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Abstract

Purpose: The purpose of this study was to describe gait evolution in patients with unilateral spastic cerebral palsy
(USCP) using modified Gait Profile Score (mGPS without hip rotation), Gait Variable Score (GVS), walking speed, and
the observed effects of single-level surgery (SLS) after 10years.

Methods: Fifty-two patients with USCP (Gross Motor Function Classification System |) and data from two Clinical
Gait Analyses (CGAs) were included. The evolution of patients’ mGPS, GVS, and walking speed were calculated. Two
“no surgery” and “single-level surgery” patient categories were analyzed. Paired t-tests were used to compare the data
between CGAs and as a function of treatment category. Pearson’s correlations were used to examine relationships
between baseline values and evolutions in mGPS and walking speed.

Results: Mean ages (SD) at first and last CGAs were 9.3 (3.2) and 19.7 (6.0) years old, respectively, with an average
follow-up of 10.5 (5.6) years. Mean mGPS for the patients’ affected side was significantly lower at the last CGA for the
full cohort: baseline=8.5° (2.1) versus follow-up=7.2° (1.6), effect size=0.73, p <0.001. Significant improvements in
mGPS and GVS for ankle and foot progression were found for the SLS group. The mGPS change and mGPS at baseline
(r=-0.79, p<0.001) were negatively correlated.

Conclusions: SLS patients demonstrated a positive long-term change in gait pattern over time. The group that had
undergone surgery had worse gait scores at baseline than the group that had not, but the SLS group’s last CGA scores
were relatively closer to those of the “no surgery” group.

Level of evidence: This was a retrospective comparative therapeutic study (level IlI).

Keywords: Clinical gait analysis, long-term follow-up, unilateral spastic cerebral palsy, single-level surgery

can also be used to objectively monitor the evolution of
patients’ gait quality thanks to specific gait measurement

Introduction

Unilateral spastic cerebral palsy (USCP) is the most preva-
lent cerebral palsy (CP) subtype.' It is characterized by

'Willy Taillard Laboratory of Kinesiology, Geneva University Hospitals

alterations in movement coordination, balance impair-
ments, muscle weakness, spasticity, limited selective vol-
untary motor control, and limited muscle tone regulation
affecting lower and upper limb motor function on one
side.? These alterations directly impact functional abilities,
postures, movements, and gait. Nevertheless, most chil-
dren with USCP walk independently, without assistance.
The most common gait disorders observed among USCP
patients are foot equinus due to calf-muscle spasticity and
contracture, limited knee extension, and femoral or tibial
torsions.>* Clinical gait analysis (CGA) is generally rec-
ommended to establish a functional diagnosis for these
patients and to support treatment decision-making.>> CGA
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scores such as the Gait Deviation Index (GDI), the Gait
Profile Score (GPS), or the Gait Variable Score (GVS).!?
The GPS and the GVS evaluate the difference between the
kinematic curves measured during the gait cycles of
patients with a gait deviation and subjects with no gait
deviations (defined from a normal reference database).!!
These scores are relevant indicators of overall gait pathol-
ogy (expressed in degrees) for assessing pathological gait
characteristics and detecting changes, such as before and
after treatment.'?

Several studies in the literature have observed the long-
term gait evolution of children with CP, mostly focusing
on patients with bilateral CP!*"'? and showing improved
gait scores thanks to surgery. However, to the best of our
knowledge, few published articles have examined the
long-term gait evolution of USCP patients. Schranz et al.?
reported on the long-term outcomes of 14 patients with
USCP, but only a specific subgroup who had undergone
single-event multilevel surgery (SEMLS). Their GPS were
improved by SEMLS and maintained at a 10-year follow-
up. The literature lacked long-term, longitudinal gait evo-
lution studies (=5 years of follow-up) among young adults
with USCP, specifically including groups who had and had
not undergone single-level surgery (SLS).

Thus, the present study’s first objective was to evaluate
long-term gait outcomes, between two CGAs, using the
modified GPS (mGPS), the GVS, and the normalized
walking speed of a cohort of young adult patients with
USCEP, regardless of their treatment. The second objective
was to describe how long-term gait outcomes differed
between the “no surgery” and “SLS” patient groups.

Materials and methods

This ambidirectional cohort study included some data avail-
able from a historical CP cohort and some data collected
prospectively. The gait function of young adults with ambu-
lant CP was measured at two time points, with a minimum
of Syears between their two CGAs. The study was approved
by the local ethics committee (CER: 10-135), and all par-
ticipants provided their written informed consent.

Patients

Patients with CP who had undergone a CGA between 1993
and 2017 were contacted and asked to participate whether
they met the study inclusion criteria: (1) USCP diagnosed by
clinical symptoms and medical imaging; (2) being aged
between 7 and 14 years old at their first CGA; (3) being aged
older than 14 at their last CGA (occurring between 2010
and 2022); (4) a minimum 5-year interval between those
CGAs; and (5) being categorized at Gross Motor Function
Classification System (GMFCS) level I (Figure 1). Our hos-
pital’s electronic medical database was used to collect patient
characteristics such as age, sex, diagnosis, and treatments

(e.g. botulinum toxin injection, lower-limb orthotic manage-
ment, and lower-limb treatment history). Eligible patients
were divided into “no surgery” and “SLS” treatment groups.

Objective gait assessment

Three-dimensional motion analysis systems were in use
in our institution during the follow-up analysis period.
From 1993 to 2008, gait was measured using a six-camera
motion analysis system (Vicon 460, UK); from 2008 to
2014, a 12-camera motion analysis system (Vicon Mx3 +,
UK) was used; and since 2015, measurements have been
made with another 12-camera motion analysis system
(Oqus 7+, Qualisys, Sweden). Markers were placed on
the lower limbs and pelvis following the Conventional
Gait Model.?! Barefoot gait (at a self-selected speed)
was recorded along a 12-m walkway, and a minimum of
five gait cycles were used for data analysis. Visual 3D
(C-Motion, Inc., Germantown, USA), the open-source
Biomechanical ToolKit package,”” and Matlab R2021b
(MathWorks, USA) software were used to compute kine-
matics, analyze data, and calculate gait scores.

Biomechanical outcomes

The GPS is computed using nine kinematic lower-limb
variables (pelvic tilt, obliquity, rotation; hip flexion,
abduction, rotation; knee flexion; ankle flexion and foot
angle progression) across the gait cycle as the root mean
square distance between the patient’s joint kinematic
curve and their mean normative curve, expressed in
degrees.!! Schwartz and Rozumalski?® reference data set
(including 83 subjects) was used to compute mGPS
scores. The GVS is also calculated using the nine kine-
matic variables as the root mean square distance from a
set of normal reference data, also expressed in degrees. A
lower GPS reflects a gait pattern closer to the norm, and
Backer et al.?* determined a minimal clinical important
difference (MCID) of 1.6°. However, Barton et al.?®
recently recommended excluding hip rotation from the
calculation of gait scores as this parameter is less reliable
than the others. Based on this, we calculated a modified
GPS (mGPS) without the hip joint rotation angle. Thus,
the mGPS was our main outcome characteristic of patient
gait quality over time. In addition, to evaluate SLS’s post-
operative impact on gait in more detail, GVS were also
calculated over time (except for the hip rotation outcome).
Subsequent analyses calculated the mGPS and GVS for
the affected side and mGPS for the unaffected side. The
follow-up mGPS minus the baseline mGPS was calcu-
lated and called the mGPS change. Finally, dimensionless
walking speed?® was analyzed at the first and last CGAs,
and follow-up dimensionless walking speed minus base-
line dimensionless walking speed was calculated and
called the change in dimensionless walking speed.
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Figure |. Flow chart of patients with cerebral palsy (CP) as a function of inclusion and exclusion criteria. Definition of three
groups as a function of their treatment: no surgery and single-level surgery (SLS).
GMFCS: Gross Motor Function Classification System; CGA: clinical gait analysis.

Clinical outcomes

Gross motor function was determined using the GMFCS.?’
For patients whose first CGA was before 1997, the GMFCS
level was evaluated from the videos of gait and functional
movements recorded during those analyses. The classifi-
cation proposed by Rodda and Graham?® was also used to
classify the cohort’s gait patterns.

Data analysis

Because the full cohort’s data were normally distributed,
means and standard deviations (SD) were calculated to
describe them. A two-tailed, dependent Student’s #-test was
calculated for paired samples to compare mGPS, GVS, and
walking speeds at the first and last CGAs for the full cohort
and for the “no surgery” and “SLS” groups. Pearson’s cor-
relations were calculated to assess relationships between
mGPS changes and mGPS at baseline on the affected side
and between changes in walking speed and walking speed at
baseline. Correlation coefficients of 0.0-0.3 were consid-
ered weak, >0.3-0.5 fair, >0.5-0.7 good, and >0.7 high.?

To interpret these results, Cohen’s effect sizes were
calculated as the mean unadjusted differences divided by
the pooled SD of the corresponding mean parameters.?’
An effect size of r<<0.2 is considered trivial, 0.2=r=0.5
is small, 0.5<<r=0.8 is moderate, and r>0.8 is large.
Statistical analyses were performed using STATA soft-
ware, version 13.1 (StataCorp LP, College Station, Texas,
USA), and R software, version 1.4.1106 (R Foundation
for Statistical Computing, Vienna, Austria, URL https://
www.R-project.org). Statistical significance was set at
p<0.05 (two-sided).

Results

Patient cohort characteristics at baseline and
follow-up CGAs

The study included 52 USCP patients (27 males), with a
mean interval between CGAs of 10.5 (5.2) years. Mean
ages at the first and last CGAs were 9.3 (3.2) and 19.7
(6.0) years old, respectively. Eighteen patients had not
undergone SLS because they had no clinical indication at
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baseline. Thirty-four patients underwent SLS because of
tendon shortening, muscle disbalance in the foot, torsion
malalignment of the femur and tibia, or lever arm dysfunc-
tion of the foot.

Table 1 details each patient’s clinical characteristics and
the treatments they underwent during the follow-up period.
Table 2 summarizes patients’ parameters at their first and
last CGAs. Supplementary Table 1 details each patient’s
sex, side of USCP, age at first and last CGA, the interval
between CGAs, mGPS of the affected side, normalized
walking speed, main gait deviations at the first and last
CGAs, as per Nieuwenhuys et al’® and their Rodda
Classification.?®

mGPS, GVS, and walking speed changes from
baseline to follow-up CGA for the full cohort

The mean mGPS for the affected side was lower at the last
CGA: baseline=8.5° (2.1°) versus follow-up=7.2° (1.6°),
effect size=0.73, p<<0.001, with a mean mGPS change of
—1.4° (2.4°). Mean GVS at the last CGA were significantly
improved for hip abduction—adduction angle, hip and knee
flexion—extension angle, and foot progression angle (Table 2).
Significant decreases in mean dimensionless walking speeds
were also observed. The unaffected side’s mean mGPS was
also significantly lower at the last CGA: baseline=7.7° (2.0°)
versus follow-up=6.4° (1.5°), effect size=0.73, p<<0.001,
with a mean mGPS change of —1.3° (2.1°). Concerning the
mGPS changes, no significant differences were observed
between the affected and unaffected sides: —1.4° (2.4°) versus
—1.3° (2.1), respectively, p=0.175. Pearson correlations
showed significant negative correlations between mGPS
change and mGPS at baseline (r=—0.79, p<<0.001) and
between walking speed change and walking speed at baseline
(r=-0.77, p<0.001).

mGPS and dimensionless walking speed at
baseline and follow-up among “no surgery”
and “SLS” patients

No significant differences were observed between the two
groups, at baseline and at follow-up, in terms of their
mGPS: baseline “no surgery”=8.0° (2.1°) versus baseline
“SLS”=8.9°(2.1°), p=0.15; follow-up “no surgery”=7.0°
(1.5°) versus follow-up “SLS”=7.2° (1.6°), p=0.74. No
significant differences were found between the two groups
for dimensionless walking speed at baseline or follow-up.

mGPS, GVS, and dimensionless walking speed
changes among “no surgery” patients
The 18 “no surgery” patients’ characteristics are summa-

rized in Tables 1 and 2. Significant changes were only
found for dimensionless walking speed (baseline: 0.57

(0.15) versus follow-up: 0.45 (0.06), p=0.04). No signifi-
cant changes were observed for the mGPS of the affected
side (baseline: 8.0° (2.0°) versus follow-up: 7.0° (1.5°),
p=0.15), the unaffected side, or the GVS during this
period of follow-up.

mGPS, GVS, and dimensionless walking speed
changes among “SLS” patients

The 34 “SLS” patients’ characteristics are summarized in
Tables 1 and 2. Significant improvements were observed
in the affected side’s mGPS (Figure 2) (baseline=8.9°
(2.1°) versus follow-up=7.2° (1.6°), effect size=0.85,
p<<0.001) and the unaffected side’s mGPS (base-
line=8.1° (2.1°) versus follow-up=6.3° (1.5°), effect
size=0.94, p<0.001). However, no significant differ-
ences were observed for the mGPS change between the
affected and unaffected sides, with —1.6° (2.5°) versus
—1.2°(2.4°), respectively, p=0.348. Significant improve-
ments were observed for the mean GVS of the pelvis
rotation angle, hip and knee flexion—extension angles,
and the foot progression angle. Finally, significant
changes were observed in mean dimensionless walking
speed (baseline: 0.64 (0.15) versus follow-up: 0.47
(0.07), effect size=1.4, p<0.001).

Discussion

The present study’s main objective was to observe long-
term gait outcomes among USCP patients. After a mean
follow-up of 10.5years, most patients had improved or
remained stable, regardless of surgery. Furthermore,
patients with a poorer initial level of gait function and effi-
cacy at baseline showed greater improvements over time,
which was reflected in the strong correlation found a sig-
nificant negative correlation between change in the mGPS
and gait speed at baseline CGA: r=-0.79, p<<0.001.
Similar results were observed in previous publications.!43!

Examining this study cohort in more detail, only 18
patients had not undergone surgery after their initial CGA.
We observed improvement or stabilization in the “no sur-
gery” treatment group’s mGPS on both their affected and
unaffected sides but with no significant overall difference
(Table 2). The same observation was made for the GVS of
affected sides during this transition period to young adult-
hood (Table 2). A unique significant difference was
observed for the walking speed between the two CGAs.
Furthermore, most “no surgery” patients had small drop
foot and/or internal foot progression angles (in-toeing gait)
at their baseline CGA (Supplementary Table 1), sometimes
exhibiting a natural improvement in these angles over
time. However, it is important to note that most “no
surgery” patients had benefited from childhood physio-
therapy and/or ankle or foot orthosis to manage their
main ankle- or foot-based gait deviations.*? Similarly, four
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Table 2. Patient characteristics for the full cohort (mean, effect size, and standard deviation (SD)) with proportions for sex and
Gross Motor Function Classification System (GMFCS) level.

Full cohort No surgery Single-level surgery
(n=52) (n=18) (n=34)
Sex (M)—n 27 8 19
GMFCS level measured at first CGA—n
Level | 52 18 34
GMFCS level measured at last CGA—n
Level | 52 18 34
Mean (SD) Mean (SD) Mean (SD)
Age (year)
At first CGA 9.3 (3.2) 10.2 (2.8) 8.9 (1.9)
At last CGA 19.7 (6.0) 21.8 (7.0) 18.6 (4.8)
At surgery NA NA 11.2 (3.4)
Modified GPS (°)
Affected side
At first CGA 8.5 (2.1) 8.0 (2.1) 8.9 (2.1)
At last CGA 7.2 (1.6) 7.0 (1.5) 7.2 (1.6)
t-test / effect size / p-value 0.73 /<0.001 0.49/0.15 0.85/<0.001
Modified GPS change -1.4(24) -0.9 (2.0) -1.6 (2.5)
Unaffected side
At first CGA 7.7 (2.0) 7.1 (1.7) 8.1 (2.1)
At last CGA 6.4 (1.5) 6.6 (1.6) 6.3 (1.5)
t-test / effect size / p-value 0.73/<0.001 0.32/0.07 0.94/<0.001
Modified GPS change -1.3(2.1) -0.5 (1.1) -1.7 (2.4)
Gait Variable Scores (°)
Pelvis tilt (°)
At first CGA 5.5 (3.5) 5.9 (3.6) 5.2 (3.6)
At last CGA 4.7 (2.7) 4.8 (2.6) 4.8 (2.8)
t-test / effect size / p-value 0.25/0.20 0.11/0.74 0.32/0.39
Pelvis obliquity (°)
At first CGA 3.6 (1.9) 3.0 (1.5) 4.0 (2.1)
At last CGA 34(1.7) 32(1.4) 34(1.8)
t-test / effect size / p-value 0.16/ 0.42 0.08/0.81 0.26/0.28
Pelvis rotation (°)
At first CGA 7.3 (3.5) 6.4 (2.9) 7.8 (3.7)
At last CGA 6.0 (3.0) 59 3.1) 6.1 (3.0)
t-test / effect size / p-value 0.39/0.05 0.16 /0.64 0.50/0.04
Hip flexion—extension (°)
At first CGA 837 (3.9) 7.9 (2.6) 9.2 (4.3)
At last CGA 6.9 (3.3) 6.8 (3.7) 7.0 (3.1)
t-test / effect size / p-value 0.51/0.01 0.31/0.13 0.60/0.01
Hip abduction—adduction (°)
At first CGA 4.9 (2.5) 4.6 (2.2) 5.1 (2.7)
At last CGA 3.8 (1.5) 3.6 (1.5) 4.0 (1.5)
t-test / effect size / p-value 0.50/0.01 0.51/0.14 0.50/0.04
Knee flexion—extension (°)
At first CGA 9.9 (3.2) 9.2 (2.9) 10.3 (3.2)
At last CGA 8.5 (2.8) 7.9 (2.6) 8.9 (2.8)
t-test / effect size / p-value 0.46 / 0.02 0.45/0.18 0.50/0.04
Ankle flexion—extension (°)
At first CGA 9.1 (3.5) 7.9 (2.5) 9.7 (3.8)
At last CGA 8.1 (2.7) 8.0 (2.6) 8.1 (2.8)
t-test / effect size / p-value 0.32/0.10 0.03/0.92 0.48 / 0.05

(Continued)
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Table 2. (Continued)

Full cohort No surgery Single-level surgery
(n=52) (n=18) (n=34)
Foot progression angle (°)
At first CGA 11.7 (5.2) 11.7 (6.4) 11.9 (4.7)
At last CGA 9.4 (4.5) 9.8 (4.1) 9.1 (4.7)
t-test / effect size / p-value 0.48/0.01 0.35/0.30 0.58/0.02
Dimensionless walking speed
At first CGA 0.61 (0.16) 0.57 (0.15) 0.64 (0.15)
At last CGA 0.46 (0.07) 0.45 (0.06) 0.47 (0.07)
t-test / effect size / p-value 1.3/<0.001 1.0/0.04 1.4/<0.001
Dimensionless walking speed change -0.1 (0.06) -0.1 (0.07) -0.2 (0.06)

GMFCS: Gross Motor Function Classification System; CGA: clinical gait analysis; M: male; Unilat: unilateral; CP: cerebral palsy; GPS: Gait Profile
Score; GVS: Gait Variable Score; SLS: single-level surgery; NA: not applicable. Values in bold are statistically significant.

Without surgery With surgery

16°/

12%

Modified GPS (°)

First CGA Last CGA First CGA Last CGA

Figure 2. Boxplot for the modified GPS between the
“no surgery” patient group and the “single-level surgery”
patient group for each clinical gait analysis (first and last
CGA).

patients received botulinum toxin injections during child-
hood. Information on this subgroup is precious for better
understanding this pathology’s prognosis as it shows that
the natural evolution of some USCP patients can be favor-
able even without surgery. It is important to note that they
had low-level gait impairments at baseline, which some-
what biases the results concerning the so-called natural
evolution of USCP patients. Although this is usually why
these patients did not need surgery, it is important to
remember that it could also be a patient or family choice.
Indeed, it is the patients with more severe impairments
who usually undergo surgery.

The mean mGPS of the affected sides of the 34 patients
in this cohort who underwent SLS improved significantly
over time, with a strong effect size (Table 2). Supplementary
Table 1 reveals that 18 patients showed a significant
improvement in mGPS, 15 remained stable, and only 1
patient had a worse mGPS at their last CGA. Moreover, at
the joint level, all the GVS on patients’ affected sides also
improved, but only significantly for hip, knee, and ankle
flexion—extension and for the foot progression angle.

Finally, the effect sizes of these gait parameters reflected
surgery’s moderate-to-large effect on gait quality. Further-
more, the mean mGPS of patients’ unaffected sides also
improved significantly in this group, showing SLS’s impact
on the voluntary coping and compensatory mechanisms
developed on that side, t00.333¢ We also noted that the
mGPS changes for the affected and unaffected sides of the
SLS group were similar. Regarding Table 1, the most used
types of surgical procedure were muscle/tendon lengthen-
ing (e.g. tibialis posterior, gastrocnemius, Achilles tendon),
the transfer or hemi-transfer of the tibialis anterior,
calcaneal and cuneiform osteotomies, tibial or femoral
derotational osteotomies, and epiphysiodesis. Orthopedic
surgeons indicate which types of surgery are needed
(depending on the type and severity of the CP), with, in
most cases, the primary objective of managing USCP
patients’ gait impairments in their ankles and feet (e.g. drop
foot, equinus, in-toeing or out-toeing gait).'37 These
results accord with Schranz et al.’s,?’ which showed signifi-
cant improvements in GPS after a 10-year follow-up of 14
patients with USCP who underwent SEMLS. They also
found that GVS were significantly better for foot progres-
sion angle, ankle, knee, and hip flexion—extension angles,
and (contrary to the present study) pelvis rotation. These
differences might be explained by the fact that their cohort
of USCP patients was different in terms of the surgeries
undergone and the levels of function. Indeed, Schranz
et al.’s subjects underwent SEMLS at around 12.1 years old
and were GMFCS levels I and II, whereas, in the present
study, patients had undergone their SLS at a mean age of
11.1years old (95% CI, 9.6-12.6) and were only GMFCS
level I (Table 1).

It is interesting to note that the only significant differ-
ence between our two groups was observed in the mean
increase in dimensionless walking speed in the last CGA,
with no other significant differences observed at baseline
and follow-up in terms of their mGPS. This observation
could indicate that, over time, patients who undergo
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surgery achieve the ability to walk as efficiently as patients
who did not require SLS.

We found similar results in a previous study of the long-
term evolution (10.5 years of follow-up) of gait in patients
with bilateral CP. This revealed that patients who did
not undergo surgery and had good gait function at baseline
(10 patients at GMFCS level I) maintained their gait
quality, whereas patients who underwent SEMLS (18
patients at GMFCS levels I and IT) showed—in the major-
ity of cases—improved gait quality at follow-up.'* Thus,
for both USCP and bilateral CP patients, the long-term
beneficial impacts of surgery on gait quality are notewor-
thy, as measured using mGPS and GVS.

The present study had some limitations, the main one
being the cohort’s small size. However, compared with
similar studies of the long-term evolution of gait among
USCP patients, it was the largest sample analyzed to
date.??° The second limitation was that it only included
patients at GMFCS level 1. This choice was made because
this was the level of most of the eligible patients with
USCP at baseline; it provided a more homogeneous final
cohort and more consistent results. The third limitation
results from there being no prior MCID for the mGPS
available in the literature. However, as hip rotation has
been shown to be the least reliable parameter calculated
from 3D kinematics, we would expect the MCID for the
mGPS to be lower than those of 1.6° calculated in the
literature.?*?* The fourth limitation concerns the reference
database of subjects used to calculate mGPS. These data
came from another gait laboratory and could be different
in terms of population and marker placements, even if
the laboratories used an identical biomechanical model.
Finally, patients were not randomly allocated to one of the
two treatment groups.

In conclusion, the present study highlighted that
most USCP patients maintained or improved their gait
function and abilities during their transition from child-
hood to young adulthood. Moreover, it revealed that the
majority who were selected for single-level surgery had
improved gait scores, and these were maintained over
time.

This study filled a gap in the knowledge about the long-
term longitudinal evolution of USCP patients, which
remains poorly covered in the literature. Future studies
aiming to refine our knowledge would benefit greatly from
larger cohorts and being able to examine more parameters,
taking into account different domains of the International
Classification of Functioning, Disability and Health, such
as participation, personal parameters, social well-being,
and environmental factors.?
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