score (GPS)
and Gait Variable Scores (GVS) for knee, ankle and hip [17] before and
after BTX-A treatment. The spatio-temporal parameters of gait, Stride
time, Step length, Step width, Velocity, were also studied before and
after treatment in order to check for objective variations in gait pattern
after treatment.

Data groups were tested for normality by means of the Shapiro-
Wilk normality test. Since the data were normally distributed, the t-test
was applied to study differences in parameters pre vs post treatment.
Test was assumed significant if p<0.05.

Results

The subjects were divided in subgroups on the base of PFKE
indices. In these subgroups, the analysis was conducted in order to
consider how the starting motor phenotype would have effect on the
treatment outcomes, taking into account kinematics of the ankle and
knee [14]. Three main walking patterns were observed: (i) bilateral true
equinus, (ii) bilateral jump gait, (iii) asymmetric gait. The walking and
gait parameters of each group were tested for differenced pre vs post
BTX-A treatment. The results are briefly depicted trough Figures 1 and
2. For the Gait Variable Scores (GVS) a reduction of the index means
an improvement.

Bilateral true equinus

The subjects with a bilateral true equinus walking pattern were ten,
for a total of 20 limbs. The walking pattern of these subjects was further
investigated by means of GPS and GVS indices [17] and in terms of
spatio-temporal parameters in order to identify changes pre vs post
treatment. Detailed indices for bilateral true equinus subjects are shown
in Table 1.

Bilateral jump gait

The subjects with a bilateral jump gait were three, for a total of 6
limbs. The results are shown in Table 2.

Asymmetric gait

The subjects with an asymmetric gait were 15, for a total of 30 limbs.
The results are shown in Table 3.

Pre - BTX-A Post - BTX-A

Ankle GVS [°] 15.39 (10.82) 10.80 (6.47)*
Knee GVS [°] 15.87 (5.88) 15.68 (6.78)
Hip GVS [°] 10.50 (6.55) 9.79 (4.62)
GPS [°] 13.53 (4.83) 11.74 (2.49)

Stride Time (ms)

Step Length (mm)

Step Width (mm)
Velocity (m/s)

1163.00 (374.33)
357.30 (112.68)
169.70 (58.17)
0.68 (0.30)

1104.50 (243.13)
388.90 (95.87)
145,00 (55.24)

0.74 (0.23)

* Significant difference with p<0.05

Table 1: Mean and Standard Deviation (SD) of the gait analysis indices computed
for the bilateral true equinus.
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M Bilateral True Equinus - Pre

Ankle GVS [°] Knee GVS [°]

Hip GVS [°]

Figure 1: Gait Variable Scores for the three groups studied in this work, pre- and post- treatment.

W Bilateral True Equinus - Post
M Bilateral Jump Gait - Pre

H Bilateral Jump Gait - Post

B Asymmetric Gait - Pre

m Asymmetric Gait - Post

GPS []

Stride Time (ms) Step Length (mm)
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Figure 2: Spatio-temporal gait parameters for the three groups studied and variation pre-post treatment.

 Bilateral True Equinus - Pre
 Bilateral True Equinus - Post
u Bilateral Jump Gait - Pre

m Bilateral Jump Gait - Post

m Asymmetric Gait - Pre

m Asymmetric Gait - Post

Velocity (m/s)

Pre - BTX-A Post - BTX-A
Ankle GVS [°] 16.5(9.2) 12.3(9.6) ¢
Knee GVS [°] 24.4(7.2) 20.2 (7.5)
Hip GVS [°] 17.9 (8.1) 13.9 (3.6)
GPS [°] 14.8 (3.5) 13.3(3.7)
Stride Time (ms) 1221.6 (423.1) 1013.3 (172.1)
Step Length (mm) 329.7 (102.1) 347.5 (95.6)
Step Width (mm) 160.9 (55.7) 163.8 (61.2)
Velocity (m/s) 0.6 (0.9) 0.8 (0.7)

* Significant difference with p<0.05

Table 2: Mean and Standard Deviation (SD) of the gait analysis indices computed
for the bilateral jump gait subjects.

Pre - BTX-A Post - BTX-A
Ankle GVS [°] 10.7 (8.1) 9.5 (6.5)
Knee GVS [°] 14.9 (4.8) 15.7 (5.5)
Hip GVS [°] 9.6 (5.6) 10.8 (6.9)
GPS [°] 11.3 (3.6) 12.3 (4.4)
Stride Time (ms) 1201.0 (215.4) 1239.0 (245.8)
Step Length (mm) 420.6 (96.8) 384.0 (118.8) *
Step Width (mm) 152.2 (52.7) 182.6 (67.9) *
Velocity (m/s) 0.7 (0.8) 0.8 (0.7)

* Significant difference with p<0.05

Table 3: Mean and Standard Deviation (SD) of the gait analysis indices computed
for the asymmetric gait subjects.

Discussion

The “Bilateral True Equinus” and “Bilateral Jump Gait” were the
groups that benefitted the most from the treatment at the level of the
ankle. In fact, a significant increase in dorsi-plantarflexion capabilities
was documented by the Ankle GVS that decreased in the post-treatment
(Figure 1 and Table 1). No improvements were observed for the other
indices. This effect was observed mainly on the ankle joint and did not
produce an improvement in the global quality of gait, as documented
by GPS score. No improvements were observed in the spatio-temporal
parameters of gait.

These results suggested that children with bilateral true equinus gait
pattern received only a minor improvement at the ankle joint, but the
overall gait pattern did not benefit from BTX-A treatment.

For the subgroup of asymmetric gait (asymmetric gait means
that the two limbs showed different walking patterns) no significant
variations of summary measures occurred after treatments and in the
GVS of ankle joint was observed, meaning that these subjects have not
benefited from the BTX-A treatment. It is important to underline that
in this group the initial kinematic condition of ankle joint was less
compromised as documented by the ankle GVS.

The results of this work suggested that the effects of BTX-A
treatment are not dependent on the PFKE index and the effect was
limited to the muscles involved. In our case the main effects were
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observed on the ankle joint and this was in accordance with previous
studies [18]. Moreover the effects of the treatment are limited in time
and no permanent lengthening of gastrocnemius was observed [19,20].
As no effect was observed on the overall gait, BTX-A treatment may
be recommended when only a local or temporary effect is desired. The
motor phenotype does not influence the overall effect of BTX-A on gait.

The main strength of this study is the analysis of effects of the
treatment depending on the motor phenotype classified according to
the PFKE index. A limitation of this study was within the relatively low
number of subject examined and in the absence of other clinical scales
to describe patient’s mobility. Furthermore, some subject received the
treatment also to the tibialis anterior, in addition to the triceps surae, as
the goal of the treatment was to improve lower limb mobility. However,
for the aims of the present work, joint/gait functionality was evaluated
by means of quantitative gait analysis in order to detect variation
between pre- and post-treatment and such measures can be assumed
as reliable descriptors of patient’s mobility and motor abilities. Further
studies should include a larger number of patients, covering also other
motor phenotypes.

Conclusion

The present study focused on the effects of BTX-A on a cohort of
subjects classified by means of the PFKE index. Three main walking
patterns were observed: (i) bilateral true equinus, (ii) bilateral jump
gait, (iii) asymmetric gait. Neither of these groups improved the overall
gait after the treatment. The first two groups had an improvement
only at the ankle joint. Asymmetric gait walkers did not benefit from
the treatment. Thus, based on the results of this study, the BTX-A
treatment on toe-walkers subjects is recommended only if a localized
and temporary effect is desired. The effects of the treatment on each
subject should be monitored by gait analysis and/or other quantitative
measures.
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