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Abstract
Purpose  The biomechanical impact of undergoing a single-event multilevel surgery (SEMLS) for children with cerebral palsy 
(CP) presenting an intoeing gait pattern has been widely documented. However, past studies mostly focused on gait quality 
rather than efficiency. Thus, there is a need to determine the impact of undergoing a SEMLS on gait quality and efficiency 
in children with CP presenting an intoeing gait pattern.
Methods  Data from 16 children with CP presenting an intoeing gait pattern who underwent a SEMLS were retrospectively 
selected. Gait kinematics was quantified before (baseline) and at least 1 year after the surgery (follow-up). Gait quality was 
investigated with the Gait Profile Score (GPS), hip internal rotation angle and foot progression angle (FPA). Gait efficiency 
was analysed using clinically accessible variables, namely the normalised gait speed and medio-lateral and vertical centre 
of mass excursions (COMp). Dependent variables were compared between sessions with paired t-tests.
Results  At the follow-up, children with CP exhibited a more outward FPA and GPS as well as a decreased hip internal 
rotation angle. No changes in normalised gait speed and vertical COMp excursion were observed, and medio-lateral COMp 
excursion was slightly decreased.
Conclusion  Children with CP presenting an intoeing gait pattern who underwent a SEMLS exhibited an increased gait 
quality, but gait efficiency was only minimally improved at the follow-up compared to baseline. Further studies are needed 
to identify contributors of gait efficiency in children with CP, and the best treatment modalities to optimise both their gait 
quality and efficiency.

Keywords  Cerebral palsy · Gait quality · Single-event multilevel surgery · Gait efficiency · Intoeing gait · Clinical gait 
analysis

Introduction

Cerebral palsy (CP) is the most common cause of motor 
disability in children in Europe [1] affecting between 1.5 
and 3 per 1000 births [2]. CP is characterised by permanent 
motor disorders attributed to non-progressive disturbances in 
the developing brain [3]. Individuals with CP exhibit many 
physical impairments known to diminish gait abilities, such 
as loss of selective motor control [4], bony deformities [5], 
muscle weakness [6] and spasticity [7]. Thus, since several 
decades, clinical gait analysis (CGA) provides objective use-
ful information about the gait of the ambulatory patients 
with CP [8]. Lots of studies showed diminished gait qual-
ity for children with CP as highlighted by a greater step 
width, trunk and pelvis movements and smaller step length 
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and knee range of motion compared to healthy counter-
parts [9]. Among the reported interventions to improve this 
diminished gait quality, the single-event multilevel surgery 
(SEMLS), defined as a single operative event aiming to cor-
rect soft tissue and/or bone deformities at two or more ana-
tomical levels of one or both lower limbs, is considered the 
standard care [10]. To further reduce the internal rotation 
profile of the lower limbs, the SEMLS can include a femo-
ral derotational osteotomy (FDO), conducted either at the 
intertrochanteric or subtrochanteric level (proximal FDO), 
or at the supracondylar level (distal FDO) [10]. Within this 
context, the SEMLS aims to correct the static and dynamic 
contributors of the gait impairments, namely the excessive 
femoral anteversion [11], the muscle weakness [6], spasticity 
and contracture [7].

From CGA, several biomechanical outcomes (i.e. kin-
ematics and kinetics) and gait scores (e.g. Gait Profile Score 
(GPS)) summarising the gait quality of patients with CP can 
be calculated to evaluate the treatments’ effects [12]. These 
scores are often considered as the main outcome for clini-
cal studies evaluating treatments [8]. However, even though 
these scores reflect the overall gait quality, they may not be 
optimal to determine its efficiency, defined as the amount 
of energy that is used to do mechanical work on the body’s 
centre of mass (COM) from a given metabolic energy sup-
ply [13]. Analysing gait efficiency could be useful to evalu-
ate the real-life impact of undergoing a SEMLS, especially 
as children with CP present a low efficiency conversion of 
metabolic energy into useful COM work and consequently 
have a 31% lower gait efficiency than their healthy coun-
terparts [13]. However, the results of previous studies on 
the effects of undergoing a SEMLS on gait efficiency are 
scarce and contradictory. For example, at the 1-year follow-
up after a SEMLS, children with CP exhibit decreased oxy-
gen consumption during gait but no changes in efficiency 
of work production [14]. Most importantly, calculating the 
metabolic energy supply in clinical contexts is challenging. 
Thus, previous studies used biomechanical outcomes, easily 
implemented by clinicians, such as COM displacement [15] 
and gait speed [16] to indirectly estimate gait efficiency as 
a surrogate.

Among the impairments of children with CP, intoeing 
gait is observed in more than 60% [17]. This foot position 
during gait, assessed with the foot progression angle (FPA) 
during CGA, seems to be generated by greater hip internal 
rotation to compensate for the decreased abductor level arm 
in the frontal plane induced by excessive femoral antever-
sion [11]. Also, the intoeing gait allows reducing the degrees 
of freedom of the lower limb joints in order to facilitate 
the forward propulsion [11]. Even though the prevalence 
of intoeing gait decreases with growth, numerous cases do 
not resolve spontaneously [17], and many children with CP 
undergo a SEMLS that may include a derotational osteotomy 

at the femur and/or tibia level to improve gait quality [18] 
with good long-term outcomes [8]. Within this context, the 
SEMLS aims to correct the static and/or the dynamic con-
tributors of gait impairments, namely the excessive femoral 
anteversion [11], muscle weakness [6], spasticity and con-
tracture [7]. The increased hip abductor moment may take 
more than 3 years to be observed after undergoing these 
surgical procedures [19].

However, the improvement of gait quality could perhaps 
be at the expense of gait efficiency as the SEMLS could 
remove the biomechanical compensations used by chil-
dren with CP. Thus, there is a need to better understand the 
impact of undergoing a SEMLS on both gait quality and gait 
efficiency in children with CP. Improving our knowledge on 
gait quality and efficiency could allow better clinical care 
for this population when surgically addressing their gait 
abnormalities.

The objective of this study was to investigate the impact 
of undergoing a SEMLS on gait quality and efficiency in 
children with CP presenting an intoeing gait pattern. It was 
hypothesised that the intoeing gait pattern observed in chil-
dren with CP is an adaptation to allow a more efficient gait 
pattern. Consequently, undergoing a SEMLS will improve 
gait quality at the expense of efficiency.

Methods

This longitudinal retrospective study included part of the 
data available in the current CP cohort of the Willy Taillard 
Laboratory of Kinesiology, Geneva University Hospitals, 
Switzerland. Gait quality and efficiency analyses of children 
with ambulant CP were carried using two CGA time points, 
before and after a SEMLS. The present study was approved 
by the local ethics committee.

Patients

Sixteen children with CP, who were treated with a SEMLS 
to correct an intoeing gait pattern between 2000 and 2020, 
were included in this study (see Fig. 1). The inclusion cri-
teria were the following: (1) diagnosis of CP; (2) a SEMLS 
approach was used on an individual basis and included a 
derotational osteotomy at the distal or proximal aspect of 
the femur/tibia and/or soft tissue procedures; (3) CGA was 
performed before (baseline) and at least 1 year after under-
going the SEMLS procedure (follow-up); (4) age under 18 
at the time of the surgery; (5) categorised as level I or II to 
the Gross Motor Function Classification System (GMFCS) 
at the time of the surgery; (6) intoeing gait (FPA < 0°) and 
(7) walking without external aids.

The exclusion criteria were a past history of surgery to the 
lower limbs, subluxed hips, a previous selective rhizotomy 
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Fig. 1   Flow chart of included 
participants

 

Ambulatory pa�ents with CP who 
consulted our University hospitals 

between 2000 and 2020 
(n=302) 

Ambulatory pa�ents with CP 
who underwent a SEMLS 

(n=47) Pa�ents did not present an 
intoeing gait pa­ern at 

baseline (Foot Progression 
Angle < 0o) 

(n=10)

Pa�ents did no undergo a 
SEMLS or no CGA was 

performed at baseline and/or 
follow-up 
(n = 255)

Pa�ents were not ambulatory 
without a walking aid 

(n=8) 

Pa�ents were aged 18 or 
older at baseline 

(n=4) 

Data in the medical charts 
were incomplete 

(n=9) 

Ambulatory pa�ents with CP 
presen�ng an intoeing gait 
pa­ern who underwent a 

SEMLS  
(n=37) 

Ambulatory pa�ents (without 
a walking aid) with CP 

presen�ng an intoeing gait 
pa­ern who underwent a 

SEMLS 
(n=29) 

Ambulatory children (without 
a walking aid) with CP 

presen�ng an intoeing gait 
pa­ern who underwent a 

SEMLS 
(n=25)

Total number of children with 
CP included in this study 

(n=16) 
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or injections of botulinum toxin A less than 6 months before 
the baseline data collection and additional surgeries between 
CGA. Medical charts of all eligible participants were ana-
lysed, and demographic data were extracted from electronic 
medical records: age, sex, height, weight, body mass index 
(BMI) average follow-up period, GMFCS scores and surgi-
cal procedure specificities.

Surgical procedure

All femoral osteotomies were subtrochanteric and internally 
fixed with plates or intramedullary nail when growth plates 
were closed. The intraoperative amount of derotation was 
monitored with K-wires placed proximal and distal to the 
osteotomy and measured with a goniometer. Internal hip 
rotation was limited to 30°. Postoperative care consisted of 
early mobilization with light weight-bearing as soon as pos-
sible if only femur osteotomy was done. If knee or foot sur-
gery was added, knee and foot immobilisation for 6 weeks 
without weight bearing was prescribed. Rehabilitation con-
sisted of intensive physiotherapy sessions, 3 to 4 times a 
week. No complications related to the femoral derotation 
were reported.

Objective gait assessment

Before 2008, a six-camera motion analysis system 
(VICON 460; Vicon-Peak, Oxford, UK) set at a sam-
pling frequency of 50 Hz was used to collect whole-body 
kinematic data during CGA. Between 2008 and 2015, a 
12-camera motion analysis system (VICON Mx3 Vicon-
Peak, Oxford, UK) set at a sampling frequency of 100 Hz 
was used to collect data. After 2015, a 12-camera motion 
analysis system (Qualisys Oqus7 + , Gothenburg, Sweden) 
set at a sampling frequency of 100 Hz was used. For all 
data collection sessions, a total of 34 retroreflective mark-
ers, aligned to anatomical landmarks on the head, trunk, 
arms, pelvis, thighs, shanks and feet, were positioned 
on each participant according to the Conventional Gait 
Model [20]. Participants were asked to walk barefoot at a 
self-selected speed. Up to eight trials per participant were 
averaged and used for the analyses. All available trials 
were used in the analyses in order to decrease the intra-
individual variability of the biomechanical outcomes. 
PyCGM2 [21] and open-source Biomechanical ToolKit 
[22] were used for data analyses.

Biomechanical outcomes

The dependent variables used to analyse gait quality dur-
ing the stance phase were: mean FPA, FPA at initial con-
tact (IC), mean hip internal rotation angles, hip internal 
rotation angles at IC and GPS. Negative values for the 

FPA angles refer to internal rotation, and decreased GPS 
should be interpreted as an improvement of gait quality. 
The minimal clinically important difference for the GPS 
is 1.60° [23]. Gait variable scores [12] are calculated and 
reported as descriptive data in Table 1.

Dependent variables used to analyse gait efficiency 
were: gait speed (normalised to leg length) [24], medio-
lateral (ML) and vertical excursion of the COM (normal-
ised to leg length and expressed as a percentage). ML and 
vertical displacement of the sacral marker were used as a 
proxy to quantify COM movements (COMp) [25]. When 
the patients underwent bilateral SEMLS procedures, the 
lower limb that presented the most inward FPA at baseline 
was used in the data analyses, as pooling data from both 
lower limbs could induce statistical problems [26].

Statistical analysis

The normality of the demographic and biomechanical 
outcomes was assessed with Shapiro–Wilk’s tests. To 
compare the outcomes at baseline and at the follow-up, 
paired t-tests were performed, and Cohen’s d effect sizes 
and bootstraps mean differences’ 95% confidence intervals 
were calculated. Pearson’s correlations were computed 
to assess relationships between GPS change and GPS at 
baseline, gait speed change and gait speed at baseline, 
ML COMp excursion change and ML COMp excursion at 
baseline as well as vertical COMp excursion change and 
vertical COMp excursion at baseline. Pearson’s correla-
tions were also computed to assess relationships between 
age and change in GPS, gait speed, ML and vertical COMp 
excursions. Correlation coefficients between 0 and 0.3 
were considered weak, 0.3 and 0.5 were fair, 0.5 and 0.7 
were good and > 0.7 were high [27]. The level of statis-
tical significance was set at p < 0.05. All analyses were 
implemented in IBM SPSS (version 27.0.0.1, SPSS Inc., 
Chicago, Illinois, USA).

Table 1   Gait variable scores

Baseline Follow-up

Pelvic tilt (°) 7.48 (4.97) 8.51 (5.40)
Pelvic obliquity (°) 3.51 (1.70) 3.65 (1.67)
Pelvic rotation (°) 9.25 (5.27) 6.09 (2.40)
Hip flexion–extension (°) 9.79 (5.17) 9.92 (4.93)
Hip adduction-abduction (°) 6.47 (4.07) 5.24 (1.57)
Hip rotation (°) 16.14 (9.86) 13.46 (6.73)
Knee flexion–extension (°) 15.10 (7.41) 11.84 (3.75)
Ankle dorsiflexion-plantarflexion (°) 8.82 (1.89) 8.75 (3.88)
Foot progression angle (°) 19.44 (5.46) 8.76 (4.03)
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Results

Patient characteristics

At the follow-up, height (157.0 ± 16.5 cm vs 144.9 ± 19.1 cm, 
p = 0.009) was increased compared to baseline, but no 
statistically significant difference was observed for mass 
(47.5 ± 15.5  kg vs 39.2 ± 14.6  kg, p = 0.058) and BMI 
(18.0 ± 3.5 kg/m2 vs 18.8 ± 3.8 kg/m2, p = 0.318). The mean 
follow-up time was 39.9 ± 30.1 months (see Table 2). Indi-
vidualised information and surgical procedures undergone 
by each participant are available in Supplementary material.

Gait quality outcomes

At the follow-up, children with CP exhibited a more exter-
nal mean FPA (5.65 ± 8.30° vs − 10.54 ± 8.15°, p = 0.001) 
and FPA at IC (6.81 ± 8.36° vs − 9.05 ± 7.77°, p = 0.001) 
compared to baseline. They also exhibited decreased GPS 
(9.55 ± 2.68° vs 12.85 ± 3.13°, p = 0.001). Out of 16 children 

with CP, 15 exhibited a decreased GPS with 10 reaching the 
minimal clinically important difference (> 1.60°). Children 
with CP also exhibited a decreased hip internal rotation at 
IC (− 6.39 ± 12.57° vs 3.94 ± 13.17°, p = 0.037) at the fol-
low-up. No difference was observed for mean hip internal 
rotation (2.57 ± 12.05° vs 9.82 ± 13.57°, p = 0.118) at the 
follow-up.

Gait efficiency outcomes

At the follow-up, ML COMp excursion (6.12 ± 1.23% vs 
7.01 ± 1.42%, p = 0.014) was decreased compared to base-
line. No differences in normalised gait speed (0.37 ± 0.07 
vs 0.39 ± 0.07, p = 0.506) and vertical COMp excursion 
(5.96 ± 1.38% vs 7.59 ± 3.54%, p = 0.201) were observed 
at the follow-up compared to baseline. A summary of all 
biomechanical findings are given in Table 3. FPA and hip 
rotation curves as well as ML and vertical COMp displace-
ment and interaction are displayed in Fig. 2.

Correlations

Pearson’s correlation coefficients showed significant nega-
tive correlations between GPS change and GPS at baseline 
(r = 0.62, p = 0.011), normalised gait speed change and nor-
malised speed at baseline (r =  − 0.57, p = 0.02), ML COMp 
excursion change and ML COMp excursion at baseline 
(r =  − 0.58, p = 0.019) as well as vertical COMp excursion 
change and vertical COMp excursion at baseline (r =  − 0.92, 
p < 0.001).

Pearson’s correlation coefficient showed non-significant 
correlations between GPS change (r = 0.11, p = 0.694), 
normalised speed change (r = 0.32, p = 0.231), ML COMp 
excursion change (r =  − 0.13, p = 0.630) and age at baseline. 
Vertical COMp excursion change was positively correlated 
with age at baseline (r = 0.51, p = 0.043).

Table 2   Demographic data

* Significant differences between baseline and follow-up sessions

Parameters Cases (n = 16) SD

Gender (females/males) 4/12
Age (years) (baseline/follow-up) 10.5/13.7 3.0/3.7
Height (cm) (baseline/follow-up) 144.9/157.0* 19.1/16.5
Mass (kg) (baseline/follow-up) 39.2/47.5 14.6/15.5
Body mass index (kg/m2) (baseline/

follow-up)
18.0/18.8 3.5/3.8

GMFCS (baseline/follow-up)
GMFCS I 11/11
GMFCS II 5/5
Average follow-up time (months) 39.9 30.1

Table 3   Clinical gait analysis

Biomechanical parameters Measurement time point Mean differences Cohen’s d p value

Baseline Follow-up 95% Confidence interval

Mean SD Mean SD

Normalised gait speed 0.39 0.07 0.37 0.07 -0.06 to 0.03 -0.17 0.506
Mean FPA (°)  − 10.54 8.15 5.65 8.30 11.27 to 21.11 1.75 0.001
FPA at IC (°)  − 9.05 7.77 6.81 8.36 10.60 to 21.13 1.61 0.001
Hip mean rotation (°) 9.82 13.57 2.57 12.05  − 16.38 to 1.88  − 0.42 0.118
Hip rotation at IC (°) 3.94 13.17  − 6.39 12.57  − 19.63 to − 1.03  − 0.59 0.037
Gait Profile Score (°) 12.85 3.13 9.55 2.68  − 4.89 to − 1.72  − 1.11 0.001
ML COMp excursion (%) 7.01 1.42 6.12 1.23  − 1.53 to − 0.23  − 0.72 0.014
Vertical COMp excursion (%) 7.59 3.54 5.96 1.38  − 3.36 to − 0.10  − 0.50 0.201
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Discussion

Our findings do not confirm our hypothesis that undergo-
ing a SEMLS will improve gait quality at the expense of 
efficiency. The changes in biomechanical outcomes dem-
onstrate that the overall gait quality improves after under-
going a SEMLS in children with CP presenting an intoe-
ing gait pattern as highlighted by the decreased GPS. This 
score compares the gait quality of an individual with the 
average walking pattern of healthy counterparts [12]. In our 
study, children with CP had a lower GPS (− 3.30°) at the 
follow-up compared to the baseline data collection session. 
This difference is over the minimal clinically important dif-
ference of 1.60° [23] and, as the Cohen’s d effect size of 
the difference was strong (d =  − 1.11), our results suggest 
that the gait quality of children with CP is statistically and 
clinically improved after undergoing a SEMLS. The cor-
relation analyses also revealed that greater GPS at baseline 
were associated with greater improvement at the follow-up 
(r = 0.62, p = 0.011), as was already reported by Bonnefoy-
Mazure et al. [8]. Furthermore, as the participants presented 
an intoeing gait pattern at baseline, this study also focused 
on their lower limb rotational profile to evaluate gait qual-
ity changes after undergoing a SEMLS. The mean FPA 
progressed from 10.54° (± 8.15) inward to 5.65° (± 8.30) 
outward at the follow-up, which falls into the normality 
range of 4 to 12° outward [28]. This is consistent with pre-
vious results also showing a more outward FPA during gait 

after undergoing a SEMLS [18]. Our study showed that the 
improvement in FPA seems driven by a decreased hip inter-
nal rotation at IC (10.33°) which is consistent with previous 
results [29, 30].

Even though the gait quality was improved after under-
going a SEMLS for children with CP, the improvement in 
gait efficiency, assessed with gait speed and COMp dis-
placement, was minimal. No change in normalised gait 
speed was observed at the follow-up which is consistent 
with previous results with a similar follow-up time [16]. 
This result is worrisome as gait speed typically increases 
with age in normally developing children [31]. However, 
as no control group was included in our study, we are 
not able to determine the effects of time on gait speed 
for our participants. The correlation analyses revealed 
that greater gait speeds at baseline were associated with 
smaller changes in gait speed (r =  − 0.57, p = 0.02) and 
that greater ML (r =  − 0.58, p = 0.019) and vertical 
(r =  − 0.92, p < 0.001) COMp excursion at baseline were 
associated with greater decreases after undergoing the 
SEMLS. These results suggest that children with CP with 
a less efficient gait would benefit more from undergoing 
a SEMLS compared to those with a more efficient gait, 
which is consistent with previous results [32]. Vertical 
COMp displacement seems less likely to improve in older 
children. Also, no changes in vertical COMp displacement 
and only a small improvement in ML COMp displacement 
(− 0.88%) were found at the follow-up (see the interaction 

Fig. 2   Biomechanical outcomes 
at baseline and follow-up
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between these two variables in Fig. 2). These suggest that 
the gait efficiency only slightly improves after undergoing 
a SEMLS, especially as the mechanical work performed 
during gait seems mainly associated with the vertical dis-
placement of the COM in children with CP [15]. It is still 
unclear to what extent a slight decrease in ML COMp dis-
placement without changes in vertical COMp displace-
ment will translate into clinically significant improve-
ments of gait efficiency in children with CP. Thus, further 
studies should focus on determining gait biomechanical 
parameters that are significant contributors of gait effi-
ciency improvements (physiological and biomechanical) 
and patient-reported outcomes in children with CP after 
undergoing a SEMLS in order to ultimately inform the 
development of better treatment modalities. Improving gait 
quality and gait efficiency is crucial as gait performance in 
ambulatory children with CP is associated with the physi-
cal domain of the quality of life [33] and most importantly, 
physical activity is a key predictor of happiness and qual-
ity of life for these children [34].

Treatments of children with CP based on CGA seek to 
normalise their gait relative to healthy counterparts even 
though their impairments are irreversible. Instead, it would 
be preferable to seek the best possible treatment according to 
these impairments. Also, some adaptations are seen as gait 
impairments when they are in fact effective compensations 
to maintain adequate gait efficiency. For example, internal 
rotation of the lower limbs could reduce gait complexity 
(e.g. fewer degrees of freedom, progress of the step easier 
to manage) and may be an advantage for efficiency [11]. 
A challenge for those taking care of these patients based 
on the results of the CGA will be to maintain the benefi-
cial adaptations and address the deleterious impairments. 
Some adaptations could likely be beneficial in the short 
term and detrimental in the long term. Thus, the compro-
mise between quality and efficiency will have to be found 
for each patient, taking into account their expectations and 
long-term development.

There are limitations to consider when interpreting the 
results of this study. Inherently to its retrospective design, 
the first limitation is the heterogeneity of the patients’ 
demographic data (age, time between the baseline and the 
follow-up, surgical specificities). However, the results will 
be relevant to clinicians also dealing with a heterogeneous 
patient base. A prospective design using the same follow-
up time and more homogeneous surgical specificities across 
participants would significantly decrease the variability of 
the biomechanical outcomes. The second limitation is the 
lack of consensus on the definition of gait quality and gait 
efficiency, affecting the external validity of our results. The 
third limitation is the relatively small sample size in our 
study. The fourth limitation is related to the utilisation of 
the Conventional Gait Model to calculate the hip and knee 

internal rotations during gait. Previous results showed that 
the reproducibility of these measures could be problematic 
during CGA [35].

Conclusions

Children with CP presenting an intoeing gait pattern who 
underwent a SEMLS exhibited an increased gait quality, 
but gait efficiency, assessed with COMp displacement and 
speed, was only minimally improved at the follow-up. Even 
though their gait pattern is more normal after undergoing 
a SEMLS, the children with CP may still need substan-
tial effort and energy to move forward. Further studies are 
needed to identify the best treatment modalities with the 
objective to optimise gait quality but also efficiency.
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