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Editorial on the Research Topic

Use of computerized gait analysis in neurological pathologies

The interest in computer-assisted quantitative gait evaluation sharply increased

sharply in recent years (Figure 1). Its widespread use provides evidence of applicability

to obtain objective and comparable measures supplementing clinical scales and

subjective judgments.

The aim of this Research Topic was to collect papers exploring the utility of

computerized gait analysis for exploring the impact of neurological diseases on gait

functions. We have selected 13 articles that have been found to be of high quality

for publication in this Research Topic. These papers covered different aspects related

to protocols and technologies, and many different pathologies (stroke, cerebral palsy,

Parkinson’s disease, multiple sclerosis, spinal cord injury, Charcot Marie Tooth disease,

Duchenne muscular dystrophy).

Systematic research has implemented procedures and paradigms generating a large

number of potential variables for kinematic analysis; some debate on their relevance

and proper selection is going on; several algorithms and equipment configurations to

automatically identify the timing of gait events are being tested to comply with the

clinician’s needs. Whether individual markers of combinations of markers and their

position on different body districts can influence the accuracy of the algorithms and

therefore, the clinical and scientific findings remain unclear (Visscher et al.).

Usual gait analysis often reports the kinematics of hip, knee and ankle, but the

influence of the pelvis as a biomechanical constraint during gait also needs to be deeply

investigated (Favetta et al.).

Multiple Sclerosis has been systematically studied by means of kinematic analysis,

partly due to its being characterized by the fatigue progressing with the disease

worsening. This fatigue in walking can be studied through an antiphase pattern of

limbs coordination while seated when movements of lower are performed leg as

quickly as possible (Goetschalckx et al.). Over the years, thanks to the increasing

collaboration between clinicians and complex systems analysts, individual “indices’ have
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FIGURE 1

The increment of publications related to “computerized gait analysis” as reported on Pubmed at November 2022.

been identified to characterize the evolution of various

diseases and to quantify and monitor the patients; motor

recovery, in order to verify the effectiveness of medical and

physiotherapic treatments.

In the study of chronic post-stroke hemiparetic patients,

for instance, the range of motion of the ankle, spasticity of the

triceps sural, walking speed, the scales related to assistance and

the limitation in the subjects; social participation have been

taken in to consideration (Mazzoli et al.). Or again for post-

stroke subjects a set of kinematic variables that are sufficient

to evaluate gait, thus being able to substantially facilitate future

diagnosis and monitoring of rehabilitation progress (Nedergård

et al.).

One of the main developers and computerized systems

analysts; challenge in the analysis of gait kinematics is to create

indicators as reliable as the clinical scales in use. The main

options are basically two:

1- to create analysis procedures and verify their

compatibility with existing scales; or 2- to identify indicators

able to replace the same scales with comparable or better

reliability. An example in this regard is the attempt to provide

objective interpretations of the observational gait assessment

based on theWisconsin Gait Scale (WGS) used to assess walking

quality in post-stroke hemiplegic subjects. Computer-assisted

investigations proved able to provide useful, low-cost and timely

feedback to monitor treatments and the evolution of the disease

(Guzik et al.).

For a long time, especially in Europe, the gait of subjects

with infantile cerebral palsy have been examined by assessing

the clinical relevance of fluctuations in the regularity of gait

patterns between repetitive cycles. The approach is congruent

with sensorimotor system organization, with gait fluctuation

and regularity influenced by factors such as age and pathology,

and supports the interpretation of clinical gait analysis and

therapeutic decision making (Tabard-Fougère et al.).

3D gait analysis allows compare systematically and without

human error the gait patterns of different neuromotor

conditions: normal gait, cerebral palsy (CP), Charcot Marie’s

tooth (CMT) and Duchenne muscular dystrophy (DMD). These

comparisons can be of use in the correct interpretation of gait

clinical pattern (Minosse et al.).

The Gait Deviation Index (GDI), a multivariate measure

of the overall gait pathology based on 15 gait characteristics

derived from three-dimensional kinematic data, proved an

indicator most suitable of application with good efficacy in

the evaluation of cerebral (CP), post-stroke hemiparetic gait,

Duchenne muscular dystrophy and Parkinson’s disease, and its

clinical significance also in other pathologies such as spinal cord

injury (SCI) is being tested (Sinovas-Alonso et al.). But also,

an identification of a core set of gait features could be helpful

for clinicians to support treatment decision-making processes

related to children with CP (van der Krogt et al.).

The use of machine learning algorithms is increasingly

frequent in instrumental diagnostics and evaluation, even in

the field of computerized motion analysis. Its purpose is to

treat variables and indices extrapolated from the various tools;

it allows to classify and evaluate patients in remote and help

doctors in making decisions and monitor treatment and follow-

up, without depending on the administration of scales or on

personal clinical experience. For example, to classify patients

with Parkinson’s disease in a useful and accurate way, they

use low-cost portable devices (Muñoz-Ospina et al.). Also,
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children with cerebral palsy could benefit from a machine

learning approach for identifying the intertwine between motor

control and gait kinematics after orthopedic surgery (Steele

and Schwartz).

Three-dimensional gait analysis can provide parameters

to study the effectiveness of clinical trials aimed at preserving

walking, as data can be recorded covering the entire

walking period, by performing a so-called mixed cross-

sectional longitudinal study, without possible variations

in evaluations due to the change of the test administrator

or clinical evaluator. As in treatment in children with

Duchenne muscular dystrophy (DMD) (Vandekerckhove et

al.).
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For interpreting outcomes of clinical gait analysis, an accurate estimation of gait events,
such as initial contact (IC) and toe-off (TO), is essential. Numerous algorithms to
automatically identify timing of gait events have been developed based on various
marker set configurations as input. However, a systematic overview of the effect of the
marker selection on the accuracy of estimating gait event timing is lacking. Therefore, we
aim to evaluate (1) if the marker selection influences the accuracy of kinematic algorithms
for estimating gait event timings and (2) what the best marker location is to ensure
the highest event timing accuracy across various gait patterns. 104 individuals with
cerebral palsy (16.0 ± 8.6 years) and 31 typically developing controls (age 20.6 ± 7.8)
performed clinical gait analysis, and were divided into two out of eight groups based
on the orientation of their foot, in sagittal and frontal plane at mid-stance. 3D marker
trajectories of 11 foot/ankle markers were used to estimate the gait event timings (IC,
TO) using five commonly used kinematic algorithms. Heatmaps, for IC and TO timing
per group were created showing the median detection error, compared to detection
using vertical ground reaction forces, for each marker. Our findings indicate that median
detection errors can be kept within 7 ms for IC and 13 ms for TO when optimizing
the choice of marker and detection algorithm toward foot orientation in midstance. Our
results highlight that the use of markers located on the midfoot is robust for detecting
gait events across different gait patterns.

Keywords: gait analysis, pathological gait, cerebral palsy, gait event detection, motion capture

INTRODUCTION

3D Clinical Gait Analysis (CGA) is increasingly used for quantifying gait deviations, informing
clinical decision making, and monitoring the effectiveness of therapy in movement disorders
(Cimolin and Galli, 2014; Armand et al., 2016). Accurate estimation of gait events, such as initial
contact (IC) and toe-off (TO), is essential for interpreting CGA outcomes, as incorrect identification

Frontiers in Human Neuroscience | www.frontiersin.org 1 September 2021 | Volume 15 | Article 7206998

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://doi.org/10.3389/fnhum.2021.720699
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnhum.2021.720699
http://crossmark.crossref.org/dialog/?doi=10.3389/fnhum.2021.720699&domain=pdf&date_stamp=2021-09-13
https://www.frontiersin.org/articles/10.3389/fnhum.2021.720699/full
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-720699 September 13, 2021 Time: 12:58 # 2
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of gait events could lead to errors in normalization of kinematic
and kinetic data and its ensemble-averaging, as well as to
inaccurate spatio-temporal parameters. The gold standard for
estimating gait event timing is the use of vertical ground reaction
forces (vGRFs), during which a threshold is set, when the vGRF
crossed the force threshold a gait event is detected (Bruening and
Ridge, 2014). However, for this method to work in an automatic
manner, clean force plate hits (during which only one foot
contacts a force plate) are necessary. These clean hits are often
limited due to use of assistive devices, short step lengths or partial
contact with the plate, which limits the number of strides that
can be used for analysis. As an alternative to vGRFs, kinematics-
based algorithms have been introduced. These algorithms use the
position, velocity, or acceleration of IMU sensor(s) (placed on
the hip, shank, or feet) or a set of reflective cutaneous markers
(placed on bone-landmarks of the foot/ankle) to estimate gait
event timing. Over the years, numerous algorithms have been
developed, based on various marker sets as input (Stanhope
et al., 1990; Bruening and Ridge, 2014). Here, previous work has
shown that adaptation of the markers’ locations could improve
the estimation of gait event timing, especially in pathological
populations such as children with cerebral palsy (CP) (Visscher
et al., 2021). Within the CP population, multiple types of
pathological gait patterns are present such as True equinus, Jump
knee, Apparent equinus, and Crouch gait (Rodda and Graham,
2001). Per gait pattern, the part of the foot used for IC and TO can
differ. It might therefore be of interest to evaluate how different
marker locations perform when different parts of the foot are
initially contacting or leaving the ground. However, a systematic
overview of the effect of the markers’ locations on the accuracy of
estimating gait event timing is lacking.

With the aim to guide the choice of markers for optimal
estimation of gait event timing, the goal of this study was to
present a detection error map (with vGRFs as the reference),
examining the effect of the markers’ locations on estimation of
gait event timing, based on a set of commonly used kinematics-
based algorithms.

METHODS

Participants
104 individuals with CP and 31 typically developing (TD)
controls were retrospectively included in this study (Table 1).
All participants underwent CGA in a local hospital between
August 2016 and May 2019. Each subject was categorized into
1 of 4 groups for IC estimations depending on the orientation of
their foot in the sagittal plane (ankle dorsiflexion/plantarflexion)
at midstance (Criteria were set based on the mean values
of the TD group with thresholds chosen to allow for
homogeneous distribution of patients between groups, Group
IC1: >mean + 2SD nTD = 62 median dosiflexion angle = 17.8◦
nCP = 51, 9.8◦; Group IC2: mean-2SD ≤ mean + 2SD nTD = 0,
nCP = 25, -0.2◦; Group IC3: mean-10SD ≤ mean-2SD nTD = 0,
nCP = 42, -5.6◦; Group IC4: <mean-10SD nTD = 0, nCP = 39,
-15.5◦; Supplementary Table 1), and into 1 of 4 groups for
TO estimations depending on the orientation of their foot

TABLE 1 | Descriptive statistics of the participants (independent samples T-test,
chi-square test for gender).

TD (n = 31) CP (n = 104) p-value

Age (years) 20.6 (7.8) 16.0 (8.6) 0.008

Gender 15 males
16 females

66 males
38 females

0.133

Height (m) 1.64 (0.17) 1.52 (0.20) 0.002

Weight (kg) 55.0 (15.6) 45.9 (18.1) 0.012

BMI (kg/m2) 20.0 (2.80) 19.0 (4.0) 0.232

Legs evaluated (n) 62 156 NA

Types of CP NA 52 Hemiplegic
52 Diplegic

NA

GMFCS NA I: 73
II: 31

NA

All parameters reported as mean (SD). TD, typically developing controls; CP,
cerebral palsy; SD, standard deviation; BMI, body mass index; NA, not applicable.
Bold values indicate significant difference between TD and CP groups.

in the frontal plane (ankle eversion/inversion) at midstance
(criteria were set based on the mean values of the TD group
with thresholds chosen to allow for homogeneous distribution
of participants between groups, Group TO1: >mean + 2SD
nTD = 0, nCP = 15, 17.0◦; Group TO2: mean-2SD ≤mean+ 2SD
nTD = 11, 4.3◦, nCP = 55, 5.6◦; Group TO3: mean-4SD ≤ mean-
2SD nTD = 30, -2.4◦, nCP = 36, -1.8◦; Group TO4: <mean-4SD
nTD = 21, -9.7◦, nCP = 50, -12.5◦; Supplementary Table 1).
Further information on grouping and calculation of the foot
orientation can be found in Supplementary Table 1 and on
our GitLab page.1 All participants or their guardians, gave
their written informed consent prior to inclusion in the study,
which as approved by the local ethical committee (2018-
01449). All measurements were conducted according to the
Declaration of Helsinki.

Measurement Procedure
All participants walked barefoot on an instrumented walkway
at their self-selected walking speed for six trials, one trial per
participant was selected for analysis. Out of a total of 64 markers
(9.5 mm diameter), which were attached to the participants
according to the modified Conventional Gait Model (CGM1.0)
model (Kadaba et al., 1990) (Supplementary Presentation 1),
11 markers located on the foot/ankle were selected for analysis
(hallux, HLX; distal metatarsal I, DMT1; distal metatarsal
II, DMT2; distal metatarsal V, DMT5; proximal metatarsal I,
PMT1; cuneiform, CUN; proximal metatarsal V, PMT5; sinus
tarsi, SITA; lateral malleolus, ANK; below ANK on calcaneus,
TPR; calcaneus, HEE; Figures 1, 2). Marker trajectories were
collected at a sampling frequency of 150 Hz using a 12-camera
optoelectronic motion capture system (MTX20, VICON, Oxford,
United Kingdom).

Data Processing
Data pre-processing was performed within the VICON-NEXUS
software (v1.8.5), filtering was done using the built-in Woltring

1https://github.com/Roosje95/HEAT_gait-event-detection

Frontiers in Human Neuroscience | www.frontiersin.org 2 September 2021 | Volume 15 | Article 7206999

https://github.com/Roosje95/HEAT_gait-event-detection
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-720699 September 13, 2021 Time: 12:58 # 3

Visscher et al. Gait Event Timing

FIGURE 1 | Heatmaps showing median detection errors for estimating the timing of initial contact (IC) for individuals with cerebral palsy (CP) and typical development
(TD) per selected marker and method. The location of the markers is indicated on top of the figure, each marker location is connected to a pixel on the heatmap. The
color of the heatmap indicates the median detection error. The histogram below each heatmap indicates the number of individuals for which a certain detection error
was obtained. Groups IC1–IC4 were based on angle of the foot in the sagittal plane during midstance, Supplementary Table 1.

filter (mean squared error set to 10 mm2), marker gaps smaller
than five frames were filled using the built-in gap filling
functions. To extract gait events (IC, TO) using vGRFs, a force
threshold of 20 N was applied to the vertical component of the
ground reaction force signal collected through the force plates

(Kistler, Switzerland, sampling frequency 1,500 Hz) embedded
in the walkway (Visscher et al., 2021). Post-processing analyses
were performed in MATLAB (R2019a, The Mathworks, Natick,
United States) using the open-source Biomechanical ToolKit
package (BTK) (Barre and Armand, 2014). Trials with excessive
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FIGURE 2 | Heatmaps showing median detection errors for estimating the timing of toe-off (TO) for individuals with CP and TD. The location of the markers is
indicated on top of the figure, each marker location is connected to a pixel on the heatmap. The color of the heatmap indicates the median detection error. The
histogram below each heatmap indicates the number of individuals for which a certain detection error was obtained. Groups TO1–TO4 were based on angle of the
foot in the sagittal plane during midstance, Supplementary Table 1.

soft tissue artifacts, poor consistency, or signs of inaccurate
marker placement were excluded after visual inspection. One
valid gait cycle (GC) of each limb per participant was used
in further analyses. Only the paretic side was included for
hemiplegic patients.

The 3D marker trajectories of 1 of the following 11 foot/ankle
markers (HLX, DMT1, DMT2, DMT5, PMT1, CUN, PMT5,
SITA, ANK, TPR, and HEE, Figures 1, 2) were used to
calculate the gait event timings (IC, TO) according to five
previously published kinematics-based algorithms: Zeni et al.
(2008), Desailly et al. (2009), Ghoussayni et al. (2004), Hsue et al.
(2007), and Hreljac and Marshall (2000), Table 2 and all available
on a published repository (see text footnote 1). The choice of
these algorithms was guided by a previous review article that
evaluated automated event detection algorithms in pathological
gait (Bruening and Ridge, 2014). To reduce the chance of false

positives, a time window of ±30 frames (0.2 s, as we measured at
150 Hz) around the estimated event timing by Zeni et al. (2008)
was used for applying the other algorithms. The differences (in
ms) in gait event timings obtained using vGRFs vs kinematics-
based algorithms were defined as the detection error.

Statistical Analysis
As errors were not normally distributed, the median detection
error and the 95 percentile confidence interval lower and upper
boundaries (95%CI) were calculated for each event (IC and
TO), method (Ghoussayni et al., 2004; Zeni et al., 2008; Desailly
et al., 2009; Hsue et al., 2007; Hreljac and Marshall, 2000),
group (IC1–IC4 and TO1–TO4), and marker (HLX, TOE/DMT1,
DMT5, PMT1, CUN, PMT5, SITA, ANK, TPR, and HEE).
Median detection errors were used to create a heatmap of the top
and side views of the foot for each event, method, and group. In
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TABLE 2 | Definition of gait events (IC, TO) according to included algorithms.

Authors Description of IC Description of TO Markers used for IC and TO
determination

Zeni et al., 2008 Maximum horizontal marker position
relative to sacrum

Minimum horizontal marker position relative to
sacrum

HLX, DMT5, DMT2, DMT1, CUN, PMT5,
PMT1, SITA, ANK, TPR, and HEE

Desailly et al., 2009 High pass filtered maximum horizontal
marker position (Cut-off frequency set at
0.5* cadence)

High pass filtered minimum horizontal marker
position (Cut-off frequency set at 0.5* cadence)

HLX, DMT5, DMT2, DMT1, CUN, PMT5,
PMT1, SITA, ANK, TPR, and HEE

Ghoussayni et al., 2004 IC occurs when the sagittal velocity of the
marker falls below a threshold of 500 m/s

TO occurs when the sagittal velocity of the
marker crosses a threshold of 500 m/s

HLX, DMT5, DMT2, DMT1, CUN, PMT5,
PMT1, SITA, ANK, TPR, and HEE

Hsue et al., 2007 Minimum of the horizontal acceleration of
the marker

Maximum of the horizontal acceleration of the
marker

HLX, DMT5, DMT2, DMT1, CUN, PMT5,
PMT1, SITA, ANK, TPR, and HEE

Hrejac et al., 2000 IC occurs at the local maxima in the vertical
acceleration of the marker and the point of
zero-crossing of the jerk (as it decreases)

TO occurs at the local maxima in the horizontal
acceleration of the marker and the point of
zero-crossing of the jerk (as it increases)

HLX, DMT5, DMT2, DMT1, CUN, PMT5,
PMT1, SITA, ANK, TPR, and HEE

For convenience, the algorithms have been listed according to the primary author’s last names.
HLX, hallux marker; DMT5, distal metatarsal V; DMT2, distal metatarsal II; DMT1, distal metatarsal I; CUN, cuneiform; PMT5, proximal metatarsal V; PMT1, proximal
metatarsal I; SITA, Sinus tarsi; ANK, lateral malleolus; TPR, below ANK on calcaneus; HEE, Calcaneus.

addition, histograms were generated to indicate the number of
individuals for which a certain detection error was obtained.

RESULTS

Initial Contact
Depending on the choice of algorithm and marker, differences for
detecting IC timings were up to 147 ms in TD and 80 ms in CP
(Supplementary Data Sheet 1). For estimating the timing of IC
across groups, the best estimations were obtained when using the
algorithm proposed by Hreljac et al. with SITA marker for TD
(median detection error: -1 ms, 95%CI: -12 to 16 ms, ±3 frames,
Figure 1), and the algorithm proposed by Ghoussayni et al. with
SITA or PMT5 marker for CP (median detection error: 0 ms,
95%CI: -27 to 31 ms, ± 5 frames, Figure 1). Outcomes for IC1
were most sensitive toward the marker selected for analyses when
the Ghoussayni et al. approach was used, yielding differences of
up to 180 ms in TD and 120 ms in CP (Figure 1, Supplementary
Data Sheet 1). While in IC1 best results were achieved
with rare- or mid-foot markers (HEE/TPR/ANK/SITA/PMT5),
in IC4 best results were achieved with fore-foot markers
(PMT1/CUN/DMT1/DMT2/DMT5/HLX). As indicated by the
green pixels in Figure 1, median detection errors could be kept
below 7 ms for IC for all groups when using the approaches
from Ghoussayni et al. or Hreljac et al. with PMT1, CUN, or
PMT5 marker (Supplementary Data Sheet 1).

Toe-Off
Similar to the detection of IC timings, differences for detecting
TO timings were up to 153 ms in TD and 143 ms in CP
(Supplementary Data Sheet 1), depending on the algorithm and
marker selected for analysis. For estimating the timing of TO
across groups, best estimations were obtained when using the
algorithm proposed by Desailly et al. with DMT5 marker in
TD (median detection error: 0 ms, 95%CI: -13 to 13 ms, ±2
frames, Figure 2) and with CUN marker in CP (median detection
error: 0 ms, 95%CI: -33 to 27 ms, ±6 frames, Figure 2). As

indicated by the dark blue to orange heatmap pixels in Figure 2,
outcomes for all groups and methods showed to be sensitive
toward marker selection (Supplementary Data Sheet 1) (1 37–
133 ms in TD, 1 10–120 ms in CP). For TO estimation, the
green pixels in Figure 2 indicate median detection errors could
be kept below 13 ms for all groups when using the approaches
from Zeni et al. or Desailly et al. with PMT1, CUN, or PMT5
marker (Supplementary Data Sheet 1).

DISCUSSION

The aim of this manuscript was to provide a systematic overview
of the effects that marker selection has on the accuracy of gait
event timing estimation. Our results present a median detection
error map (with vGRFs as reference) according to the markers
used as inputs for a set of common kinematics-based algorithms
for gait event timing estimation. This map allows for ease in
visualization and can be used by researchers and clinicians
to optimize their choice for algorithm and marker selection
depending on their participant’s gait patterns.

To our knowledge, this is the first study that has evaluated the
impact of marker location on the accuracy of gait event timing
estimation. Our results support the hypothesis in Visscher et al.
(2021) that event detection in pathologies could be improved
through optimal selection of the marker set according to the
study cohort pathology. For example, generally the HEE-marker
with Hreljac approach is used for estimating IC. In a TD child
who presents a clear heel strike this leads to a small under
estimation with a median detection error of -12 ms compared
to force plate detection, however, in a spastic CP patient who
presents equinus gait and uses the fore-foot for IC this could lead
to an over estimation with a median detection error of +18 ms.
When for both subjects the ideal method and marker is used
according to the provided heatmaps and the position of their
foot during midstance, the detection error can stay below 7 ms
in both cases. The results of our study show that the use of
markers on the midfoot (PMT1, PMT5, and CUN) is generally
robust for detecting gait events across different gait patterns when
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using the Hreljac approach as errors for all groups stayed below
20 ms. Indicating, that clinical gait laboratories that measure
a lot of different types of gait patterns and want to keep the
amount of adaptations needed per case to a minimum, might
benefit from including mid-foot markers to their marker model
for estimating IC and TO. However, many of the frequently used
marker sets in clinical practice do not include markers on the
midfoot (Deschamps et al., 2011).

We acknowledge our study had some limitations. First, as
the study is conducted retrospectively it has an inferior level
of evidence compared to a prospective study design. Second,
significant differences were observed between TD and CP cohorts
for age and height, these differences might have interfered
with the results. However, as the results for subgroups in TD
(IC1, TO2, TO3, and TO4) are very similar to the results
from the subgroups with CP, we expect the interference to
be minimal. In addition, the generalizability of the study is
limited as only individuals with one specific pathology (spastic
cerebral palsy), walking barefoot, were included, while severely
affected individuals were excluded. Further investigations should
certainly expand this analysis to different pathologies and
severities in order to present more global recommendations on
marker selection. To support others to apply our method to their
datasets, we have shared all our analysis codes and metadata on a
published repository (see text footnote 1).

Overall, our study showed that gait event timing estimation
can be improved by optimizing the marker set and the detection
algorithm toward specific gait patterns. Our heatmaps presented
in this work can be used to guide researchers and clinicians
toward which marker set would be most beneficial for their
intended use. Further research can expand the current approach
toward other gait patterns and walking conditions.
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Interlimb Coordination Performance
in Seated Position in Persons With
Multiple Sclerosis: Reduced
Amplitude Over 6 min and Higher
Coordination Variability in Persons
With Walking Fatigability
Mieke Goetschalckx1*†‡, Fanny Van Geel1,2*†‡, Raf Meesen1†, Lisa Tedesco Triccas1†,
Marc Geraerts1†, Lousin Moumdjian1,2,3† and Peter Feys1,2†
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2 Universitair Multiple Sclerosis Centrum (UMSC), Hasselt-Pelt, Hasselt, Belgium, 3 Faculty of Art and Philosophy, IPEM,
Institute of Psychoacoustic and Electronic Music, Ghent University, Ghent, Belgium

Background: Walking fatigability is prevalent in MS and can be measured by a
percentage distance decline during a 6-min walking test. Walking is characterized
by an accurate and consistent interlimb antiphase coordination pattern. A decline in
coordination each minute during a 6-min walking test is observed in persons with MS
(pwMS). Measuring coordination during a 6-min seated coordination task with minimized
balance and strength requirements, is assumed to examine a more fundamental
interlimb antiphase coordination pattern in pwMS. This research aimed to answer the
following research question: How does interlimb antiphase coordination pattern change
during a seated coordination task in pwMS with walking fatigability (WF), non-walking
fatigability (NWF) and Healthy Controls (HC)?

Methods: Thirty-five pwMS and 13 HC participated. Interlimb coordination was
assessed by a seated 6-min coordination task (6MCT) with the instruction to perform
antiphase lower leg movements as fast as possible. Outcomes were Phase Coordination
Index (PCI) and movement parameters (amplitude, frequency).

Results: Mixed models revealed a significant effect of time for the the variability of
generating interlimb movements, with a difference in mean values between WF and
HC. A significant group∗time interaction effect was found for movement amplitude,
represented by a significant decrease in movement amplitude in the WF group from
minute 1 to the end of the task.

Conclusion: The higher variability in interlimb coordination and decrease in movement
amplitude over time during the 6MCT in the WF group could be an indicator
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of decreased control of fundamental antiphase coordination pattern in pwMS with
walking fatigability.

Clinical Trial Registration: www.clinicaltrials.gov, identifier NCT04142853 (registration
date: October 29, 2019) and NCT03938558 (registration date: May 6, 2019).

Keywords: multiple sclerosis, phase coordination index, seated coordination task, coordination, fatigability

INTRODUCTION

Fatigue is highly reported in people with MS (pwMS), with a
prevalence up to 80%, showing a high impact on quality of
life (Kluger et al., 2013; Filippi et al., 2018). Recent taxonomies
have indicated two types of fatigue: trait fatigue and state
fatigue. Trait fatigue is referred to as an overall perception
of fatigue over a longer time which is frequently assessed by
questionnaires such as the modified fatigue impact scale (MFIS).
State fatigue is activity dependent. State fatigue can be either
assessed by asking the perceived fatigue by a visual analog
scale (VAS), or assessed objectively by performance decline
during, for example, maximal strength contractions or walking
(Kluger et al., 2013; Van Geel et al., 2019). So far, research on
motor fatigability has often been based on evaluation of the
capacity to maintain maximal isometric muscle force measured
on the body function level of International Classification of
Functioning, disability and health (ICF); or the susceptibility
to muscle fatigue (Severijns et al., 2017). With the use of
the twitch interpolation technique, it has shown that motor
fatigability in MS is mainly influenced by central factors such
as reduced voluntary central drive. These theories assume a
larger contribution of central than peripheral neural activation
to motor fatigability (Steens et al., 2012; Bachinger et al., 2019;
Severijns et al., 2019).

In recent years the focus of the assessment of motor
fatigability have been changed from body function level of ICF
to walking at ICF activity level. Walking-related fatigability
has been quantified in pwMS by comparing walking velocity
during different paradigms (Phan-Ba et al., 2012), and more
recently, by comparing the last vs. the first minute of the 6
min walking test (6MWT), quantified by a “distance walked
index” (Leone et al., 2016; Van Geel et al., 2020). Walking-
related fatigability limits the mobility of pwMS in daily life,
and is prevalent in up to half of pwMS with moderate to
severe impairments (Leone et al., 2016). During the 6MWT,
pwMS perceive more balance problems and gait impairments,
and report overall higher state fatigue levels across minutes
(Van Geel et al., 2021).

Walking requires accurate and consistent antiphase interlimb
coordination pattern, to ensure safe ambulatory functions.
Interlimb coordination involves a distributed network at
both supraspinal and spinal level (Swinnen, 2002). It has
been suggested that defaults in the central nervous system
(Debaere et al., 2001; Swinnen, 2002; Swinnen and Carson,
2002), such as muscle firing timing, slowed motor nerve
conduction time and reduced voluntary drive by the motor
cortex (Swinnen and Carson, 2002; Wurdeman et al., 2011;

Swanson and Fling, 2018) may contribute to the impaired
coordination. When walking at self-selected and fast speed,
pwMS with mild to moderate disability shows a worse interlimb
coordination pattern than healthy controls (HC) (Richmond
et al., 2020). Moreover, when performing a 6-min walking
task, interlimb coordination pattern deteriorates each minute
(Plotnik et al., 2020). Interlimb coordination in pwMS may be
impacted by the presence of heterogenous symptoms, ranging
from impaired dynamical balance, decreased muscle strength,
asymmetric gait, compensatory movements, or perception of
fatigue or performance fatigability. Therefore, a seated 6-
min coordination task (6MCT) was designed to mimic the
6-min walking test (6MWT) but with minimalized balance
requirements or major muscular effort, which are required
during a regular walking task. Our main hypothesis is that
a change in coordination pattern would be observed during
the seated 6MCT, by the end of the task as a result of
fatigability. This change is hypothesized to be more present
in a group with walking-related performance fatigability, as
both walking fatigability and coordination are assumed to
be mostly (but not exclusively) influenced by central neural
activation mechanisms.

The aim of this study was consequently to examine more
fundamental antiphase interlimb coordination pattern while
seated in pwMS, with and without walking fatigability in
comparison to healthy controls.

MATERIALS AND METHODS

Participants
The present study reports on exploratory observational baseline
data of the clinical trials registered at www.clinicaltrials.gov:
NCT04142853 (MS n = 27, HC n = 13) and NCT03938558
(MS n = 18). Seven pwMS participated in both studies
and therefore, data of their first participation (NCT03938558)
was included. PwMS and healthy controls (HC) were tested
at the REVAL Rehabilitation Research Centre of Hasselt
University, and recruited via REVAL, Rehabilitation, the MS
Centre Overpelt and the non-for-profit organization Move
To Sport. The ethical committee of Hasselt University, MS
Centre Overpelt and Hospitalo-Facultaire Universitaire de Liège
approved the protocols (B707201835771 and B9115201836892)
and written informed consent was obtained from all participants.
Participants were aged between 18 and 70 years, and had
to be able to walk for 6 min with or without support
(bilateral or unilateral). PwMS were diagnosed according to
the McDonald criteria (Thompson et al., 2018). Three pwMS
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were excluded as they could not perform the 6MWT or
the 6MCT safely.

Descriptive Data
Age, gender, EDSS, Type MS, years since diagnosis, Timed 25 foot
walk test (T25FW), Paced Auditory Serial Addition test (PASAT),
Single Digit Modalities test (SDMT), Modified Fatigue Impact
Scale (MFIS), and Multiple Sclerosis Walking Scale (MSWS-12),
were collected in pwMS.

To divide patients into groups with or without walking
fatigability, subjects performed the 6-min walking test (6MWT)
according to the script of Goldman et al. (2008) in a 30-
m corridor, where participants were asked to walk as fast
as possible and cover as much distance as possible, making
them challenge their maximal effort. Distance walked each
minute was collected. The Distance Walked Index (DWI6−1)
(Leone et al., 2016) was used to allocate pwMS into a walking

fatigability (WF) and a non-walking fatigability group (NWF),
according to the rounded cut-off value of −10% (Van Geel
et al., 2020): [(distance walked in min 6 - distance walked
in min 1)/distance walked in min 1]∗100. Before the start
of the test (baseline), and after each minute of the 6MWT
and 6-min coordination test (6MCT), participants were asked
to rate their subjective perception of fatigue on a VAS scale,
where 0 is no fatigue and 10 is extremely fatigued. Change
in perceived fatigue was calculated as followed: (perceived
fatigue VAS score in minute 6 - perceived fatigue VAS score at
baseline)× 10.

Apparatus Interlimb Coordination Test
To assess antiphase interlimb coordination of the lower limbs,
participants performed a seated 6 min coordination task.
Subjects were seated on a steel chair covered with foam, to
which two levers were attached. To ensure a stable posture,

FIGURE 1 | Representation of the seated antiphase interlimb coordination task. Subjects make simultaneous left and right knee flexion and extension antiphase
movements.

FIGURE 2 | Visualization of movement cycles of left and right leg of a person with MS.
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TABLE 1 | Descriptive, demographic characteristics and interlimb coordination outcomes (mean, standard deviation) in HC and pwMS (WF-NWF).

MS HC

Total (n = 35) WF (n = 13) NWF (n = 22) HC (n = 13) p-value

Descriptive variables

Age (years)

Mean+SD 95%CI 48.9 ± 9.3
[45.8; 52.1]

49.8 ± 6.4
[45.9; 53.6]

48.5 ± 10.7
[43.7; 53.2]

51.7 ± 16.5
[41.7; 61.7]

NSb

Gender: female

(n; %) 29; 82.9% 12; 92.3% 17; 77.3% 8; 61.5% NSc

EDSS (0–10)

Mean+SD 95%CI Missing data 3.3 ± 1.5
[2.7; 3.9] n = 9

3.7 ± 1.2
[2.9; 4.5] n = 3

3.0 ± 1.7
[2.1; 3.9] n = 6

NA NSa

Type of MS (RR/PP/SP)

Mean+SD Missing data 25/2/2 n = 6 10/0/0 n = 3 15/2/2 n = 3 NA NSc

Years since diagnosis

Mean+SD 95%CI Missing data 13.1 ± 6.0
[10.9; 15.3] n = 4

13.0 ± 6.4
[8.7; 17.3] n = 2

13.1 ± 5.9
[10.3; 15.9] n = 2

NA NSa

Motor outcomes

T25FW (s)

Mean+SD 95%CI 5.1 ± 1.5
[4.5; 5.6]

5.4 ± 1.3
[4.7; 6.2]

4.9 ± 1.7
[4.1; 5.6]

3.3 ± 0.4
[3.1; 3.6]

<0.0001b

WF−HC(0.0014)

NWF−HC( < 0.0001)

Walking fatigability (DWI %)

Mean+SD 95%CI Missing data −8.0 ± 8.0
[−10.7; −5.2]

−16.2 ± 5.8
[−19.8; −12.7]

−3.1 ± 4.0
[−4.9; −1.3]

−2.3 ± 2.7
[−3.98; −0.5]

n = 1

<0.0001a

WF−HC( < 0.0001)

WF−NWF( < 0.0001)

6MWT (m)

Mean+SD 95%CI Missing data 474 ± 118
[433; 514]

414 ± 115
[345; 484]

509 ± 108
[461; 556]

608 ± 53
[574; 642]

n = 1

<0.0001a

WF−HC( < 0.0001)

NWF−HC(0.0079)

WF−NWF(0.0094)

Cognitive outcomes

PASAT (./60)

Mean+SD 95%CI 47 ± 9
[44; 50]

49 ± 7
[45; 54]

46 ± 10
[41; 50]

49 ± 9
[43; 55]

NSa

SDMT (./110)

Mean+SD 95%CI 55 ± 13b [51; 60] 52 ± 13
[44; 60]

57 ± 13
[51; 63]

62 ± 12
[55; 70]

NSa

Questionnaires

MFIS (./84)

Mean+SD 95%CI Missing data 39 ± 16
[33; 45] n = 6

45 ± 12
[36; 55] n = 4

36 ± 16
[28; 43] n = 2

NA NSa

MSWS-12 (./60)

Mean+SD 95%CI Missing data 32 ± 14
[27; 38] n = 6

42 ± 8
[36; 49] n = 4

28 ± 14
[21; 34] n = 2

NA 0.013b WF−NWF

Interlimb coordination outcomes (6MCT)

PCI

Mean+SD 95%CI 15.9 ± 9.5
[12.6; 19.2]

17.7 ± 8.8
[12.4; 23.0]

14.8 ± 10
[10.4; 19.3]

10.3 ± 4.7
[7.4; 13.1]

0.028b WF−HC

Coefficient of variation (CV) ϕ

Mean+SD 95%CI 8.1 ± 6.1
[6.0; 10.1]

8.6 ± 4.2
[6.0; 11.1]

7.8 ± 7.0
[4.7; 10.9]

5.1 ± 1.6
[4.1; 6.0]

0.011b WF−HC

Absolute error (ABS) ϕ

Mean+SD 95%CI 7.8 ± 5.1
[6.1; 9.6]

9.1 ± 5.7
[5.6; 12.6]

7.1 ± 4.7
[5.0; 9.2]

5.2 ± 4.7
[2.4; 8.1]

NSb

(Continued)
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TABLE 1 | (Continued)

MS HC

Total (n = 35) WF (n = 13) NWF (n = 22) HC (n = 13) p-value

Movement amplitude

Mean+SD 95%CI 70.0 ± 21.9
[62.4; 77.4]

61.3 ± 21.1
[48.5; 74.0]

75.1 ± 21.1
[65.7; 84.4]

77.7 ± 24.9
[62.7; 92.8]

NSa

Movement frequency

Mean+SD 95%CI 72.4 ± 13.7
[67.7; 77.1]

72.3 ± 16.0
[62.6; 81.9]

72.4 ± 12.5
[66.9; 78.0]

81.5 ± 22.7
[67.8; 95.2]

NSb

MS, Multiple sclerosis; WF, walking fatigability group; NWF, non-walking fatigability group; HC, Healthy controls; EDSS, Expanded Disability Status Scale; RR, relapsing
remitting MS; PP, primary progressive MS; SP, secondary progressive MS; T25FW, Timed 25-foot walk test; DWI, Distance walked index; 6MWT, 6 min walking test;
PASAT, Paced auditory serial addition test; SDMT, Symbol digit modality test; MFIS, Modified fatigue impact scale; MSWS-12, Multiple sclerosis walking scale; PCI, Phase
coordination index; ns, not significant; NA, not applicable.
Bold: significant effect p ≤ 0.05, NA, Not applicable, NS, not significant (p > 0.05), a Independent t-test or ANOVA (post hoc Tukey HSD), bWilcoxon or Kruskal-Wallis test
(post hoc using Steel-Dwass method), cChi2 test, n, Number, 95% CI, 95% Confidence interval [lower 95%; upper 95%], SD, Standard deviation.

subjects were strapped into the chair with a belt at the
upper legs (Figure 1). The back was supported, but not
fixed, so that participants could sit in the most comfortable
position for them to perform the task. Participants were
asked to keep their arm crossed by the shoulders throughout
the 6MCT. The lower limbs were attached to levers to
allow the lower legs to perform knee flexion and extension
movements. The lateral joint line of the knee was aligned
with the axis of rotation of the levers. At full knee extension,
the mass of the each lever was 540 grams. Joint angles
were registered by means of 2 incremental shaft encoders
(Hengstler R©, 1,000 bits per revolution, accuracy = 0.36◦, sampling
frequency = 100 Hz; Romsey, United Kingdom) mounted at the
axis of rotation of each lever.

Methodology Interlimb Coordination Test
Participants were asked to perform flexion and extension
movements at the knee joints in a coordinated antiphase
pendulum movement. The movements had to be as fast
or as many as possible for 6 min. For individualization
purpose, no limits for range of motion were set. Participants
performed antiphase interlimb movement for approximately
5 times, to ensure understanding and correct execution. The
first 10 s of the test were excluded for data processing due
to start-up movements. MATLAB (version R2019a) was used
for data processing. An upsample rate of 10 was used for
sample frequency. Figure 2 visualizes one movement cycle.
Consequently, interlimb coordination parameters were analyzed
and averaged per minute.

Outcomes Interlimb Coordination Task
Originally, the phase coordination index (PCI) measures the
consistency and accuracy in generating antiphase left-right leg
movements while walking (Plotnik et al., 2007). The PCI was used
to analyze interlimb coordination of the lower limbs during the
seated 6MCT. Similar relative phase coordination outcomes were
used previously, using a similar apparatus (Swinnen et al., 1997;
Serrien, 1998; Serrien and Stelmach, 2000; Goetschalckx et al.,
2021). Relative phase ϕ expressed the relative timing between
the contralateral peaks [360∗(next peak time/cycle time)]. The

accuracy in generating antiphase left-right leg movements is
expressed by absolute error ABS(ϕ) = ((mean |ϕi− 180|)/180)
× 100. The coefficient of variation (CV ϕ) was used to express
the consistency in generating antiphase left-right leg movements
CV(ϕ) = (Standard deviation ϕ/mean ϕ)× 100.

The PCI is the sum of the absolute error (ABS ϕ) and
coefficient of variation (CV) of the relative phase (ϕ), expressed
as a percentage. A lower PCI indicates a higher phase control
and coordination.

The movement amplitude, seen as the spatial measure,
consists of the peak-to-peak amplitude for each individual
cycle (Serrien and Stelmach, 2000). Movement frequency,
seen as the temporal measure, is expressed by the number
of cycles per minute. One cycle was defined between two
successive peak extension positions. The average movement
amplitude and movement frequency for each leg were calculated
for each minute.

Data and Statistical Analysis
Data analysis was performed using SAS JMP R©Pro 14.10. (SAS
Institute Inc., Cary, NC, United States). Linear mixed models
were used to analyze the effect of group and time on interlimb
coordination and spatiotemporal parameters, after checking
the conditional residuals plots. To assess asymmetry between
legs, mean values of movement amplitude and movement
frequency of left and right leg were compared. Comparison
of the mean values over 6MCT between left and right legs
revealed no significant difference in any groups. Therefore,
the analysis for spatiotemporal parameters during the 6MCT
was performed with the mean value of both legs, per minute.
Fixed effects were included in the mixed model which were
group (WF, NWF, HC), time (minute 1, 2, 3, 4, 5, 6) and
the interaction group∗time, using a Bonferroni correction for
significance (p = 0.05/3). Participants were included as random
factor. To compare factors between groups (HC, WF, NWF) a
ANOVA was used, after normality was confirmed by Shapiro-
Wilk test. For non-normal distributed data, the non-parametric
Wilcoxon/Kruskal-Wallis test (Rank sums) was used. Two-
sided p-values were set at alpha level of 0.05. If a significant
effect existed, multiple comparison Tukey HSD was used for
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normal distributed data and Steel-Dwass method for non-normal
distributed data. The Chi2 test was used to compare groups
for nominal data.

RESULTS

Demographics and Walking Fatigability
In total, 35 pwMS and 13 HC could be included in data
analysis of 6MCT. Data of the 6MWT of one HC was excluded
from descriptive analysis because the participant started to jog.
In our study sample, 13 pwMS showed walking fatigability
(WF = 37.15%). Figure 3 represents the distance walked each
minute during the 6MWT (mean± CI) for the different groups.

Descriptive and demographic outcomes are shown in Table 1.
Significant differences between three groups were found for
TF25W, DWI, 6MWT, and MSWS-12.

Figure 4 represents the median (quartiles) of the change
in perceived fatigue for each test and group. No significant
differences were found between change in perceived fatigue
during the 6MWT and 6MCT in HC and NWF group. However,
in pwMS with WF, the 6MWT led to a significant higher change
in perceived fatigue compared to the 6MCT [t(23.44) = 2.23;
p = 0.036]. Additionally, a significant difference was found
between WF-NWF (MD = 8.51; SE = 3.53; z = 2.41; p = 0.042)
for the change in perceived fatigue for the 6MCT.

Interlimb Coordination
Mean values of all interlimb coordination outcomes measures are
shown in Table 1. Figures 5A–C visualize, respectively, the course
of the ABS ϕ, CV ϕ, and PCI during each minute of the 6MCT
(mean ± CI). A main effect of time was observed for the CV
ϕ (variability in generating antiphase left-right leg movements)
[F(5, 225) = 3.20; p< 0.01]. After post hoc multiple comparison
significant differences were seen in CV ϕ from minute 2–5

FIGURE 3 | Course of the distance (meters) walked each minute during the
6MWT. Error bars represents 95% confidence intervals. Stripe pattern line
represents persons with MS with walking fatigability (WF), dotted line
represents persons with MS without walking fatigability (NWF) and solid line
represents healthy controls (HC).

FIGURE 4 | Median change in perceived fatigue (quartiles) during 6MWT and
6MCT. Full blocks represent data of healthy controls (HC); block with stripes
pattern represents persons with MS with walking fatigability (WF), block with
dot pattern represents persons with MS without walking fatigability (NWF).
*6MCT: WF-NWF: significant difference in change in perceived fatigue
between the WF and NWF group for the 6MCT (p = 0.042). *WF:
6MCT-6MWT: significant difference in change in perceived fatigue between
6MCT and 6MWT in persons with WF (p = 0.036).

[t(225) = −3.26; p = 0.0161] and 2–6 [t(225) = −3.57; p < 0.01]
(see Figure 5). Mixed model analysis revealed no significant main
effect of time, group, nor an interaction effect of group∗time for
PCI and ABS ϕ.

The mean values of most interlimb coordination parameters
differed significantly between HC and PwMS with WF (PCImean:
MD = 7.69; SE = 3.00; z = 2.56; p = 0.028; CVmean: MD = 8.61;
SE = 3.00; z = 2.87; p = 0.011). Supplementary Table 1 displays
mean ± standard deviation (SD) of the interlimb coordination
outcomes each minute.

Figures 6A,B visualize, respectively, the course of the
movement amplitude and movement frequency during each
minute of the 6MCT (mean ± CI). A significant interaction
effect of group∗time was found for movement amplitude [F(10,
225) = 4.57; p < 0.001]. Post-hoc multiple comparison showed
that pwMS with WF decreased their movement amplitude
significantly from minute 1 to both minute 5 [t(225) = 4.40;
p < 0.01] and 6 [t(225) = 4.89; p < 0.001]. In contrast to
the movement amplitude, no significant main time effect, nor
an interaction effect was observed for movement frequency,
suggesting that no group significantly changed their movement
frequency over the 6MCT. Supplementary Table 2 displays the
spatiotemporal movement parameters of each group by time
(mean± SD).

DISCUSSION

This is the first study that investigates an antiphase coordination
pattern of the lower limbs during a seated 6 min coordination
task (6MCT) in pwMS and changes over time. The seated
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6MCT was designed to examine more fundamental interlimb
coordination of the lower limbs, assuming minimized balance
and strength demands, which are required during walking. Our
main hypothesis was that a change in coordination pattern over
time, due to performance fatigability, would be observed during
seated 6MCT in pwMS with WF, by means of change in antiphase
coordination movements (ABS, CV, PCI), and decrease in spatial
and temporal movement parameters (movement amplitude,
movement frequency). We hypothesized this change, as a similar
trend of deterioration in coordination pattern over each minute
have been observed in pwMS while performing a 6-min walking
task (Plotnik et al., 2020).

The exploratory results of this study showed that interlimb
coordination changes over time, observed by an increase in their
variability in generating antiphase left-right movement CV(ϕ),
toward the end of the task. As expected, this change in variability
was greatest in pwMS with WF. Besides the observed change over

time, the mean values of CV(ϕ) and PCI differed significantly
between HC and pwMS with WF, with worse values in pwMS
with WF. Noteworthy is that ABS(ϕ) in antiphase generation
did not differ between group and did not changed significantly
over time. These results suggest that pwMS with WF have more
difficulties in the control of seated antiphase coordination of the
lower limbs compared to HC.

Regarding the temporal and spatial movement parameters
during the 6MCT, we expected to observe a similar trend of
decline in performance in movement frequency or amplitude
in pwMS with WF, as they show a decrease in walking
distance during the 6MWT. As the 6MWT requires not
only a consistent and accurate antiphase coordination pattern,
but also balance and strength, the 6MCT was designed to
minimalize balance requirements or major muscular effort, and
therefore in theory stresses more central neural mechanism.
This 6MCT was based on a similar test in previous research

FIGURE 5 | (A–C) Represents, respectively, the course of absolute error of the relative phase (ABS ϕ, %), coefficient of variation of relative phase (CV ϕ; %) and the
phase coordination index (PCI, %), during each minute of the 6MCT. Error bars represents 95% confidence intervals. Stripe pattern line represents persons with MS
with walking fatigability (WF), dotted line represents persons with MS without walking fatigability (NWF) and solid line represents healthy controls (HC). *T2–5, *T2–6:
significant main effect of time for CV(ϕ) from minute 2 to 5 (p = 0.0161) and minute 2 to 6 (p < 0.01).

FIGURE 6 | (A,B) Represents, respectively, the course of the movement amplitude and movement frequency during each minute of the 6MCT. Error bars represents
95% confidence intervals. Stripe pattern line represents persons with MS with walking fatigability (WF), dotted line represents persons with MS without walking
fatigability (NWF) and solid line represents healthy controls (HC). *WF: G*T1–5, 1–6: significant interaction effect of group*time: pwMS with WF decreased their
movement amplitude significantly from minute 1 to 5 (p < 0.01) and minute 6 (p < 0.00).
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to measure phase coordination deficits, in stroke, elderly and
Parkinson (Swinnen et al., 1997; Serrien, 1998; Serrien and
Stelmach, 2000). We found that only in pwMS with WF, the
movement amplitude significantly decreased over time, and
not movement frequency. One of the first studies that used
this interlimb seated coordination task in Parkinson disease
found significant differences in movement amplitude compared
to HC. Temporal measure (cycle duration) and absolute error
(ABS) did not significantly differ between patients and HC.
Together, these results suggest that during a seated coordination
task, the temporal movement parameter is less influenced by
neurological diseases, like pwMS and Parkinson disease, than
spatial movement parameters. However, direct comparison is not
possible due to difference in population, but also in length of the
task (24 trials of 15 s vs. sustained 6 min) and performing the task
while listening to a metronome (1 Hz) (Swinnen et al., 1997).

In the WF group, the change in perceived state fatigue
during the 6MCT was lower than during the 6MWT, indicating
that the seated task was perceived less fatiguing than walking.
However, despite low levels of perceived state fatigue, the test
detected differences in antiphase interlimb coordination pattern
between groups. These results suggest that the 6MCT can
be used as an alternative for patients who are not able to
perform the 6MWT due to extreme fatigue or having severe
motor disabilities. This assumption should, however, be further
investigated, as the 6MCT cannot be directly compared to
walking, as explained further. We note that, although pwMS
without walking fatigability did show walking impairments
assessed by the T25FWT and 6MWT, no significant differences
were found in seated interlimb coordination performance, nor
in change in perceived state fatigue, between pwMS in the NWF
group and HC. Besides, we note that abnormal trait fatigue was
present in many pwMS with WF (see Table 1, mean MFIS = 45),
assessed by the MFIS. However, no significant difference in trait
fatigue was found in pwMS with or without walking-related
performance fatigability, and thus trait fatigue seems to be rather
a general MS characteristic. This result may suggest that trait
fatigue do not directly relates to walking-related performance
fatigability. These results highlight the importance of interlimb
coordination in walking-related performance fatigability.

In contrast to 6MCT, walking is for example characterized
by different sensory-motor interactions, different and higher
muscle activity, higher dynamic balance needs, metabolic cost,
higher automaticity, etc., which all seems to be different
in the 6MCT. Moreover, Meesen et al. (2005) found that
movement with the head is a contributing factor for disturbance
of coordination. Serrien and Stelmach (2000) confirms that
movements integrating different limbs show more coordination
effort in elderly. Future research could investigate these
perturbations and multi-limb coordination patterns during
the seated coordination test, to increase the ecologically
validity of the 6MCT toward walking. The 6MCT should
therefore be considered as a model that allows (in theory)
isolation of the central neural drive mechanisms, taking lower
limbs into account.

Future studies, should take the following limitation of this
study into account. This research instructed participants to

perform as many movements as possible, so move as fast as
possible during 6 min, similar to the instructions of the 6MWT,
where patients are instructed to walk as fast as possible, and cover
as much distance as they can. Therefore, movement frequency
could have been prioritized and the main focus of the participants
over the 6 min instead of movement amplitude. The decrease in
amplitude might have been a compensation strategy to keep the
frequency equal, and perform as many movements as possible.
Future studies could focus on different instructions and look at
the possible influence of prioritization of amplitude or frequency.
However, movement frequency is often prioritized in other tasks
of the locomotor system, wherefore we do not think that the
instruction has exclusively influenced our results (Malone et al.,
2012; Motl et al., 2012; Comber et al., 2017).

Methodological considerations apply. The small sample size,
especially in subgroups, and no a priori power analysis, should
be considered when interpreting the results. A power analysis
could not be made given it was the first time that the task
was used in persons with MS. Besides, no one-to-one matching
was performed between HC and MS groups. Next, we cannot
exclude the impact of the relative weight of the levers, muscle
strength asymmetries, accuracy of axis alignment of the device
during the task, the liberty of comfortable range of motion of
the legs and optional use of back support on differences in task
performance between participants. Because of individualization
purpose, participants were not restricted in their movement
amplitude, nor externally paced in their movement frequency,
similar to 6MWT were the step length and cadence are not
standardized. One may argue that muscle strength asymmetries
may have impacted the results. In this research, maximal lower
limb strength was unfortunately not recorded given strength
requirements in the seated coordination task were limited and
likely not importantly affecting interlimb coordination control.
Still, future research is advised to include maximal lower leg
muscle strength as strength asymmetry might be present in
pwMS (Farrell et al., 2021) and can then be included as factor
in statistical analyses. Further research should also elaborate
on more standardized task constraints regarding movement
amplitude or correct for variability in movement amplitude to
avoid that variability expressed in absolute values could influence
group comparisons.

CONCLUSION

Our exploratory results suggest that the antiphase coordination
of the lower limbs change over time while performing a seated
6-min coordination task. These changes were apparent by
an average higher coordination variability and a decrease in
movement amplitude. The observed changes where more
prominent in pwMS with walking-related performance
fatigability. Results suggest indirectly the influence of central
mechanism contributing to coordination patterns in the walking-
related performance fatigability group. Further studies in a
powered sample size with new methodological considerations
are warranted to determine the relative contribution of centrally
driven interlimb coordination and walking fatigability.
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In literature, indices of overall walking ability that are based on ground reaction forces have

been proposed because of their ease of administration with patients. In this study, we

analyzed the correlation between the indices of dynamic loading and propulsion ability

of 40 chronic hemiparetic post-stroke patients with equinus foot deviation and a set

of clinical assessments of ankle joint deviations and walking ability. Ankle passive and

active range of motion (ROM) and triceps surae spasticity were considered, along with

walking speed and three complementary scales of walking ability focusing respectively

on the need for assistance on functional mobility, including balance and transfers, and

the limitation in social participation. The correlation between the ground reaction force-

based indices and both clinical and functional variables was carried out using the non-

parametric Spearman correlation coefficient. Both indices were correlated to 8 of the 10

investigated variables, thus supporting their use. In particular, the dynamic propulsive

ability was correlated with all functional scales (rho = 0.5, p < 0.01), and has the

advantage of being a continuous variable. Among clinical assessments, limited ankle

ROM affected walking ability the most, while spasticity did not. Since the acquisition of

ground reaction forces does not require any patient prepping, the derived indices can be

used during the rehabilitation period to quickly detect small improvements that, over time,

might lead to the broad changes detectable by clinical scales, as well as to immediately

highlight the lack of these improvements, thus suggesting adjustments to the ongoing

rehabilitation approach.

Keywords: gait, stroke, equinus foot deviation, ground reaction force, rehabilitation, physiotherapy

INTRODUCTION

Stroke is a major cause of disability worldwide. The number of subjects facing a post-stroke
condition continues to rise due to the increase and aging of the global population and to the
decrease in mortality associated with acute vascular events (Patrick and Keenan, 2007; Katan
and Luft, 2018) People who survive this acute event can develop pathological gait patterns,
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which eventually lead to a decreased deambulatory performance
in terms of walking speed, energy expenditure, safety, and
pain (Kesar et al., 2011). An impaired walking ability strongly
contributes to the reduction of the independence of a patient and
leads to a decrease in social participation (Perry et al., 1995).

Pathological walking patterns originate from a combination
of factors, including the loss in muscle strength, inappropriate
muscle activation, altered exteroceptive or proprioceptive
perception, and the development of joint deformities. Focusing
on the lower limb, the equinus and equinovarus foot deviations
(EVD, EVFD) are the most common lower limb deformity in
stroke survivors (Giannotti et al., 2018) along with the limitation
in knee flexion referred to as stiff knee gait (SKG) (Merlo and
Campanini, 2019).

In clinical practice, the assessment of pathophysiological
conditions underlying joint deviations and altered motor
function typically rely on a clinical evaluation at the bedside
[e.g., range of motion (ROM), force, and spasticity], on visual
assessment when walking and on the use of a set of walking-
related clinical scales and functional tests that are used to
assess the walking ability of a patient in different settings (e.g.,
indoor/outdoor) with or without assistance.

When designing the rehabilitation plan for a patient, the
instrumental assessment of gait can be used to answer specific
questions that arise from the clinical assessment, and which
cannot be answered by the clinical investigation itself (Baude
et al., 2019; Campanini et al., 2020). Furthermore, in patients
with stroke, the presence or absence of specific muscle activation
patterns (e.g., spasticity) at the bedside evaluation, does not
necessarily predict the presence or absence of the same patterns
while standing and walking (Gracies, 2005; Baude et al., 2019;
Merlo and Campanini, 2019; Campanini et al., 2020).

While being used in the decision-making process, a
comprehensive clinical and instrumental assessment cannot
be performed to monitor the patient evolution throughout
the whole treatment period, due to its time requirements
and costs. In literature, instrumental indices computed from
ground reaction force (GRF) data, such as the dynamic loading
ability (DLA) and the peak or mean dynamic propulsive ability
(DPA), have been suggested to overcome this issue (Morita and
Yamamoto, 1995; Turns et al., 2007; Campanini andMerlo, 2009;
Raja et al., 2012; Roelker et al., 2019). Since the GRF acquisition
does not require any patient prepping (e.g., markers, electrodes),
this instrumental assessment can be completed in a few minutes
and could be reasonably used during the rehabilitation period to
complement the information provided by clinical assessments
and walking speed. Moreover, the indices can be obtained
even with patients wearing orthoses or using walking aids thus
providing a quick tool to compare the effect of different orthoses
(Bowden et al., 2006; Campanini and Merlo, 2009).

Because of the potential usefulness of DLA and DPA
in the assessment of the recovery of walking ability in
patients and developed EVFD, in this study, we analyzed the
correlation between the clinical assessment of EVFD and walking
ability and the instrumental assessment of walking provided
by the indices.

MATERIALS AND METHODS

Study Design and Setting
In this correlation study, we retrospectively analyzed data from
patients with stroke with chronic hemiparesis who were referred
to our laboratory for the detailed identification of the causes of
their joint deviations to support treatment selection.

Participants
Patients were included in this study based upon the following
criteria: (1) ischemic or hemorrhagic stroke; (2) right or left
hemiparesis; (3) time elapsed since the stroke >6 months; (4)
ability to walk barefoot and without assistance at a self-selected
speed for 10 meters; (5) available clinical and GRF data; (6)
available signed informed consent of data collection and usage
for clinical research purposes. The exclusion criteria were: (1) any
other neurological or orthopedic disease that could limit their
ability to walk; (2) any previous lower limb surgical intervention;
(3) any focal inhibition on the lower limb muscles during the 6
months prior to evaluation.

This study was approved by the Local Ethics Committee
(CEROM, protocol 5953/2017).

Clinical Assessment
Based on the clinical assessment we extracted the following
variables from the records of the patients: age, sex, affected side,
the time elapsed from stroke and its etiology, the maximum
passive ankle dorsiflexion measured with the knee both extended
and flexed at 90◦, the plantar flexor muscles spasticity assessed
by the Modified Tardieu Scale (MTS) and with the knee in both
positions, and the strength of plantar and flexor muscles assessed
using the Medical Research Council (MRC) scale.

Walking ability was assessed by three complementary scales:
the Functional Ambulation Category (FAC), the Rivermead
Mobility Index (RMI), and the Walking Handicap Scale (WHS).
FAC is a quick visual measurement of walking ability (Mehrholz
et al., 2007). It ranges between 0 (non-walking patient) and
5 (independent ambulator or any surface), with intermediate
scores indicating the amount of assistance needed to walk.
RMI ranges between 0 and 15 and covers a clinically relevant
range of activities from the ability to turn in bed, to sit, to
stand, walking inside and outside with and without help, up to
running (Collen et al., 1991). For WHS, a range of 0–6 is used
to distinguish between housebound patients and walkers with
community potential (Perry et al., 1995). Direct measurement of
walking speed was also recorded.

Instrumental Assessment
Force plate data, which are the focus of this study, were acquired
by means of four force plates (Infinity-T, BTS Bioengineering,
Milan, Italy) at a sampling frequency of 400Hz and off-line
analyzed by means of custom-made software to obtain the GRF-
derived indices. During gait assessments, the patients walked
barefoot at a speed they considered comfortable for spontaneous
walking and no further instructions were given to them.
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TABLE 1 | Demographic and clinical characteristics of the sample patients.

Characteristic N = 40

Age 51 (12); 22–77

Sex, M/F 20/20

Affected side, Left/Right 20/20

Stroke onset, years 5.6 (7.0); 0.7–34.5

pADF Knee_0, deg −6 (11); −40–10

pADF Knee_90, deg +6 (11); −40–20

aADF Knee_0, deg −25 (14); −55–5

aADF Knee_90, deg −8 (12); −40–15

MTS PF Knee_0 3; 0–4

MTS PF Knee_90 3; 0–4

FAC 4; 2 – 5

RMI 12; 8–15

WHS 5; 3–6

Used orthoses 20 None; 12 AFO; 2 Peromed; 1 Dictus; 1

Foot-up; 4 other/customized

Data are reported as mean (std) and range for age, angles, and years from stroke onset,

as median and range for clinical scale scores, and as count for sex, affected side, and

used orthoses.

As described in a previous study by Campanini and Merlo
(Campanini and Merlo, 2009), DLA was computed as the mean
value of the vertical component of the ground reaction force.
It refers to the weight-bearing ability over the stance foot. DPA
was computed as the mean value of the positive portion (forward
direction) of the fore-aft component of the ground reaction force.
DPA refers to the ability to get propulsion from the stance foot
(Campanini and Merlo, 2009). Both DLA and DPA are expressed
as percentages of body weight (%BW). At least three trials per
patient were used in this study and the indices’ median values
were computed and used for further analyses.

Statistical Analysis
First, descriptive statistics were used to analyze the data. Age,
sex, clinical scores, and the values of instrumental indices were
reported either by count or by the mean, standard deviation
(SD), and range. Next, according to the aim of the study, a
correlation analysis was carried out between DLA, DPA, and
the structure- (RoMs, MTS) and activity-related (FAC, RMI,
WHS, walking speed) variables. The non-parametric Spearman
correlation index was used for all correlations because of the
presence of ordinal variables and non-Gaussian distributed
continuous variables. The statistical significance was set at 5%.

RESULTS

Data from 40 subjects were used in the study. There were 20 men
and 20 women, with a mean age of 51 (12) years. The complete
demographic and clinical data of the sample patients are reported
in Table 1.

In the sample, walking speed was on average 0.45 (0.20) m/s,
which is approximately one-third of the normal reference, and
ranged between 0.1 and 1.1 m/s, indicating a level of impairment

ranging from very severe to very mild (Bowden et al., 2008). Once
normalized, the walking speed was, on average, 27 (12) %height/s
and ranged between 5 and 68 % height/s. Despite their slowness,
the sample patients exhibited—on average—moderate walking
ability when assessed by clinical scales (see Table 1). Actually, out
of 40 patients, 34 walked independently on level ground (FAC
≥ 4), 24 were community walkers (WHS ≥ 5), and 22 were
able to walk on grass and uneven surfaces (RMI ≥ 12). These
characteristics are common for post-stroke walking patients
who are referred to rehabilitation services, thus supporting the
external validity of the following results.

The DLA was on average 63 (12) %BW and ranged between
27 and 83 %BW. The DPA was, on average, 2.2 (1.7) %BW and
ranged between 0 and 6.4 %BW. The DPA and DLA distributions
are shown in Figure 1.

The correlation between the investigated clinical and
instrumental variables is reported in Table 2. The scatterplots
between walking speed, normalized by height, and both DLA
and DPA are presented in Figure 2, along with the line of robust
regression and the linear relationship between the indices and
gait velocity.

DISCUSSION

In this study, we examined the relationship between the
instrumental indices of loading and propulsive ability during gait
and a set of clinical assessments associated with walking ability
in a sample of patients with chronic stroke. The main finding is
that DLA and DPA are correlated with all clinical variables; the
only exception being passive ankle dorsiflexion measured with
the extended knee. In most cases, correlations were significant at
the 0.01 level.

Among all investigated variables, the strongest correlation
with DLA and DPA was found when measuring walking velocity,
with rho values similar to those reported by Campanini and
Merlo (Campanini and Merlo, 2009). An increase in propulsion
resulted in increased walking velocity (rho = 0.7, p < 0.01). The
increase in velocity resulted in an increase in both the rising front
and the peaks of the vertical GRF, which are detected byDLA (rho
= 0.8, p < 0.01).

The correlation between indices and both ankle RoMs
and ankle spasticity was in the order of 0.4 (see Table 2).
This indicates a moderate association between the impairment
assessed at the bedside and the weight-bearing and propulsive
ability of the patient. No relationship was found between
the assessment of triceps surae spasticity at the bedside and
any of the scales assessing either activity or participation.
As pointed out in recent literature, this confirms that the
amount of triceps spasticity assessed at the bedside is not
the primary cause of walking impairment in patients with
acquired lower limb deformities including EVD, EVFD, and
SKG (Gracies, 2005; Baude et al., 2019; Merlo and Campanini,
2019).

When focusing on clinical scales, the findings outline the
difference in correlation strength among walking speed, FAC,
RMI, and WHS, as can be seen both in Table 2 and in Figure 2.
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FIGURE 1 | Distribution of indices of dynamic loading ability (DLA) and dynamic propulsive ability (DPA) in the sample.

TABLE 2 | Spearman’s correlation between variables typically assessed during clinical evaluation of patients with chronic stroke, related to both Body Structures and

Function and Activity domains of the International Classification of Functioning, Disability and Health, and GRF-based indices of dynamic loading ability (DLA) and

dynamic propulsive ability (DPA) during walking at spontaneous speed.

Vel

(%height/s)

pADF

Knee_0, deg

pADF

Knee_90, deg

aADF

Knee_0, deg

aADF

Knee_90, deg

MTS PF

Knee_0, deg

MTS PF

Knee_90, deg

FAC RMI WHS

DLA, %BW 0.796*** 0.131 0.389* 0.458** 0.380* −0.436** −0.480** 0.296 0.328* 0.361*

DPA; %BW 0.696*** 0.239 0.443** 0.460** 0.380* −0.272 −0.478** 0.473** 0.440** 0.474**

FAC 0.275 0.221 0.274 0.342* 0.359* 0.003 −0.229 —

RMI 0.515*** 0.324* 0.356* 0.332* 0.308 −0.037 −0.189 0.770*** —

WHS 0.395* 0.163 0.255 0.329* 0.286 0.050 −0.109 0.832*** 0.838*** —

* p < 0.05, ** p < 0.01, *** p < 0.001.

Vel: height normalized walking velocity; pADF Knee_0: maximum passive Ankle DorsiFlexion, with the knee extended; pADF Knee_90: maximum passive Ankle DorsiFlexion, with the

knee flexed; aADF Knee_0: maximum active Ankle DorsiFlexion, with the knee extended; aADF Knee_90: maximum active Ankle DorsiFlexion, with the knee flexed; MTS PF Knee_0:

Modified Tardieu Scale at the Plantar Flexor muscles, with the knee extended; MTS PF Knee_90: Modified Tardieu Scala at the Plantar Flexor muscles, with the knee flexed; FAC:

Functional Ambulatory Categories; RMI: Rivermead Mobility Index; WHS: Walking handicap Scale; %BW: percentage of the Body Weight.

The covariation is especially evident for RMI, which focusesmore
on function rather than on the amount of assistance (FAC) and
the type of surroundings needed for walking (WHS). Propulsion
of the paretic limb is key in the daily life of the patients, as
can be observed in Table 2, where DPA proved to be correlated
with FAC, RMI, and WHS at the 0.01 level with rho approaching
0.5. Moreover, previous investigations have shown that changes
in paretic propulsion correlate with the amount of lower limb
muscle activity (Turns et al., 2007), walking speed (Raja et al.,
2012) and walking endurance when assessed with the 6min
walking test (Awad et al., 2015).

In patients with stroke, the impairment at the gastro-
soleus complex due to muscle shortening increases muscle

stiffness and, in some cases, muscle overactivity affects both
foot placement and balance during the stance phase, thus
limiting the ability to bear the weight over the stance
foot, as measured by DLA. Conversely, an extensible triceps
surae allows for better foot support during stance and the
forward rotation of the tibia over the stance foot (i.e.,
the second rocker). This results in a forward tilted GRF,
which in turn generates forward propulsion, as assessed by
DPA (Campanini et al., 2013). DLA and DPA encompass
many different features related to body structures and body
functions (e.g., ankle RoMs) that result in weight-bearing and
propulsive abilities, which are essential to walking efficiency
and speed.
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FIGURE 2 | Scatter plot with robust regression line between height normalized walking speed and the indices of DLA and DPA.

Use of DLA and DPA in Clinical Routine
Assessments
The value of GRF-based indices lies in the extreme
ease of this instrumental examination and in the ability
to also evaluate patients who wear orthoses or use
walking aids. Normative values for DPA and DLA are
available in the literature and can be used when assessing
patients (Campanini and Merlo, 2009).

The ability of the paretic limb to generate
propulsion during walking is a critical determinant
of long-distance walking function after a
stroke (Awad et al., 2015).

During the rehabilitation period, DLA and DPA can be
used to test whether the increased speed of the gait of
the patient is due to a real recovery in the propulsion of
the affected and treated limb, or due to an increase in
compensation of the contralateral limb (Morita and Yamamoto,
1995). Particularly, in hemiparetic patients, the same increase in
walking speed can be obtained either through the recovery of the

impaired limb—as targeted by the rehabilitative intervention—

or through compensatory mechanisms with greater propulsion

from the contralateral limb. These two opposite behaviors can

be easily recognized by the GRF-based indices, thus providing

valuable feedback on the effectiveness (or lack thereof) of
the ongoing rehabilitation. Although an increase in walking

speed is a positive result, regardless of how it is achieved,

quantitative feedback on the treatment effectiveness in terms

of propulsion would allow practitioners to corroborate or
modify the ongoing rehabilitative treatment. GRF-based indices
further provide clinical cues, such as highlighting the presence
of a braking mechanism of the lower limbs. When walking
speed remains limited despite adequate propulsion, a brake
must exist. This typically occurs at the knee, where flexion is

stopped by the reflex activation of the quadriceps prompted
precisely by the rapid knee flexion consequent to propulsion
(Campanini et al., 2013; Merlo and Campanini, 2019).

Study Limitations
Univariate analysis of variable correlations was conducted
for this study in line with the limited sample size (n =

40). However, to estimate the extent of these correlations,
when the set of variables analyzed is mutually related,
a multivariate approach would be more appropriate.
Future studies based on larger samples could address
this topic.

Conclusions
Our results support the use of DLA and DPA when measuring
the overall walking ability in patients with chronic stroke. Thanks
to the ease in obtaining these indices, their validity, and the
availability in the literature of both their normal values and
minimal detectable change, professionals could use them to
quantify and monitor the motor recovery of patients with stroke
during their rehabilitation.
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Assessment of Agreement Between
a New Application to Compute the
Wisconsin Gait Score and
3-Dimensional Gait Analysis, and
Reliability of the Application in
Stroke Patients
Agnieszka Guzik* , Andżelina Wolan-Nieroda and Mariusz Drużbicki

Department of Physiotherapy, Institute of Health Sciences, Medical College, University of Rzeszów, Rzeszów, Poland

Currently, there are no computerized tools enabling objective interpretation of
observational gait assessment based on Wisconsin Gait Scale (WGS), which is a reliable
and well-tested tool. The solution envisaged by us may provide a practical tool for
assessing gait deviations in patients with hemiparesis after stroke. The present study
assessed agreement between a new application software for computerized WGS and
3-dimensional gait analysis (3DGA), and reliability of the application. The study involved
33 individuals with hemiparesis after stroke. The software was developed based on a
model designed taking into account components of the WGS and incorporating auxiliary
lines passing through the relevant anthropometric points on the patient’s body, as well
as measurements of angular values, distances and duration of the specific gait phases,
which make it possible to substantiate assessment based on this scale. Series of videos
were made to record gait of the qualified patients. After the gait evaluation was carried
out using the app, the data were retrieved from the software. The gait assessment
was performed separately by three independent examiners who reviewed the video
recording using the new app twice (two weeks apart). Additionally, 3DGA was carried
out for all the subjects, and the results of the app-aided assessment were compared
to those acquired using 3DGA. The findings show statistically significant correlations
(p < 0.05) between majority of the WGS items measured using the new app, and
the relevant spatiotemporal and kinematic parameters identified by 3DGA. Agreement
between the scores reported by the three examiners was high in both measurements,
as reflected by Cronbach’s alpha exceeding 0.8. The findings reflect very good intra-
observer reliability (as reflected by kappa coefficients from 0.847 to 1) and inter-observer
reliability (as reflected by kappa coefficients from 0.634 to 1) of the new application
software for computerized WGS. The opportunities offered by the observational gait
scale objectified through our new software for computerized WGS result from the fact
that the tool provides a useful low-cost and time-effective feedback to monitor ongoing
treatments or formulate hypotheses.

Keywords: gait analysis, observational gait analysis, 3D gait analysis, hemiparetic gait, stroke, application
software
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INTRODUCTION

Given the fact that the ability to walk is crucial for personal
autonomy and the quality of life, hemiparetic gait analysis is
of great importance from the viewpoint of stroke rehabilitation.
During the entire process, clinicians must regularly evaluate
improvements in the gait of patients with stroke to assess
effectiveness of treatments or therapies (Li et al., 2018; Marin
et al., 2020; Sánchez and Winstein, 2021).

Objective 3-dimensional gait analysis (3DGA) is a gold
standard in gait assessment since it provides a combination
of kinematics, kinetic and electromyography (EMG) data, and
as a result is useful in treatment selection and in clinical
decision-making. Indeed, instrumental gait analysis and EMG
are considered among the fundamental sources of information
to drive treatment selection (McGinley et al., 2009; Campanini
et al., 2020). However, 3DGA is rather costly, and the related
measurements provide a large body of data to be interpreted,
which may be inconvenient in the clinical setting. Due to these
drawbacks, many researchers worldwide are looking for new
solutions specifically enabling gait analysis in patients after stroke
(Ferrarello et al., 2013; Begg et al., 2014; Solanki and Lahiri,
2018; Li et al., 2019; Tian et al., 2019; Seo et al., 2020; Iosa
et al., 2021; Mohan et al., 2021; Wang et al., 2021). As an
example, Seo et al. proposed an assessment method referred to as
clinometric gait analysis and applying a smart insoles technology.
In a pilot study, they examined twenty-two gait parameters in
relation to selected stroke severity data, including scores in Fugl-
Meyer Assessment (FMA) related to lower and upper limbs,
the Mini–Mental State Examination as well as the Modified
Barthel Index. Ten out of the 22 parameters presented significant
correlations (difference in stance and swing duration, sound-
side stance and swing duration, hemiplegic-side stance duration,
single support time, cadence, walking speed). The researchers
reported the strongest correlations between the FMA lower-
extremity scores and the differences between the unaffected and
hemiplegic sides in stance duration (Seo et al., 2020). Generally,
however, many of these novel approaches, based on advanced
technologies, may present similar practical challenges as far as
their everyday use in clinical settings. Due to this, simple and
affordable observational methods are still commonly used since
they allow clinicians to quickly perform quantitative evaluation of
deviations from normal gait patterns (Allen and Neptune, 2012;
Gor-García-Fogeda et al., 2016; Estrada-Barranco et al., 2021).
On the other hand, observational scales or tests apply subjective
methods, naturally associated with a certain margin of error.
Furthermore, since there are no consistent standards applicable
to observational gait analyses, it is difficult to compare findings
reported by various researchers. In view of the above, there is a
need for a highly specific and accurate tool enabling both detailed
evaluation of visible motor changes and effective monitoring of
progress achieved in the course of rehabilitation.

The available tools for visual gait assessment include the
simple Observational Gait Analysis Checklist adapted from
a checklist developed by the Professional Staff Association
of Rancho Los Amigos Medical Center; the former tool is
based on a short list of gait deficits and the examiner is

required to make yes/no decisions about their presence (Downey,
1989). Scales demonstrating a higher methodological quality
and designed for use in assessing patients with central nervous
system disorders include the Visual Gait Assessment Scale,
Salford Gait Tool, Edinburgh Visual Gait Score (Rathinam
et al., 2014; Ridao-Fernández et al., 2019) as well as Gait
Assessment and Intervention Tool (Gor-García-Fogeda et al.,
2016). Conversely, the Wisconsin Gait Scale (WGS), proposed
in 1996 by Rodriquez et al. (1996) was specifically intended
for individuals with hemiparesis after stroke. It was designed
to enable quick assessment of fourteen visible gait parameters,
and consequently to facilitate evaluation of progress achieved in
course of rehabilitation programs specifically by patients with
hemiparesis after stroke. The factors assessed using WGS include
hip, knee and ankle kinematics during specific gait phases (stance
and swing), spatiotemporal gait parameters (e.g., length of step,
duration of stance phase on the specific sides), symmetry between
the affected and unaffected sides of the body, postural balance,
as well as the need for orthopedic devices (Rodriquez et al.,
1996; Estrada-Barranco et al., 2021). A number of studies have
demonstrated reliability and validity of WGS for gait analysis
in subjects with hemiparesis after stroke (Rodriquez et al., 1996;
Turani et al., 2004; Pizzi et al., 2007; Yaliman et al., 2014; Lu et al.,
2015; Wellmon et al., 2015; Guzik et al., 2016; Estrada-Barranco
et al., 2019, 2021; Murciano Casas et al., 2020). It has also been
shown to correlate well with 3DGA and with tools assessing
performance, balance, and independence at different stages of
evolution post-stroke (Rodriquez et al., 1996; Turani et al., 2004;
Pizzi et al., 2007; Yaliman et al., 2014; Lu et al., 2015; Wellmon
et al., 2015; Guzik et al., 2016; Estrada-Barranco et al., 2019,
2021; Murciano Casas et al., 2020). Obviously, in addition to the
positive metric properties, the WGS also presents a limitation as
regards the final score because to sum up arbitrary ordinal item
scores into a total score and treating this score as a number is
methodologically wrong (Boateng et al., 2018).

Currently, no computerized tools are available to facilitate the
use and objective interpretation of observational gait assessment
performed using WGS, which is a reliable and well-tested tool
(Rodriquez et al., 1996; Turani et al., 2004; Pizzi et al., 2007;
Yaliman et al., 2014; Lu et al., 2015; Wellmon et al., 2015; Guzik
et al., 2016; Estrada-Barranco et al., 2019, 2021). The solution
envisaged by us may provide a fast, simple and useful tool for
assessing gait deviations in patients with hemiparesis after stroke.
Hence, the study presents an innovative approach in the area
of clinimetrics, since no attempts have previously been made
to objectify the descriptive WGS whose high biometric value
(psychometric properties) has been demonstrated by a number
of studies (Rodriquez et al., 1996; Turani et al., 2004; Pizzi
et al., 2007; Yaliman et al., 2014; Lu et al., 2015; Wellmon et al.,
2015; Guzik et al., 2016; Estrada-Barranco et al., 2019, 2021;
Murciano Casas et al., 2020). The gains of this novel approach
are linked with the fact that the new application software,
taking into account analysis of a given person’s gait pattern,
will create a quantitative representation of gait and will make
it possible to record the results using a standardized template.
The ultimate objective of the project was to develop a computer-
aided observational assessment tool which may be helpful for
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clinicians in formulating hypotheses on clinical outcomes, and
in monitoring the effectiveness of the ongoing rehabilitative
treatments for patients with hemiparetic gait.

The present study aimed to test the agreement between the
data collected by the new application software for computerized
WGS and the data acquired using 3DGA; it also assessed the
intrarater and interrater reliability of the data collected by
the application.

METHODS

Sample Size
The minimum sample size for the population investigated was
determined using sample size calculator (“PLUS module” from
Statistica 13.3 software), taking into account the number of
individuals with stroke receiving treatment in the rehabilitation
clinic in one year, and with the following parameters specified: a
fraction size 0.9, a maximum error of 6%, and a 95% confidence
level. Ultimately, a sample size of 31 patients was determined.

The following formula was used for the sample size
calculation:

N min =
NP[α2 · f(1− f)]

NP · e2 + α2 · f(1− f)

Nmin – minimum sample size
NP – size of the population from which the sample is drawn
α – level of confidence for the results
f - fraction size
e – expected maximum error

Participants
The study group consisted of thirty-three individuals (24 males,
9 females; aged 42–79 years) after a single ischemic stroke, at
least 6 months from the incident (46.3 ± 44.14 months post-
stroke), diagnosed with post-stroke hemiparesis, and able to walk
a distance of 10 meters without assistance of another person.
Ambulatory assistive devices were permitted during the trials
(see Table 1 for the characteristics of the study participants).
Patients unable to follow instructions and those with walking
skills impaired due to orthopedic or other neurologic conditions
were excluded from the study. The study protocol was reviewed
and accepted by the local Bioethics Commission at University
of Rzeszow’s Medical Faculty. The study design complied with
the Declaration of Helsinki. All the study participants gave their
informed consent in writing.

Measures
The newly developed application software, dedicated to WGS,
comprises 14 items related to assessment of the specific gait
phases: stance phase, toe off, swing phase, and heel strike. All
these items are rated on a 3-point scale, except for Item 1
which is rated on a 5-point scale, and Item 11 rated on a 4-
point scale. The subjects can obtain a maximum score of 42
points and a minimum score of 13.35, a lower score reflecting
higher quality of the gait pattern (Rodriquez et al., 1996). We

developed the code, and a system comprising a module for
analysis of images, a database making it possible to process the
data collected by the image analysis module, as well as a module
for reporting the data from the conducted examinations. The
software implements the Model-View-Controller (MVC) design
pattern and was executed using technologies and solutions that
enable running applications in a standard PC environment (web
browser). The system uses a relational database as well as object-
oriented programming and scripting languages. Data analysis
and data processing take place in a dedicated reporting module
which makes it possible to export data to an Excel format. The
software, based on a developed model utilizing the components
of WGS, was additionally provided with auxiliary lines passing
through the relevant anthropometric points on the patient’s body,
as well as measurements of angular values, distances and duration
of the specific gait phases, which make it possible to substantiate
assessment based on this scale. The assessments were carried out
on selected frames matching specific WGS items (auxiliary lines
and angles were marked on the specific freeze frames matched
to the WGS items). A detailed description of the method applied
in drawing the auxiliary lines and angles for the specific items
assessed by the app is presented in Supplementary Table 1.
Sample assessment of selected gait parameters are shown in
Figure 1.

Series of videos were made to record gait of the patients
enrolled in the study. The video recording and the 3D recording
were done simultaneously, with two video cameras (BTS Vixta,
BTS Bioengineering Corp., Brooklyn, NY, United States) working
in synchronicity, and the recording was done in both the sagittal
and the frontal plane. The walking distance of 10 meters was
defined. A minimum of 6 walks were recorded, including 3 walks
involving the affected and 3 walks involving the unaffected side.
During the trials the participants walked at a comfortable (self-
selected) speed, and were permitted to use their orthopedic aids.
After the gait analysis was carried out using the app, the data
were retrieved from the software. The gait analysis was performed
separately by three independent examiners who reviewed the
video recording using the new app twice (two weeks apart).
Finally, the results of the app-aided assessment were compared
to those obtained using 3DGA.

The 3DGAs were performed with a motion capture system
(BTS SMART-DX 700, 250 Hz) comprising two force-plates, six

TABLE 1 | Characteristics of the study participants.

Subject (N = 33)

Gender (females/males), N 9/24

Hemiparesis (left/right), N 12/21

Age (years), Mean (SD) 60.75 (9.7)

Mass (kg), Mean (SD) 73 (8.3)

Height (m), Mean (SD) 1.71 (0.9)

Time since stroke (months), Mean (SD) 46.3 (44.14)

Gait speed (m/s), Mean (SD) 0.75 (0.24)

Fugl-Meyer (lower limb) score, Mean (SD) 23.4 (3.6)

N, number of subjects; SD, standard deviation.
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FIGURE 1 | A new application for computerized gait analysis. Subject with right hemiparesis after stroke. Sample assessment of a selected gait parameter in WGS.
Swing phase of the affected leg - external rotation during initial swing. On the freeze frame showing the frontal view, we draw two auxiliary straight lines and measure
the angle between them. One line shows the direction of gait and runs in the middle of the distance between the medial malleoli, and the other line marks the long
axis of the foot (in the middle of the distance between the heads of the first and the fifth metatarsal bones or between the calcaneal tuber and the second toe). The
result is compared to the healthy leg. The examiner checks the angles measured and determines the rating (the same angles in both legs, reflecting a normal
condition - 1 point; greater angle on the paretic side, but lower than 45 degrees - 2 points; angle exceeding 45 degrees on the paretic side - 3 points).
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cameras as well as the related software, with SMART Capture,
Tracker and Analyzer functions. Passive markers were placed
on the participants’ skin, in compliance with Davis Marker
Placement system (Davis et al., 1991). During the examination,
six or more passages over a distance of 10 meters were recorded
for each subject. The participants were instructed to walk at a
pace that felt natural to them. Tracker and Analyzer programs
(BTS Bioengineering) were applied to compute the mean values
of spatiotemporal and kinematic measures based on complete
records. Further analyses took into account the following
parameters: (1) spatiotemporal: stance time, step length, step
width, and (2) kinematic parameters of hip in sagittal, frontal and
transverse planes, knee in sagittal plane, and ankle joints as well
as pelvis in frontal and transverse planes.

Data Analysis
The acquired materials were subjected to statistical analyses
using Statistica 13.3. Distributions of the investigated variables
were examined for normality using Shapiro—Wilk W-test.
The descriptive statistics computed for the numerical variables
(parameters from computerized WSG and 3DGA) included the
mean, median, minimum, and maximum values, the first and
third quartile, as well as standard deviation.

Data Analysis Strategy to Test the Agreement
Between Data Collected by the Application for
Computerized WSG and Data From 3-Dimensional
Gait Analysis
Correlation of two variables failing to meet the criterion of
normality of distribution was determined using Spearman’s rank
correlation coefficient (0.3≤ | R| < 0.5 low correlation; 0.5≤ | R|
< 0.7 moderate correlation; 0.7 ≤ | R| < 0.9 strong correlation;
0.9≤ | R| < 1 very strong correlation) (Mukaka, 2012). Analyses
were carried out to examine the potential correlations between
the matching pairs of variables assessed using the WGS App and
3D Gait Analysis, i.e., we investigated whether the results in the
specific items of gait assessment in the WGS App correlated with
the results for the corresponding spatiotemporal and kinematic
parameters in 3DGA. Statistical significance was assumed if
p < 0.05. The following matching pairs of variables were defined:

• App stance time on affected side versus 3DGA stance time
[s] on affected side (it was assumed that longer 3DGA
stance time [s] on affected side was better, corresponding to
a lower score (better result) in App stance time on affected
side) (Patterson et al., 2008; Mukaino et al., 2016).
• App step length on unaffected side versus 3DGA step

length [m] on unaffected side (it was assumed that greater
3DGA step length [m] on unaffected side was better,
corresponding to a lower score (better result) in App
step length on unaffected side) (Oken and Yavuzer, 2008;
Patterson et al., 2008; Lauzière et al., 2014).
• App weight shift to affected side versus 3DGA pelvic

oblique range of motion (ROM) on affected side (it was
assumed that higher value of 3DGA pelvic oblique range of
motion (ROM) on affected side was better, corresponding

to a lower score (better result) in App weight shift to
affected side)
• App stance width versus 3DGA step width [m] (it was

assumed that lower value of 3DGA step width [m] was
better, corresponding to a lower score (better result) in App
stance width) (Mukaino et al., 2016).
• App guardedness (pause prior to advancing affected leg)

versus 3DGA stance time [s] on unaffected side (it was
assumed that shorter 3DGA stance time [s] on unaffected
side was better, corresponding to a lower score (better
result) in App guardedness) (Mukaino et al., 2018).
• App hip extension on affected side versus 3DGA hip

flexion/extension (FE) ROM on affected side (it was
assumed that higher value of 3DGA hip FE ROM on
affected side was better, corresponding to a lower score
(better result) in App hip extension on affected side) (Kim
and Eng, 2004; Boudarham et al., 2013).
• App external rotation during initial swing on affected side

versus 3DGA hip internal/external rotation (IE) ROM on
affected side (it was assumed that lower value of 3DGA hip
IE ROM on affected side was better, corresponding to a
lower score (better result) in App external rotation during
initial swing of affected side).
• App circumduction at mid swing on affected side versus

3DGA hip abduction/adduction (AA) ROM on affected
side (it was assumed that lower value of 3DGA hip AA
ROM on affected side was better, corresponding to a lower
score (better result) in App circumduction at mid swing
on affected side).
• App hip hiking at mid swing on affected side versus 3DGA

hip FE ROM and pelvic oblique ROM on affected side (it
was assumed that higher value of 3DGA hip FE ROM on
affected side and lower value of 3DGA pelvic oblique ROM
on affected side were better, corresponding to a lower score
(better result) in App hip hiking at mid swing on affected
side) (Mukaino et al., 2018).
• App knee flexion from toe off to mid swing on affected

side versus 3DGA knee FE ROM on affected side (it was
assumed that higher value of 3DGA knee FE ROM on
affected side was better, corresponding to a lower score
(better result) in App knee flexion from toe off to mid swing
on affected side) (Matsuda et al., 2016; Mukaino et al., 2018;
Haruyama et al., 2021).
• App toe clearance on affected side versus 3DGA total

between ankle flex in initial contact phase (IC) and ankle
flex in toe off phase (TO) on affected side (it was assumed
that higher 3DGA total between ankle flex IC and ankle
flex TO on affected side was better; patient more effectively
controls the foot, and during the swing phase there is
a lower risk of toe catch, while the ankle remains in
dorsiflexion until it reaches the natural position; this
corresponds to a lower score (better result) in App toe
clearance on affected side) (Matsuda et al., 2016; Haruyama
et al., 2021).
• App pelvic rotation at terminal swing on affected side

versus 3DGA pelvic rotation ROM on affected side (it was
assumed that higher value of 3DGA pelvic rotation ROM
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on affected side was better, corresponding to a lower score
(better result) in App pelvic rotation at terminal swing
on affected side).
• App initial foot contact on affected side versus 3DGA ankle

flex IC on affected side (it was assumed that the value of
3DGA ankle flex IC on affected side closer to zero was
better, corresponding to a lower score (better result) in App
initial foot contact on affected side).

The Data Analysis Strategy to Test the Agreement of
the Data Collected by the Application for
Computerized WSG (Reliability)
The differences in the median levels of a numerical characteristic
were assessed using Kruskal—Wallis ANOVA, which was applied
to compare the results obtained by the three independent
examiners during measurement 1 and measurement 2. On the
other hand, Wilcoxon signed-rank test was applied to compare
results identified by the same examiner in measurement 1 and
measurement 2. Internal reliability of the tool was measured
using Cronbach’s alpha. Inter- and intrarater reliability for
qualitative variables was assessed with kappa coefficient. Cohen’s
version was used for two measurements whereas Fleiss’ version
was applied for more than two measurements. Significance level
for all statistical tests was set to 0.05.

RESULTS

Descriptive statistics summarizing the trends in all the measures
of computerized WSG and 3DGA are shown in Supplementary
Tables 2, 3, respectively (Supplementary Materials).

Agreement Between the Data Collected
by the Application for Computerized
WGS and the 3-Dimensional Gait
Analysis Data
Statistically significant correlations were identified between
majority of the scores in gait assessment carried out using
the newly developed application software and the matching
spatiotemporal or kinematic parameters measured with 3DGA.
Strong correlations (0.7 ≤ | R| < 0.9) were found between
the following pairs: WGS App external rotation during initial
swing affected side versus 3DGA hip IE ROM affected side, as
well as WGS App circumduction at mid swing affected side
versus 3DGA hip AA ROM affected side. Moderate correlations
(0.5 ≤ | R| < 0.7) were found in the case of: WGS App step
length unaffected side versus 3DGA stride length unaffected side,
WGS App hip extension affected side versus 3DGA hip FE ROM
affected side, WGS App external rotation during initial swing
affected side versus 3DGA hip IE ROM affected side, WGS
App circumduction at mid swing affected side versus 3DGA
hip AA ROM affected side, WGS App hip hiking at mid swing
affected side versus 3DGA hip FE ROM affected side, WGS
App knee flexion from toe off to mid swing affected side versus
3DGA knee FE ROM affected side, WGS App toe clearance
affected side versus 3DGA total ankle flex IC and ankle flex TO

affected side, as well as WGS App initial foot contact affected
side versus 3DGA ankle flex IC affected side. Low correlations
(0.3 ≤ | R| < 0.5) were identified between the pairs: WGS App
stance time affected side versus 3DGA stance time affected side,
WGS App step length unaffected side versus 3DGA step length
[m] unaffected side, WGS App stance width versus 3DGA step
width, WGS App hip extension affected side versus 3DGA hip
FE ROM affected side, WGS App circumduction at mid swing
affected side versus 3DGA hip AA ROM affected side, as well as
WGS App pelvic rotation at terminal swing affected side versus
3DGA pelvic rotation ROM affected side. Statistically significant
correlations were identified in both assessments performed by all
three examiners (Supplementary Table 4).

The findings show no statistically significant correlations only
in the case of three pairs of variables: WGS App weight shift
to affected side versus 3DGA pelvic oblique ROM affected side,
WGS App guardedness versus 3DGA stance time affected side,
and WGS App hip hiking at mid swing affected side versus 3DGA
pelvic oblique ROM affected side (Supplementary Table 5).

Agreement of the Data Collected by the
Application for Computerized WSG
(Reliability)
Reliability of Computerized WGS Values as Assessed
by the Therapists
The results obtained by the three examiners did not differ
significantly in measurements 1 and 2 (Table 2). At the
next stage the results obtained by the specific therapists were
examined for correlations. It was shown that there were no
statistically significant differences between the results obtained in
measurement 1 and 2 by the specific examiners.

Intrarater and Interrater Reliability
Intrarater reliability was measured using Cronbach’s alpha.
Agreement between the scores reported by the three examiners
was high in both measurements, as reflected by Cronbach’s
alpha exceeding 0.8 (Table 3). Inter- and intrarater reliability
was assessed with kappa coefficient. Comparative analysis of
two measurements performed by the same examiner (intrarater
reliability), showed very high and in some cases perfect
agreement for all three examiners, as reflected by kappa
coefficients ranging from 0.847 to 1 (from 91.92% to 100%
agreement) – Table 4. Comparison of measurements performed
by three examiners (interrater reliability), in both measurements
showed moderate to perfect agreement, as reflected by kappa
coefficients from 0.634 to 1 (from 72.73% to 100% agreement) –
Table 5.

DISCUSSION

This study investigated agreement between data collected by a
new application software for computerized WGS and 3DGA
data, and reliability of the data collected by the application. We
initiated the related research since the qualitative and quantitative
methods most commonly used to evaluate walking ability in
patients, in addition to certain advantages also present serious
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TABLE 2 | Comparison of the results obtained by three independent examiners in measurement 1 and measurements 2.

Items of computerized WGS Comparison of the results obtained by
three independent examiners in

measurement 1 p

Comparison of the results obtained by
three independent examiners in

measurement 2 p

STANCE PHASE AFFECTED LEG
use of hand-held gait aid

1.000 1.000

stance time on affected side 0.991 0.916

step length on unaffected side 0.656 0.555

weight shift to affected side 0.960 0.943

stance width 0.820 0.994

TOE OFF AFFECTED LEG
guardedness (pause prior to advancing affected leg)

0.643 0.633

hip extension on affected side 0.635 0.480

SWING PHASE AFFECTED LEG
external rotation during initial swing

0.922 0.864

circumduction at mid swing 0.807 0.689

hip hiking at mid swing 0.970 0.884

knee flexion from toe off to mid swing 1.000 1.000

toe clearance 1.000 1.000

pelvic rotation at terminal swing 1.000 1.000

HEEL STRIKE AFFECTED LEG
initial foot contact

1.000 1.000

points – final score 0.970 0.964

p, probability index in Kruskal—Wallis ANOVA.

TABLE 3 | Agreement between measurements 1 and 2 performed by examiners 1,2 and 3.

Cronbach’s alpha Examiner 1 Examiner 2 Examiner 3

1 2 1 2 1 2

0.84 0.83 0.81 0.81 0.81 0.81

STANCE PHASE AFFECTED LEG
use of handheld gait aid

0.83 0.82 0.80 0.80 0.81 0.80

stance time on affected side 0.83 0.82 0.80 0.80 0.80 0.79

step length on unaffected side 0.82 0.80 0.79 0.80 0.80 0.80

weight shift to affected side 0.86 0.85 0.84 0.83 0.83 0.83

stance width 0.85 0.83 0.81 0.81 0.82 0.81

TOE OFF AFFECTED LEG
guardedness (pause prior to advancing
affected leg)

0.83 0.82 0.81 0.80 0.81 0.80

hip extension on affected side 0.83 0.81 0.80 0.80 0.80 0.80

SWING PHASE AFFECTED LEG
external rotation during initial swing

0.83 0.80 0.79 0.80 0.80 0.79

circumduction at mid swing 0.82 0.80 0.77 0.77 0.80 0.79

hip hiking at mid swing 0.82 0.80 0.79 0.79 0.80 0.79

knee flexion from toe off to mid swing 0.81 0.79 0.77 077 0.78 0.77

toe clearance 0.84 0.82 0.80 0.80 0.81 0.80

pelvic rotation at terminal swing 0.82 0.80 0.77 0.77 0.79 0.78

HEEL STRIKE AFFECTED LEG
initial foot contact

0.81 0.79 0.76 0.76 0.78 0.77

drawbacks, and due to this there is a need to objectify the
descriptive gait analysis.

The results of the app-aided assessment were compared to
those obtained using 3DGA. We examined the correlations with
fourteen 3D gait parameters, which included spatiotemporal
and kinematic measures. We matched the corresponding 3D

parameters with the specific items of gait assessment performed
using the application software dedicated to the WGS, which is
designed to evaluate a variety of factors, including spatial (step
length, stance width), temporal (stance time) as well as kinematic
(pelvic, hip, knee, ankle ROM) parameters of gait. The latter
aspect explains the value of WSG and the advantages it presents
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TABLE 4 | Comparison of two measurements performed by the same examiner (intrarater reliability), for all three examiners.

Items of computerized WGS Kappa coefficient 95% Confidence Interval Agreement Interpretation

STANCE PHASE AFFECTED LEG
use of hand-held gait aid

1.000 1.000 1.000 100.00% Perfect

stance time on affected side 0.921 0.847 0.996 95.6% Nearly perfect

step length on unaffected side 0.902 0.810 0.995 95.6% Nearly perfect

weight shift to affected side 0.896 0.816 0.977 93.4% Strong

stance width 0.895 0.806 0.984 94.5% Strong

TOE OFF AFFECTED LEG
guardedness (pause prior to advancing
affected leg)

0.847 0.750 0.944 91.2% Strong

hip extension on affected side 0.898 0.813 0.984 94.5% Strong

SWING PHASE AFFECTED LEG
external rotation during initial swing

0.981 0.945 1.000 98.9% Nearly perfect

circumduction at mid swing 0.965 0.916 1.000 97.8% Nearly perfect

hip hiking at mid swing 0.983 0.948 1.000 98.9% Nearly perfect

knee flexion from toe off to mid swing 1.000 1.000 1.000 100.00% Perfect

toe clearance 1.000 1.000 1.000 100.00% Perfect

pelvic rotation at terminal swing 1.000 1.000 1.000 100.00% Perfect

HEEL STRIKE AFFECTED LEG
initial foot contact

1.000 1.000 1.000 100.00% Perfect

TABLE 5 | Comparison of measurements performed by three different examiners (interrater reliability), in both examinations.

Items of computerized WGS Kappa coefficient 95% Confidence Interval Agreement Interpretation

STANCE PHASE AFFECTED LEG
use of hand-held gait aid

1.000 1.000 1.000 100.00% Perfect

stance time on affected side 0.902 0.816 0.980 92.42% Nearly perfect

step length on unaffected side 0.634 0.458 0.783 77.27% Moderate

weight shift to affected side 0.706 0.578 0.822 74.24% Moderate

stance width 0.789 0.664 0.895 84.85% Moderate

TOE OFF AFFECTED LEG
guardedness (pause prior to advancing
affected leg)

0.655 0.512 0.778 72.73% Moderate

hip extension on affected side 0.715 0.589 0.845 78.79% Moderate

SWING PHASE AFFECTED LEG
external rotation during initial swing

0.794 0.670 0.900 83.33% Moderate

circumduction at mid swing 0.859 0.750 0.947 87.88% Strong

hip hiking at mid swing 0.948 0.878 1.000 95.45% Nearly perfect

knee flexion from toe off to mid swing 1.000 1.000 1.000 100.00% Perfect

toe clearance 1.000 1.000 1.000 100.00% Perfect

pelvic rotation at terminal swing 1.000 1.000 1.000 100.00% Perfect

HEEL STRIKE AFFECTED LEG
initial foot contact

1.000 1.000 1.000 100.00% Perfect

over other scales as regards evaluation of gait in individuals with
hemiparesis post-stroke (Gor-García-Fogeda et al., 2016; Estrada-
Barranco et al., 2019, 2021). Of the fourteen spatiotemporal
and kinematic 3D gait parameters, eleven showed significant
correlations. This means that both the kinematic measures
related to lower limb joints (hip, knee, and ankle) and the
spatial measures of gait determined using the newly developed
application software are highly consistent with the results of
3DGA, which is the most objective method enabling evaluation
of walking ability. This suggests that the proposed application
software dedicated to the WGS is a promising tool for gait
analysis. We should also point out, however, that Rathinam et al.

performed a systematic review of observational gait assessment
tools, in terms of their validity and consistency relative to
instrumented gait analysis methods. They reported that none
of the observational tools were as reliable as the instrumented
methods, even though the Edinburgh Visual Gait Score was
found to achieve a greater level of consistency, compared to
the other tools. The authors also point out that there are very
few studies investigating these specific observational tools, hence
there is insufficient evidence to determine their clinical validity
(Rathinam et al., 2014).

In the present study, no statistically significant correlations
were identified only in the case of three matching pairs of
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variables: WGS App weight shift to affected side versus 3DGA
pelvic oblique ROM affected side; WGS App hip hiking at mid
swing affected side versus 3DGA pelvic oblique ROM affected
side; and WGS App guardedness versus 3DGA stance time
affected side. The only 3D kinematic parameter which did not
correlate with the matching measure of gait determined using the
WGS App was pelvic oblique ROM on affected side. We believe
this may be linked to the fact that in order to calculate pelvic
oblique ROM in 3DGA in line with Davis Marker Placement
system, the passive markers are positioned on the pelvis on the
anterior and posterior iliac spine (Davis et al., 1991), which may
be problematic in the case of patients after stroke, frequently
presenting with obesity. It is very difficult to find the accurate
place and to position the marker in the required anthropometric
point on the pelvis of a patient with obesity because the marker
moves with a skin fold or it is frequently partly covered up by the
abdominal walls; this may adversely affect accurate recording of
pelvic oblique ROM. On the other hand, the lack of statistically
significant correlations between WGS App guardedness (pause
prior to advancing affected leg) and 3DGA stance time affected
side possibly reflects the fact that matching the former measure
with the corresponding 3DGA parameter was problematic.
Basically, no 3DGA parameter corresponds to guardedness
options described in the WGS as “good forward momentum with
no hesitancy noted, or slight/marked hesitation.” Because of this
we hypothesized that greater hesitancy or guardedness before
advancing affected leg would correspond to longer stance time in
seconds. However, the findings do not support this assumption.
It is likely that guardedness, i.e., pause prior to advancing affected
leg, may be related to a number of factors, such as fear of falling,
and due to this we are unable to select one corresponding 3DGA
parameter matching the measure of guardedness.

The findings show very good intra- and inter-observer
reliability of the new application software. The gait assessment
was performed separately by three independent examiners who
reviewed the video recording using the new app twice (two
weeks apart). Pasqual Marques et al. investigated inter- and intra-
observer reliability of hip flexion and abduction measurements
performed using computerized photogrammetry and universal
goniometer. In that study two independent examiners conducted
the measurements twice (one week apart). The authors also
concluded that assessments performed using computerized
photogrammetry and universal goniometer were highly reliable,
while the correlations between measurements of flexion and
abduction based on the two methods were either excellent or very
good, meaning that both methods were valid (Pasqual Marques
et al., 2017). Notably, some free tools available today make it
possible to assess some kinematic characteristics, based on good
quality videos. One of these is Kinovea, a free open-source tool
intended for sport analysis, and making it possible to record, slow
down, compare, annotate as well as measure motion in videos.
In fact, research has shown that Kinovea software is a valid and
reliable tool (Puig-Diví et al., 2019).

In summary, the analyses based on Spearman’s rank
correlation coefficient provided evidence that the results of
computerized WGS and 3DGA were similar. This could lead us to

a conclusion that an examiner using computerized WGS would
be able to see and describe gait with similar accuracy to that
achieved by a 3D system. Generally, the findings suggest that
this is a tool which will make it possible to clarify disputable
situations during assessments based on the WGS. In fact, we
have aimed to develop a tool which will make it easier to take
decisions, and will facilitate interpretation of observations during
the rating process performed with the WGS, based on an optical
tool. The WGS is the essential component of the tool, whereas the
processing and viewing of the video recording enabled by the app
is intended to facilitate accurate scoring in that scale. Our study
has demonstrated very good intra- and inter-observer reliability
of the new application software which means that owing to
the support of the app, WGS-based measurements performed
twice by three examiners provide highly consistent information.
Generally, the tool which we developed was not intended to
replace the existing and available instruments but rather it was
designed to facilitate and improve objectivity of assessments
performed with the reliable and valid WGS (Rodriquez et al.,
1996; Turani et al., 2004; Pizzi et al., 2007; Yaliman et al., 2014;
Lu et al., 2015; Wellmon et al., 2015; Guzik et al., 2016; Estrada-
Barranco et al., 2019, 2021; Murciano Casas et al., 2020). If the
ability of the App to identify changes promoted by treatments
(sensitivity of the tool) can be demonstrated, the tool may prove
to be useful in the daily practice of clinical professionals.

Limitations
The first limitation is related to the Davis protocol applied in the
study, and in particular to assessment of ankle kinematics, since
the equinovarus foot deformity is the most common deviation
in stroke survivors, but unfortunately this is not measured by
the Davis protocol. We applied the Davis Protocol because it
is the most commonly used gait analysis procedure (Tenore
et al., 2006), however we are aware of the limitations related
to that protocol. Furthermore, no control group was included
in the study and the simultaneous very good intra- and inter-
observer reliability of the new application software has only been
confirmed for patients at a chronic phase of recovery after stroke.
It would be justified to carry out another study with a similar
design in a group of patients at an early phase of recovery post-
stroke, in order to evaluate the ability of the proposed software to
discriminate between different levels of motor ability/pathology
severity. Moreover, it is necessary to carry out further research to
investigate the sensitivity of the tool to changes resulting from
treatments applied and rehabilitation programs implemented.
Another limitation is related to the fact that, in line with the EU
regulation 2017/745 the proposed app is a medical device. This
means that it requires a certification procedure before being used
with patients and before being proposed to other users.

CONCLUSION

The findings show very good intra- and inter-observer reliability
of the new application software enabling computerized WGS
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evaluation of gait in individuals with post-stroke hemiparesis.
The opportunities offered by the observational gait scale
objectified through our new software for computerized WGS
result from the fact that the tool provides a useful low-cost
and time-effective feedback to monitor ongoing treatments or
formulate hypotheses. It is necessary to carry out further research
to assess the sensitivity of the tool to changes produced by
treatments and rehabilitation programs.
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Background: Instrumented gait analysis post-stroke is becoming increasingly more
common in research and clinics. Although overall standardized procedures are
proposed, an almost infinite number of potential variables for kinematic analysis is
generated and there remains a lack of consensus regarding which are the most
important for sufficient evaluation. The current aim was to identify a discriminative core
set of kinematic variables for gait post-stroke.

Methods: We applied a three-step process of statistical analysis on commonly used
kinematic gait variables comprising the whole body, derived from 3D motion data
on 31 persons post-stroke and 41 non-disabled controls. The process of identifying
relevant core sets involved: (1) exclusion of variables for which there were no
significant group differences; (2) systematic investigation of one, or combinations of
either two, three, or four significant variables whereby each core set was evaluated
using a leave-one-out cross-validation combined with logistic regression to estimate a
misclassification rate (MR).

Results: The best MR for one single variable was shown for the Duration of single-
support (MR 0.10) or Duration of 2nd double-support (MR 0.11) phase, corresponding
to an 89–90% probability of correctly classifying a person as post-stroke/control.
Adding Pelvis sagittal ROM to either of the variables Self-selected gait speed or Stride
length, alternatively adding Ankle sagittal ROM to the Duration of single-stance phase,
increased the probability of correctly classifying individuals to 93–94% (MR 0.06).
Combining three variables decreased the MR further to 0.04, suggesting a probability
of 96% for correct classification. These core sets contained: (1) a spatial (Stride/Step
length) or a temporal variable (Self-selected gait speed/Stance time/Swing time or
Duration of 2nd double-support), (2) Pelvis sagittal ROM or Ankle plantarflexion during
push-off, and (3) Arm Posture Score or Cadence or a knee/shoulder joint angle variable.
Adding a fourth variable did not further improve the MR.
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Conclusion: A core set combining a few crucial kinematic variables may sufficiently
evaluate post-stroke gait and should receive more attention in rehabilitation. Our
results may contribute toward a consensus on gait evaluation post-stroke, which could
substantially facilitate future diagnosis and monitoring of rehabilitation progress.

Keywords: gait analysis, walking, stroke, biomechanical evaluation, instrumented gait analysis

INTRODUCTION

Instrumented motion analysis is increasingly used to evaluate
movement patterns during gait post-stroke (Baker et al.,
2016). It serves to identify specific gait deviations based
on objective information to guide clinical decision-making,
individual treatment and rehabilitation. Different forms of
instrumented measurement techniques, such as timing devices,
pressure-sensitive walkways, sensor systems, and 3D motion
capture systems, have become popular and are today often
available in clinics. However, the resulting raw data is vast and
may yield almost endless biomechanical descriptors. Therefore,
the need for a consensus regarding which variables to focus
on in evaluation and rehabilitation as the most relevant and
informative descriptors of gait post-stroke has thus been pointed
out repeatedly (Krasovsky and Levin, 2010; Wikström et al., 2014;
Wonsetler and Bowden, 2017; Sharififar et al., 2019; Nedergård
et al., 2021).

The focus of gait analysis is commonly on the lower
limbs. Recent studies nevertheless emphasize the importance
of incorporating also the trunk and upper limbs, particularly
in post-stroke gait analyses, since this information adds to
the understanding of balance control, energy expenditure and
functional ability (Verheyden et al., 2006; Stephenson et al.,
2010; Punt et al., 2015; Van Criekinge et al., 2017). In addition,
post-stroke gait analyses that include more than the lower
limbs can identify deviations in other body parts and their
possible underlying causes or consequences (Kahn et al., 2019).
That kind of information is important when assessing gait
function, tailoring exercises that aim to improve gait post-
stroke, and evaluating the effects of treatment. There is however
a lack of consensus concerning which standard variables to
incorporate in whole-body analyses for evaluation of gait post-
stroke. This lack of agreement aggravates comparisons between
research studies and may detriment the process of evaluating gait
rehabilitation post-stroke (Sharififar et al., 2019; Nedergård et al.,
2021). The aim of this study was hence to contribute toward
such a consensus by identifying a core set of a few kinematic
variables to discriminate post-stroke gait from the gait of non-
disabled controls. For this purpose, we used a statistical process
including leave-one-out cross-validation combined with logistic
regression. Similar methods have previously been applied to other
populations, e.g., in proposing a test battery for individuals with
rupture of the anterior cruciate ligament (Schelin et al., 2017).
In our analysis, we included the most common kinematic gait
variables obtained from the literature that have been used to
evaluate gait post-stroke, as well as information of the upper limb
(Johansson et al., 2014) and the coordination of the upper and
lower body (Nedergård et al., 2020).

MATERIALS AND METHODS

Participants
This cross-sectional study involved 31 persons post-stroke and
41 non-disabled controls. Characteristics of the participants are
presented in Table 1. The stroke group was recruited from two
clinics in Umeå, Sweden. Inclusion criteria were: 35–85 years
of age; > 3 months since stroke onset; unilateral hemiparesis
following ischemic or hemorrhagic stroke; ability to walk indoors
without aids; comprehension of written and verbal information.
Exclusion criteria were impairments or diseases other than stroke
which could influence gait. The post-stroke participants were
assessed as having an average of moderate motor impairments
(Duncan et al., 1992) with a total score of 77± 18 (100 maximum)
on the Fugl-Meyer Assessment (Fugl-Meyer et al., 1975). The
controls were recruited among colleagues, acquaintances and
through a local organization for retired persons. Individuals
with musculoskeletal or neurological movement impairments
were excluded from the control group. Some of the participants
were also included in a previous study addressing arm swing
during post-stroke gait (Johansson et al., 2014). The study
was approved by the Regional Ethical Review Board in Umeå,
Sweden (Dnr. 2011-199-31). All participants signed a written
informed consent form before participation in accordance with
the Declaration of Helsinki.

Procedures
Gait analyses were performed in the U-Motion Laboratory
at Umeå University, Sweden. Seventy-two reflective markers
were attached to anatomical locations according to a full-body
model described in detail previously (Frykberg et al., 2014).
Markers were placed according to a strict protocol by three

TABLE 1 | Participant characteristics (including summary information for the three
explanatory variables for the first step of the analysis).

Background variables Persons post-stroke Controls p-value

Sex (male/female) 18/13 21/20 0.74

Age, years 67.3 (10.5) 64.9 (11.5) 0.36

Body mass index* 27.6 (3.9) 24.9 (2.3) 0.00

Height, cm 171.1 (8.2) 173.9 (8.8) 0.64

Time since stroke, months 25.7 (22.1) N/A N/A

Brain lesion side R/L (n) 15/16 N/A N/A

Gait speed* 0.9 (0.3) 1.3 (0.1) 0.00

*Significant differences between groups (p < 0.05). Means (standard deviations)
are presented together with p-values from the respective t-test. The number of
males/females is presented with a p-value from a Chi-squared test.
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physiotherapists. Participants were instructed to walk barefoot
at a self-selected speed on a 10 m walkway for a minimum of
six trials. Kinematics were captured by an eight-camera three-
dimensional motion capture system (240 Hz; Oqus R©, Qualisys
Gothenburg, Sweden). Data were recorded from the middle 3 m
of the walkway and included 2–4 gait cycles for each trial. The
data were analyzed using the Qualisys Track Manager software
(QTM; Qualisys), filtered (15 Hz, fourth-order bidirectional low-
pass Butterworth digital filter) and processed in Visual 3D (C-
motion, Germantown, MD, United States).

Variables and Stepwise Data Analyses
Included kinematic variables are presented in Table 2. Range of
motion (ROM) was defined as the difference between the highest
and lowest values of the angular joint motion curve, and the
maximum (MAX) joint angle was defined as the highest value
of the angular joint motion. ROM Index (ROMI) represents the
ratio value of ROM, comparing the affected and non-affected
side (A/NA) in persons post-stroke, and the non-dominant
and dominant side (ND/D) in controls. Upper and lower body
inclination angles were defined as the highest value of the
inclination angle between the ankle and COM, and the head
and COM, respectively (Nedergård et al., 2020). If not specified
otherwise, all variables were represented by extracted discrete
values based on information from the entire GC. Data from the
affected side were depicted for all unilateral outcomes with the
one exception of hip abduction during the stance phase. The
deviation scores: Gait Profile Score, (Baker et al., 2009), Gait
Deviation Index (Schwartz and Rozumalski, 2008) and the Arm
Posture Score (Riad et al., 2011; Frykberg et al., 2014), represented
the root mean square deviation between the lower and upper limb
joint angles of each participant of the post-stroke group and the
average of the controls. For further descriptions of the variables,
including descriptive statistics (see Supplementary Appendix
A: Tables A–C).

The statistical approach consisting of three steps, briefly
presented below, followed the main setup in Schelin et al.
(2017). For all outcome variables presented in Supplementary
Appendix A: Table A, we used a linear regression model to
test whether there was a difference between persons post-stroke
and non-disabled persons while controlling for age, sex and
BMI (Step I). Descriptive statistics for the background variables
age, sex and BMI are presented in Table 1. Variables with non-
significant group differences were excluded from the subsequent
analyses (Table 2).

In order to identify one or several potential core sets
of variables, we systematically investigated all combinations
consisting of 1–4 variables obtained from the complete set of all
those variables that were significantly different between groups.
Each core set was evaluated using leave-one-out cross-validation
in combination with logistic regression to estimate the different
models’ misclassification rate (MR) (Step II). For each core
set, a logistic regression model based on the variables in the
core set, with no interaction terms, was used to model the
probability that the person (that was left out) belonged to the
group of persons post-stroke. The default threshold of 0.5 was
used for classification, implying that for an estimated probability
above 0.5, the person was classified as post-stroke. The MR was

estimated as the proportion of wrongly classified individuals.
Confusion matrices that identified the rates of true positive, true
negative, false positive, and false negative classifications were
also considered. To add information about potential relationships
between the variables, Spearman’s rank correlation was used
to estimate the pair-wise correlations between the variables of
interest. All analyses were performed in R (R Core Team, 2014).

RESULTS

The first step in the analysis process identified which variables
that were significantly different between persons post-stroke and
non-disabled controls (see Table 2, and with further details
reported in Supplementary Appendix A: Tables A–C).

In the second step, we calculated the MR for single variables,
as well as for the combination of different variables. When
using only one variable, the MR ranged from 0.10 to 0.42.
The lowest, hence also the best, MR (0.10) was shown for the
Duration of single-support phase in the affected side (Table 3).
This corresponds to a 90% probability of correctly classifying
a person as post-stroke or control based on this specific
variable. Duration of 2nd double-support phase classified 89%
(MR 0.11), and Stride length 87% (MR 0.13) of the persons
correctly. A core set of two variables resulted in MRs ranging
from 0.06 to 0.42. The lowest rate (MR 0.06) was shown for
Step length/Stride length in combination with Pelvis sagittal
ROM (pelvis anterior/posterior tilt). These two combinations of
variables classified 94% of persons correctly. Combining three
variables decreased the MR further to 0.04 (range: 0.04–0.42).
Each core set of three variables correctly classified 96% of
persons. A spatial (Stride length/Step length) or temporal variable
(Self-selected gait speed/Stance time/Swing time/Duration of 2nd
double-support) was combined with either Pelvis sagittal ROM
or Ankle plantarflexion, terminal stance (during push-off). In
addition, these variables were combined with either Arm Posture
Score, Cadence, or a knee or shoulder joint angle variable, to
generate the best possible MR based on our populations. Adding
yet another variable did not decrease the MR further, nor did it
change the types of variables included in the core sets (all core sets
still included at least one variable describing joint angle motions,
most often Pelvis sagittal ROM). The combination of exclusively
spatial and temporal gait variables (i.e., not including joint
angle data) that most correctly classified persons post-stroke was
Stride width, Cadence, Duration of stance phase and Duration of
2nd double-support phase (Table 3). This combination correctly
classified 93% of persons (MR 0.07).

Since the MR does not include information about whether the
different models are better at classifying post-stroke persons or
controls, this was addressed with confusion matrices to identify
the rates for true positive (0.39), true negative (0.57), false positive
(0.00), and false negative (0.04) classifications. These values are
valid for all core sets of size three with MR equal to 0.04.
The results showed that persons post-stroke and controls were
classified correctly to a similar extent in the models with low MRs.

When investigating potential relationships between the
variables, correlation analyses were performed based on pooled
data from both groups but also calculated separately for
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TABLE 2 | Variables included in Step I of the analysis.

Spatial and temporal gait
variables

ROM joint
angles

MAX joint
angles

ROM Index Lower and
upper body
inclination
angles

Gait deviation
scores

Stroke-specific gait variables

Included Step length Pelvis X Hip Z Hip X A-CoMIA,
stance

GPS
GDI

Hip extension, swing

Stride length Hip X knee X Hip Y A-CoMIA,
swing

APS

Step width Hip Y Shoulder Y Knee X A-CoMIA,
stance

Knee flexion, swing

Self-selected gait speed Hip Z Ankle X

Cadence Knee X Shoulder X

Stance phase duration Ankle X Elbow X Ankle plantarflexion, terminal stance

Stance phase duration Thorax Y

Duration of 1st double-support Thorax Z

Duration of 2nd double-support Shoulder X

Step time Shoulder Y

Support Shoulder Z

Swing time Elbow X

Stride time

Temporal symmetry

Spatial symmetry

Excluded Thorax X Pelvis X Pelvis X H-CoMIA,
swing

Hip abduction, swing

Pelvis Z Pelvis Z Hip Z

Pelvis Y Pelvis Y Shoulder Y Ankle dorsiflexion, swing

Hip X Shoulder Z

Hip y

Ankle X

Shoulder X

Shoulder Z Hip abduction in the non-affected side,
stance

Eibow X Knee extension, single stance

Spatial and temporal gait variables ROM joint angles. The variables that differed significantly between persons post-stroke and controls were included in the subsequent
analysis (Step II).
A-CoMIA = ankle-center of mass inclination angle; APS = arm posture score; GDI = Gait Deviation Index; GPS = gait profile score; H-CoMIA = head-center of mass
inclination angle MAX = maximum = sagittal plane; ROM = Range of motion; X = sagittal plane; Y= frontal plane; Z = transversal plane. If not specified, data from the
affected side are depicted for all unilateral outcomes.

each group (Supplementary Appendix B: Figures A–C). The
correlation matrices revealed both similarities and differences in
the correlations between variables when comparing persons post-
stroke and controls. In both groups, the spatial and temporal
variables were generally significantly correlated, although with
some exceptions (see Supplementary Appendix B: Figures B,C).
Correlations for joint angle data were fewer among non-disabled
controls than in persons post-stroke.

DISCUSSION

The stepwise analysis demonstrated that using only a single
variable correctly discriminated persons post-stroke from
controls with a 60–90% probability (MR 0.10-0-42) (Table 3).
The most sensitive stand-alone variable was the Duration of
single-support (MR 0.10) followed by the Duration of 2nd double-
support (MR 0.11). Adding Pelvis sagittal ROM to the specific

temporal or spatial variables (see Table 3) generated core sets that
increased the probability of correctly classifying individuals to as
high as 93–94%. Adding yet another kinematic variable to the
core sets increased the probability even further to 96%.

Several of the gait variables represented in the core sets, such
as the Duration of single- or 2nd double-stance (longer in persons
post-stroke), Self-selected gait speed and Stride/Step length (slower
and shorter, respectively, in persons post-stroke), are common,
well-established variables used for evaluation of gait in persons
post-stroke (Balaban and Tok, 2014; Sheffler and Chae, 2015;
Baker et al., 2016). As confirmed by our correlation matrices
(Supplementary Appendix B: Figures A–C) and in agreement
with previous research (Olney and Richards, 1996; Nadeau
et al., 2013; Sharififar et al., 2019), these variables were highly
interrelated and also generated similar MRs. Note, however,
that Cadence alone received the highest MR of the spatial and
temporal gait variables and only classified persons correctly with
a 68% probability (MR 0.32).
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TABLE 3 | The five lowest misclassification rates (MR) for one variable alone, or for core sets of 2–3 variables in combination.

Variables MR

One variable Duration of single-support 0.10

Duration of 2nd double-support 0.11

Stride length 0.13

Self-selected gait speed 0.15

Step length 0.17

Two variables Step/stride length + Pelvis sagittal ROM 0.06

Self-selected gait speed + Pelvis sagittal ROM 0.07

Duration of single-support + Ankle sagittal ROM

Duration of single-support + Ankle plantarflexion,
terminal stance

Duration of 2nd double-support + Knee flexion, swing

Three variables Stride/Step length + Pelvis sagittal ROM + Shoulder sagittal ROM
Index/Knee sagittal ROM

0.04

Self-selected gait speed + Pelvis sagittal ROM + Shoulder sagittal ROM
Index/Knee flexion
MAX/Arm Posture
Score/Cadence

Stance/Swing time + Pelvis sagittal ROM + Knee flexion MAX

Duration of 2nd double-support + Ankle plantarflexion, terminal stance + Shoulder abduction MAX

Spatial and temporal
gait parameters

Stride width + Cadence + Duration of stance phase + Duration of 2nd double-support 0.07

Self-selected gait speed + Swing time/Temporal asymmetry 0.09

MAX, maximum; ROM, range of motion.

Our results indicate that for improved sensitivity, spatial
and temporal variables should be analyzed in combination with
variables such as the Pelvis sagittal ROM or knee/shoulder
kinematics. When used independently, several variables had a
higher probability of correctly differentiating persons post-stroke
from controls than Pelvis sagittal ROM. But when Pelvis sagittal
ROM was used in combination with other variables, it generated
improved MRs and thus seems highly relevant for post-stroke
gait analysis. Indeed, two-thirds of the here presented core sets
combining 2–3 variables included this specific variable. The pelvis
connects the trunk to the lower limbs, and muscular control at
the pelvis has been suggested to be crucial for dynamic balance
and weight transmission during walking (Karthikbabu et al.,
2016). Data from our post-stroke population confirm earlier
observed increased ROM regarding pelvis anterior/posterior tilt
among persons post-stroke (Verheyden et al., 2014; Karthikbabu
et al., 2017). This is presumed to be a consequence of impaired
trunk control as well as due to adaptations following lower
limb impairments (Van Criekinge et al., 2017). The range of
sagittal motion of the pelvis is, however, relatively small especially
compared to the range of sagittal motion in the lower limbs (Chen
et al., 2003). This makes pelvic tilt more difficult to observe or
measure in clinical settings without any technological devices.
Furthermore, the constitution and attire of an individual may
complicate assessing the pelvic tilt during gait. Nevertheless,
the pelvic function should be considered when evaluating and
treating gait post-stroke. Selective pelvic exercises, for instance,
seems to have a beneficial effect on trunk function, standing
balance, and mobility after stroke (Haruyama et al., 2016).

Altered knee movement patterns, such as greater or lesser
knee flexion during the early stance phase followed by knee
hyperextension in the late stance phase, have been reported post-
stroke (Woolley, 2001; Baker et al., 2016). For the swing phase,
previous studies have shown that the most common knee joint
angle deviation is a generally decreased knee flexion and/or
decreased knee extension prior to initial contact (Olney and
Richards, 1996; Balaban and Tok, 2014; Baker et al., 2016). In
3D gait analysis, the knee sagittal kinematics are considered as
reliable variables that also are suggested to predict gait function
post-stroke (Guzik et al., 2020). In agreement with that, our
results suggest that sagittal knee angle motions (represented by
Knee flexion MAX and Knee sagittal ROM) are of particular
importance when classifying gait post-stroke. These two variables
were represented in several emerging core sets. For the Knee
sagittal ROM, estimates of the minimal detectable change and the
minimal clinically important difference have been established for
persons post-stroke (Geiger et al., 2019; Guzik et al., 2020) and
these estimated values are useful when interpreting changes of
knee flexion/extension observed in persons who have undergone
gait interventions post-stroke.

In contrast to the focus on the lower limbs, kinematics of
the upper limbs during gait post-stroke has been far from as
extensively investigated (Carmo et al., 2012). A few recent studies
have, however, emphasized the importance of incorporating
the trunk (i.e., the thorax) and arm movements in post-stroke
gait analyses (Stephenson et al., 2010; Carmo et al., 2012).
Stroke affects upper limb function in 50–70% of persons in
the subacute phase post-stroke (Krakauer, 2005) and may have

Frontiers in Human Neuroscience | www.frontiersin.org 5 February 2022 | Volume 15 | Article 82010446

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-820104 February 22, 2022 Time: 10:41 # 6

Nedergård et al. Kinematic Variables for Gait Post-stroke

a clear influence on gait (Johansson et al., 2014). In the long
term, around 40% experience disabilities of the upper limbs
(Alt Murphy and Häger, 2015), whereas a lower percentage
present with disabilities for functions of the lower limbs. It
thus becomes clear that the inclusion of upper limb kinematic
variables is of importance for ensuring comprehensive gait
analyses. In the current study, upper limb motions (Shoulder
abduction MAX, Arm Posture Score and Shoulder sagittal
ROM Index) were represented in several suggested core sets
of variables, providing further evidence that the upper limbs
influence post-stroke gait movement pattern. An increased
shoulder abduction angle among persons post-stroke (Shoulder
abduction MAX) seems characteristic for post-stroke gait and
has been assumed to be part of a compensatory strategy to
help improve body weight distribution and balance (Carmo
et al., 2012). In addition, an earlier reported variation in
shoulder movement deviations in the sagittal plane (Kahn et al.,
2019) was also observed among our persons post-stroke. While
some persons display excessive movements (large ROM), others
employ a more fixed joint posture (small ROM) during walking.
Another interesting aspect was the generally greater number
of associations between joint position variables among persons
post-stroke when compared with controls (see the correlation
matrices, Supplementary Appendix A: Tables B,C). Even though
the absence of impairments would theoretically allow for greater
variation, walking on an even surface without any obstacles and
in a controlled fashion seems to generate a stable movement
pattern. The fewer correlations between several variables among
non-disabled controls when compared to persons post-stroke
may hence be explained, at least partly, by lesser variability.

The potential for assessing the core set variables in a clinical
context differs. The spatial and temporal variables are most
accessible in clinics today since this data can be gathered relatively
efficiently with the use of, e.g., pressure-sensitive walkways or
timing devices. Self-selected gait speed is one of the most
commonly used outcome measures. By combining Self-selected
gait speed (MR 0.15) in the present study with another temporal
variable, such as Duration of swing or Temporal asymmetry, the
MR improved to 0.09. The combination of spatial and temporal
variables that most correctly seems to classify persons post-stroke
and controls included Stride width, Cadence, Duration of stance
and Duration of 2nd double-support. Together these four variables
classified persons correctly with a 93% probability.

Gathering joint position data, compared with spatial and
temporal variables, generally requires more time, equipment and
data processing. For example, calculation of the Arm Posture
Score is currently based on comprehensive 3D upper limb joint
position data, whereas estimating the Sagittal ROM Shoulder
Index requires bilateral shoulder flexion/extension data. Low-cost
webcam technology has, however, shown potential for real-time
tracking of joint kinematics, particularly in the sagittal plane
and if performed following specific recommendations related to
data collection setup and camera and analysis software (Michelini
et al., 2020). Such technology opens up new, more accessible
possibilities for kinematic assessments during gait which may be
more easily utilized in a clinical setting compared to laboratory-
based data collection with 3D motion capture systems. Data
collection of Pelvis sagittal ROM or Knee flexion MAX/Knee

sagittal ROM, for instance, can also be made with 2D data-
collecting systems. The use of portable inertial sensors to capture
kinematic information over an extended space and time and in
real-life conditions has also been described by Petraglia et al.
(2019) and van Schaik and Dominici (2020).

Methodological Considerations
The purpose of Step II of the current analytical approach
was to identify potential core sets of variables for discussion
and future research toward a consensus on crucial variables
for the kinematic evaluation of gait post-stroke. The focus of
the current paper was not on checking model assumptions,
interpreting parameter estimates, or comparing models in other
ways than their classification ability. If identified core sets are
to be used further in similar analyses, these assumptions should
be checked. One specific assumption relates to the lack of
multicollinearity, i.e., that the variables included in the model
are not highly correlated. Note that gait speed and cadence
were identified in the same core set and that these variables
seem significantly correlated both in our analyses (see correlation
matrices, Supplementary Appendix B: Figures A–C) and in
previous research (Sharififar et al., 2019). Combining these two
variables may therefore not be advisable if they represent the
same underlying central nervous networks in the motor control
process related to gait. While we have not a priori eliminated
collinear variables based on conceptual conjectures, we are aware
that this could result in redundancy in the discrimination process
(one could potentially use various combinations that provide
similar results).

Analyzing individuals walking at a self-selected speed as
opposed to at their fastest possible gait speed or at a
predetermined pace, will likely influence the results. Earlier
research suggests, for instance, that gait speed affects the pelvic
motions of non-disabled individuals (Lewis et al., 2017), while
knee kinematics in the sagittal plane, on the other hand, seems
not to be speed dependent when comparing persons post-stroke
with non-disabled persons walking with matched gait speed
(Chen et al., 2005). Due to close relationships between gait speed
and other temporal and spatial variables, while persons post-
stroke walked slower than non-disabled controls in our study, the
core sets presented may be influenced either by the pathology per
se or by gait speed, or both.

The generalizability of this study is limited to a population in
a long-term phase post-stroke and with mainly relatively mild
impairments. Previous studies have shown that e.g., pelvic tilt
may vary depending on stroke onset (Van Criekinge et al., 2017)
and severity level (Chen et al., 2003). Although our stroke sample
does not fully represent the whole range of stroke severity, it
is an important subpopulation as the individuals included may
have treatable gait deficits that are not easily or clearly identified
without instrumented motion analysis. Furthermore, the analysis
has not considered the possible impact of the localization of
injury which may affect functional outcomes and movement
strategies post-stroke.

Only significant variables were included in the latter step of
the analysis. Some variables could nonetheless still be important
but were perhaps not significant due to lack of power. If altering
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the default threshold of 0.5 that was used for classification, the
MR, as well as the rate of true positive/negative, might change.
However, since persons post-stroke and controls both were
correctly classified, and the MR was low for many models, we see
only a limited gain of finding and using an optimal threshold.

Finally, almost an endless number of variables are available
from instrumented gait analysis. We chose to initially include
those that were considered relevant from a clinical perspective
as well as the ones most commonly used, based on the literature
in the field. The identified core sets contain spatiotemporal gait
variables and joint motion variables in the sagittal plane, several
of which are considered highly reliable in persons post-stroke and
where previous analyses include estimates of minimal detectable
change (Geiger et al., 2019).

CONCLUSION

Our results contribute toward a consensus on which kinematic
variables should be included in the evaluation of gait post-stroke.
This may substantially facilitate future diagnostics and treatment
planning regarding specific gait deficits post-stroke, as well as
the monitoring and evaluation of rehabilitation progress in the
clinics. It would also be of great value for comparisons across
studies and in meta-analysis contexts if the same variables are to
be used in research.
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Intrinsic gait variability (GV), i.e., fluctuations in the regularity of gait patterns between
repetitive cycles, is inherent to the sensorimotor system and influenced by factors such
as age and pathology. Increased GV is associated with gait impairments in individuals
with cerebral palsy (CP) and has been mainly studied based on spatiotemporal
parameters. The present study aimed to describe kinematic GV in young people with
CP and its associations with clinical impairments [i.e., passive range of motion (pROM),
muscle weakness, reduced selective motor control (selectivity), and spasticity]. This
retrospective study included 177 participants with CP (age range 5–25 years; Gross
Motor Function Classification System I-III) representing 289 clinical gait analyses [n = 172
for unilateral CP (uCP) vs. 117 for bilateral CP (bCP)]. As variability metrics, Root
Mean Square Deviation (RMSD) for nine lower-limb kinematic parameters and Gait
Standard Deviation (GaitSD) – as composite score of the kinematic parameters – were
computed for the affected (unilateral = uCP) and most affected side (bilateral = bCP),
respectively, as defined by clinical scores. GaitSD was then computed for the non/less-
affected side for between leg comparisons. Uni- and multivariate linear regressions
were subsequently performed on GaitSD of the affected/most affected side with all
clinical impairments (composite scores) as independent variables. Highest RMSD were
found in the transverse plane (hip, pelvis), for distal joints in the sagittal plane (knee,
ankle) and for foot progression. GaitSD was not different between uCP and bCP
(affected/most affected side) but higher in the non-affected vs. affected side in uCP.
GaitSD was associated with age (p < 0.001), gait deviation index (GDI) (p < 0.05),
muscle weakness (p < 0.001), selectivity (p < 0.05), and pROM (p < 0.001). After
adjustment for age and GDI, GaitSD remained associated with muscle weakness (uCP:
p = 0.003, bCP: p < 0.001) and selectivity (bCP: p = 0.024). Kinematic GV can be
expressed as global indicator of variability (GaitSD) in young people with CP given the
strong correlation of RMSD for lower-limb kinematic parameters. In terms of asymmetry,
increased variability of the non-affected vs. affected side may indicate contralateral

Frontiers in Human Neuroscience | www.frontiersin.org 1 March 2022 | Volume 16 | Article 81608850

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://doi.org/10.3389/fnhum.2022.816088
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnhum.2022.816088
http://crossmark.crossref.org/dialog/?doi=10.3389/fnhum.2022.816088&domain=pdf&date_stamp=2022-03-02
https://www.frontiersin.org/articles/10.3389/fnhum.2022.816088/full
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-16-816088 February 24, 2022 Time: 15:11 # 2

Tabard-Fougère et al. Kinematic Gait Variability in Cerebral Palsy

compensation mechanisms in uCP. Notably muscle weakness (uCP, bCP) and selectivity
(bCP) – but not spasticity – were associated with GaitSD. Further studies need to explore
the clinical relevance of kinematic GV in CP to support the interpretation of clinical gait
analyses and therapeutic decision-making.

Keywords: cerebral palsy, gait, variability, kinematic, clinical impairments

INTRODUCTION

Clinical Gait Analysis (CGA) is fundamental for the clinical
management of pathological gait deviations. Intrinsic variability
(i.e., cycle-to-cycle, within subject variability) occurring during
one single testing session can be quantified using CGA. These
temporal fluctuations in the regularity of gait patterns between
repetitive cycles are inherent to the sensorimotor system and
independent of error sources (extrinsic variability) (Schwartz
et al., 2004). Intrinsic variability represents an important
indicator of overall walking function (Stergiou et al., 2006) and
can be a relevant parameter when interpreting CGA. Intrinsic
variability depends on the neurological integration of multiple
sensory inputs and the coordination of motor outputs (Wu et al.,
2014; Pekny et al., 2015), and is influenced by factors such as age,
walking speed, pathological and environmental conditions. In
stable experimental environments (in which motor redundancy is
reduced), low GV is usually considered as consistent and healthy,
while increased GV is usually considered as less stable and
pathological (Hausdorff, 2005). In contrast to simple variability
measures (such as standard deviation and coefficient of variation)
used to quantify data dispersion at specific instances of the
gait cycle, more advanced variability metrics – such as the
RMSD (Picerno et al., 2008) for unidimensional parameters, and
GaitSD (Sangeux et al., 2016) as an overall index of kinematic
GV – can characterize whole within-stride variability to quantify
the similarity of curve patterns along the whole gait cycle (Di
Marco et al., 2018). Association of these curve based metrics
with clinical impairments could facilitate the interpretation of
treatment efficacy on an individual basis.

Cerebral palsy (CP) represents a permanent, non-progressive
“[. . .] disorder of movement and posture due to a defect or lesion
of the immature brain” (Bax, 2008) and is the most frequent
cause of motor disability in childhood (Pakula et al., 2009). Gait
impairment in individuals with CP is complex and associated
with clinical impairments such as spasticity, muscle weakness
and reduced selective motor control. These sensorimotor deficits
limit functional capacities within the locomotor system and may
result in increased variability of kinematic and spatiotemporal
parameters (Õunpuu et al., 2015). Heterogeneity in GV outcomes
during the early stages of walking in young people with CP
can also be explained by the degree of maturation associated
with learning and neuroplasticity processes, rendering its
interpretation challenging (Prosser et al., 2010).

In CGA, kinematic data are usually visualized as continuous
data in the form of single-cycle curves for each joint, representing
a time-varying value over one gait cycle (with stride-to-stride
variability expressed as a set of curves over-plotted in the same
graph). The mean curves of all gait cycles are visually inspected

for each articulation/segment/plane and interpreted based on
summary scores such as the gait deviation index (GDI) and
the gait profile score (GPS) with regards to normative values of
healthy control subjects. However, limited functional capacity
(such as low walking speed) and compensation strategies of
young people with CP impede a direct group comparison.
Additionally, Oudenhoven et al. (2019) reported that even in
typically developing (TD) children (especially at a young age),
a substantial number of strides can be classified as abnormal
with regards to stride-to-stride variability. Consequently, they
concluded that a comparison of the mean curve of all gait cycles
within one CGA session to that of an age-matched control group
might lead to misinterpretation of gait deviations.

Given the particularly high intra-subject variability in
neurodevelopmental disorders, mean values of discrete
(spatiotemporal) parameters do not properly reflect individual
gait characteristics (Sangeux et al., 2016). In contrast to
spatiotemporal parameters, the variability of kinematic
parameters remains largely unexplored in CP.

Objectives
The aims of this study were to investigate kinematic GV in
children and young adults with unilateral and bilateral spastic
CP while (1) describing the pathology specific GV patterns of
nine lower limbs kinematic variables and (2) identifying the
explanatory variables of the variability pattern observed based on
clinical impairment scores.

MATERIALS AND METHODS

Participants
This retrospective study included young people with CP who
underwent a CGA in the Kinesiology Laboratory of a tertiary
hospital between 1994 and 2020. The local Ethics Committee
approved this study (CER no. 2018-00229), i.e., permission
to use and further process retrospective data recorded during
CGA after anonymization. Informed consent was obtained from
all participants and their respective legal guardians since this
approval (March 2018). The local Ethics Committee granted a
consent exemption for CGA performed prior to this date.

The inclusion criteria were: age between 5 and 25 years,
diagnosis of unilateral or bilateral spastic CP (levels I to III on
the Gross Motor Function Classification System-GMFCS) and
the ability to walk 10 m without external support. The exclusion
criteria were: lower limb surgery 12 months prior to the CGA,
botulinum toxin injection (BTX) 6 months prior to the CGA, in
case of multiple CGA time between each CGA < 1 year, and less
than 5 valid kinematic gait cycles.

Frontiers in Human Neuroscience | www.frontiersin.org 2 March 2022 | Volume 16 | Article 81608851

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-16-816088 February 24, 2022 Time: 15:11 # 3

Tabard-Fougère et al. Kinematic Gait Variability in Cerebral Palsy

Data Collection
Please refer to Table 1 for demographic and clinical participants’
characteristics.

To limit bias due to age and sex on the interpretation of body
mass index (BMI) in a pediatric population, the BMI-for-age
was computed as z-score (z) (de Onis et al., 2007) and weight
status categories were defined using cut-offs recommended by the
World Health Organization (de Onis and Lobstein, 2010).

Gait Analysis
Participants were instructed to walk barefoot at a comfortable
self-selected speed along a 10 m walkway. Kinematic parameters
were measured using a 12-camera motion analysis system (model
Oqus 7+, Qualisys, Göteborg, Sweden) between 2015 and 2019,

a 12-camera motion analysis system (Vicon MX3+, Vicon Peak,
Oxford, United Kingdom) between 2007 and 2015 and a 6-
camera motion analysis system (Vicon 460, Vicon Peak, Oxford,
United Kingdom) before 2007. The marker trajectories were
recorded at 100 Hz and filtered using the predicted mean-squared
error filter MSE10 in the Nexus software before 2015 and high-
pass 4th order Butterworth filter (10 Hz) after. Participants were
equipped with 35 reflective markers placed on the skin at defined
anatomical and technical landmarks according to the full-body
Plug-in-Gait model (Davis et al., 1991).

Clinical Examination
The same day as CGA, an experienced physiotherapist clinically
assessed the lower limbs including spasticity, selectivity, muscle

TABLE 1 | Differences of demographic, clinical and gait outcomes between participants with unilateral cerebral palsy (uCP, n = 105, 172 CGA) and bilateral cerebral
palsy (bCP, n = 72, 117 CGA).

uCP (172 CGA) bCP (117 CGA) Groups comparison

P ES 95% CI

Demographic and clinical characteristics

Age, years old 12.4 (4.8) 13.1 (5.1) 0.240 0.143 −1.9 to 0.5

Female, n (%) 79 (46%) 42 (36%) 0.115 0.146 −2 to 22%

Body weight status – – 0.361 – –

Underweight, n (%) 18 (10%) 14 (12%) 0.835 0.003 −10 to 7%

Normal weight, n (%) 104 (60%) 80 (68%) 0.212 0.092 −20 to 4%

Overweight, n (%) 36 (21%) 19 (16%) 0.398 0.042 −5 to 14%

Obese, n (%) 12 (7%) 4 (3%) 0.300 0.063 −2 to 9%

GMFCS Level – – <0.001* – –

I, n (%) 155 (90%) 73 (62%) <0.001* 1.794 17–38%

II, n (%) 14 (8%) 37 (32%) <0.001* 1.461 −34 to −13%

III, n (%) 0 (0.0%) 7 (6%) 0.004* 0.480 −11 to −1%

Previous treatments

BTX > 6 months before, n (%) 72 (42%) 40 (34%) 0.234 0.083 −4 to 20%

Surgery > 1 year before, n (%) 62 (36%) 37 (32%) 0.515 0.025 −7 to 16%

Composite impairment scores

Spasticity composite score, 0–16 1.1 (1.6) 3.0 (2.8) <0.001* 0.902 1.4–2.5

Weakness composite score, 0–30 22.6 (4.0) 23.0 (5.1) 0.422 0.102 −1.6 to 0.7

Selectivity composite score, 0–12 9.5 (2.2) 9.4 (2.7) 0.751 0.039 −0.5 to 0.7

pROM composite score, 0–9 2.9 (1.7) 2.2 (1.7) 0.002* 0.387 0.3–1.0

General gait characteristics

Walking speed, m/s 1.11 (0.15) 1.02 (0.25) <0.001* 0.451 0.04–0.14

Normalized walking speed, (m/s)/LL 1.45 (0.30) 1.37 (0.39) 0.060 0.240 −0.01 to 0.17

Gait deviation index (GDI) 85.0 (11.3) 81.2 (12.1) 0.008* 0.331 1.1–6.6

Gait asymmetry

Step time asymmetry, % 13.9 (7.7) 6.5 (6.6) <0.001* 1.015 5.7–9.0

Step length asymmetry, % 8.7 (8.1) 8.3 (7.2) 0.665 0.051 −1.4 to 2.2

Gait variability

GaitSD, degrees 2.5 (0.8) 2.5 (0.9) 0.970 0.005 −0.3 to 0.2

Step time CV, % 3.2 (1.9) 4.0 (2.3) 0.007* 0.365 −1.3 to −0.2

Step length CV, % 3.6 (2.1) 4.5 (3.1) 0.002* 0.432 −1.8 to −0.4

Statistical tests used were the student t-tests for continuous outcomes presented as mean [standard deviation (SD)] and Pearson chi-2 test for dichotomous outcomes
presented as n (%). Significant differences between groups were considered at p < 0.05 (*).
LL, leg length; CGA, clinical gait analysis; GDI, Gait deviation index; pROM, passive range of motion; GMFCS, gross motor function classification scale (Palisano et al.,
2008); CV is coefficient of variation (SD/mean); BTX is botulinum toxin type A treatments; Spasticity composite score concerned the hip flexors, the knee flexors and
extensors and the ankle plantar flexors; Weakness and selectivity composite score concerned the hip flexors and extensors, the knee flexors and extensors and the ankle
plantar and dorsiflexors; pROM composite score concerned the hip extensors, the knee popliteal angle and the ankle dorsiflexors.
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FIGURE 1 | Flow chart of the inclusion and exclusion criteria leading to the selection of the 105 subjects with unilateral cerebral palsy (uCP) and 72 subjects with
bilateral cerebral palsy (bCP). According to the inclusion and exclusion criteria, multiple visits were included resulting in a total of 172 clinical gait analysis (CGA) in the
uCP and 117 CGA in the bCP group. 3D file available means gait records computed with the custom-made software developed by Moveck R© (https://moveck.com/).
BTX is Botulinum toxin injection; yo, years old; y, year; m, months.

weakness, and passive range of motion (pROM; Viehweger et al.,
2007). In this retrospective study, several physiotherapists were
involved in the clinical examination over time. Spasticity was
evaluated using the Modified Ashworth scale (MAS), ranging
from 0 the 4 where a 0 score is no spasticity (Bohannon and
Smith, 1987). Selective motor control was evaluated using the
selective control assessment of the lower extremity (SCALE) on
a scale ranging from 0 to 2 where 0 is no selective control
(Fowler et al., 2009). Muscle weakness was assessed by the manual
muscle testing (MMT), ranging from 0 to 5 where 5 is no
weakness (Hislop et al., 2014). The pROM was measured using
a goniometer to the nearest 5◦.

Data Analysis
The affected and the most affected lower limb, respectively,
were determined on the basis of higher clinical impairment
composite scores (selectivity, spasticity, pROM, and muscle

weakness, cf. section “Composite Clinical Score Analysis”) scaled
from 0 to 1 each.

General Gait Parameters Analysis
The gait cycle was defined by the time between two foot strikes
of the same foot and event detection was computed from the
trajectory of markers placed on the pelvis and feet (Zeni et al.,
2008) and checked manually. For each participant, five randomly
selected gait cycles were included in the analysis. Walking speed
(m/s), cadence (steps/min), step time (s), and step length (cm)
were computed for all included gait cycles. In order to reduce
bias related to the participants’ characteristics, both absolute and
normalized (divided by leg length) walking speeds were reported
(Hof, 1996).

The asymmetry of step time and step length were computed
as abs[ln(left/right)] × 100% where 0% means perfect symmetry
(Brændvik et al., 2020). The variability of step time and
step length of the affected side/most affected lower-limb was
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FIGURE 2 | (A) Distribution of kinematic intrinsic variability [evaluated using root mean square deviation (RMSD) for five gait cycles of the same visit] during gait cycle
per kinematic parameters. (B) Correlogram of the mean RMSD for kinematic parameters. uCP, participants with unilateral cerebral palsy; bCP, participants with
bilateral cerebral palsy; CGA, clinical gait analysis. Level of significance of Pearson correlations *p < 0.05; **p < 0.01; ***p < 0.001.

computed with the coefficient of variation (CV) defined as
the ratio between the standard deviation and the mean
(calculated as SD/mean × 100%) of the included gait cycles
(Brændvik et al., 2020).

Kinematic Variability Analysis
Lower limb kinematic parameters were computed according to
a replication of the conventional gait model (Davis et al., 1991)
using a custom-made software developed by Moveck R©1. The
quality of gait kinematic parameters was checked for artifacts and
outliers based on the visual inspection of each curve.

A total of nine kinematic variables were used for the affected
limb: pelvic tilt, pelvic obliquity, pelvic rotation, hip flexion, hip
abduction, hip rotation, knee flexion, ankle dorsiflexion, and foot
progression angle. For each of those kinematic parameters, the
RMSD was computed based on five randomly included gait cycles
(Picerno et al., 2008).

Additionally, the GaitSD was computed based on the five
randomly included cycles for each limb to compare the
variability of both legs. For all other analysis, GaitSD concerned
the affected/most affected side. The GaitSD – a composite
score of the kinematic variability – has previously shown
satisfying (1) precision for a low number of gait cycles and (2)
sensitivity to changes with age in typically developing children
(Sangeux et al., 2016).

1https://moveck.com/

Finally, the GDI was computed based on the same five
included cycles (Schwartz and Rozumalski, 2008).

Composite Clinical Score Analysis
Based on Papageorgiou et al. (2019), individual joint scores (hip,
knee, and ankle) per impairment (spasticity, selectivity, weakness,
and pROM) were calculated and then combined into a composite
score for the affected/most affected limb.

More specifically, spasticity scores were: “ankle spasticity”
(median scores of the gastrocnemius and soleus muscles, from
0 to 4), “knee spasticity” (sum of the knee flexor and extensor
scores, from 0 to 8), and “hip spasticity” (scores of the hip flexors,
from 0 to 4). The composite spasticity score was computed as the
sum of all muscle groups, from 0 to 16.

Similarly, the composite weakness score (from 0 to 30) was
computed as the sum of all weakness scores: “ankle weakness”
(median score of the dorsiflexors with knee flexed and extended,
summed up with ankle plantar flexors, from 0 to 10), “knee
weakness” (sum of knee flexors and knee extensors scores, from
0 to 10), and “hip weakness” (sum of hip flexors and extensors
scores, from 0 to 10).

The composite selectivity score was calculated as the sum of
the joint selectivity scores according to the muscles associated via
the SCALE (from 0 to 12).

Finally, the composite pROM score was calculated based
on the “hip pROM” (Thomas test score, from 0 to 3), “knee
pROM” (median of knee flexors and knee extensors, from 0
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FIGURE 3 | Comparison of gait standard deviation (GaitSD) between: (A) Affected vs. non-affected side in participants with unilateral cerebral palsy (uCP); (B) Most
affected side vs. less affected side in participants with bilateral cerebral palsy (bCP). Due to absence of minimum five valid gait cycles in both sides, six CGA (three
patients) were excluded in uCP and one CGA (one patient) in bCP. Level of significance of paired Student t-tests *p < 0.05; **p < 0.01; ***p < 0.001.

to 3), and “ankle pROM” (median score of triceps flexion and
plantar flexion, from 0 to 3) with a total score from 0 to 9. All
pROM scores were coded based on aged-gender normal dataset
of Soucie et al. (2011) with code 0 for values inferior to 5th
percentile (severe impairments), 1 for values between 5th and
50th percentile (moderate impairments); 2 for values between
50th and 75th percentile (low impairments), and 3 for values
superior to 75th percentile (no or slight contractures).

Statistical Analysis
Statistical analysis was performed using R (version v.3.6.1)
with the RStudio interface (version 1.2.5033). To describe
demographic and clinical data, descriptive statistics were used
and reported as the mean (SD = standard deviation) for
continuous variables and as n (%) for dichotomous variables.
Additionally, normality distribution of continuous outcomes was
tested with the Shapiro–Wilk test. Differences between groups
were tested with the Student t-test, differences between frequency
distributions with the Chi-square test (χ2). Differences between
groups were considered significant at p < 0.05.

Correlations between sets of the RMSD of all kinematic
parameters were investigated using the R function “ggpairs” from
the package GGally (version 1.5.0). Univariate linear regressions
were performed on GaitSD with clinical composite scores as
independent variables. Multivariate linear regressions were used
to adjust for age and the gait deviation index (GDI). For each
linear model, the linear regression coefficient β with the 95%
confident interval (95% CI) and the adjusted R2 (Adj. R2) were

reported. Adj. R2 was adjusted by the number of predictors in the
model. Significant associations were considered at p < 0.05.

Finally, for young people with uCP, the GaitSD of the affected
side was compared with the non-affected side using a paired
Student t-test. Accordingly, the most affected side (side with the
higher sum of scaled composite scores of clinical impairments)
was compared with the less affected side in bCP.

RESULTS

Participants
In total, 352 participants (686 CGA) with CP were screened: 41
(145 CGA) did not meet the following inclusion criteria: age
between 5 and 25 years old, (>1 year between 2 CGA, >1 year
after surgery, >6 m after BTX); 119 (222 CGA) did not have
available 3D data (kinematics processed with Moveck) or walked
with external aids; 9 (18 CGA) did not have > = 5 valid gait cycles
and 6 (12 CGA) had missing clinical data (Figure 1). A total
of 105 participants with uCP [172 CGA, 12.4 (4.8) years old,
GMFCS: I (90%), II (10%)] and 72 participants with bCP [117
CGA, 13.1 (5.1) years old, GMFCS: I (62%), II (32%), III (6%)]
were included (Figure 1).

As reported in Table 1, there were no significant differences
between groups (uCP and bCP) for age, body weight status
and previous treatments (BTX > 6 m before, Surgery > 1 year
before), selectivity and weakness composite scores. They differed,
however, with regard to GMFCS levels (p < 0.001), spasticity
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FIGURE 4 | Univariable linear regression results with scatterplot of gait standard deviation (GaitSD in degrees) for age, gait deviation index and composite scores of
clinical impairments [spasticity, selectivity, muscle weakness, and passive range of motion (pROM)] of 105 subjects with unilateral cerebral palsy [uCP, 172 clinical
gait analysis (CGA)] and 72 subjects with bilateral cerebral palsy (bCP, 117 CGA).

(p < 0.001, 95% CI: 1.4–2.5) and pROM (p < 0.001, 95% CI:
0.3–1.0) composite scores.

Gait Characteristics
Compared to uCP, the bCP group had a significantly lower
absolute walking speed (p < 0.001, 95% CI: 0.04–0.14), lower
GDI (p = 0.008, 95% CI: 1.1–6.6), step time CV (p < 0.007, 95%
CI: −1.3 to −0.2), and step length CV (p < 0.002, 95% CI: −1.8
to −0.4). In contrast, participants with bCP had a significantly
lower step time asymmetry (p < 0.001, 95% CI: 5.7–9.0), but
step length asymmetry was not significantly different between the
groups (p = 0.665). Normalized walking speed, in contrast with
absolute walking speed was not significantly different (p = 0.06)
between uCP and bCP.

In uCP, step time was significantly higher (p < 0.001) on
the affected side compared to the non-affected side [0.54 (0.07)
vs. 0.47 (0.05) s] whereas step length was significantly reduced
(p = 0.012) on the affected side compared to the non-affected side
[0.55 (0.08) vs. 0.56 (0.08) m].

Kinematic Variability
As reported in Figure 2A, the highest values of RMSD (>2◦)
were found in the transverse plane and distal joints (knee, ankle).

The RMSD of all nine kinematic variables were significantly
correlated (r > 0.50, p < 0.05) (Figure 2B).

Gait Standard Deviation was not significantly different
between the uCP and bCP groups (Table 1) and it was
significantly higher on the non-affected side compared to the
affected side in uCP (Figure 3A). On the contrary, GaitSD was
not significantly higher in the most affected lower-limb compared
to the less affected limb in bCP (Figure 3B). GaitSD was increased
in the non-affected side compared to the affected side in 67% of
all CGA in the uCP group (112 out of 166 CGA). This proportion
was significantly higher (p = 0.005) than that of CGA performed
by participants with bCP for which no increased GaitSD could be
observed in the less affected side compared to the most affected
side (50%; 58 out of 116 CGA).

Relation Between Age, Gait Deviation
Index, Composite Impairment Scores
and Gait Standard Deviation
As reported in Figure 4, univariate linear regression showed that
GaitSD was significantly associated with age (uCP: R2 = 0.41,
p < 0.001, bCP: R2 = 0.29, p < 0.001), GDI (uCP: R2 = 0.04,
p = 0.012, bCP: R2 = 0.17, p < 0.001), muscle weakness (uCP:
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TABLE 2 | Multiple-linear regression analysis of cycle-to-cycle gait kinematic variability (GaitSD) and clinical composite scores [weakness, spasticity, selectivity, and
passive range of motion (pROM)] in subjects with unilateral cerebral palsy (uCP, n = 105, 172 CGA) and bilateral cerebral palsy (bCP, n = 72, 117 CGA).

uCP (n = 172 CGA) bCP (n = 117 CGA)

Outcome β (95% CI) p-value Adj. R2 β (95% CI) p-value Adj. R2

Weakness composite score

Unadjusted −0.06 (−0.10, −0.03) <0.001* 0.086 −0.06 (−0.09, −0.02) <0.001* 0.092

Age adjusted −0.04 (−0.06, −0.01) 0.003* 0.433 −0.06 (−0.08, −0.03) <0.001* 0.371

GDI adjusted −0.06 (−0.09, −0.03) <0.001* 0.098 −0.03 (−0.07, 0.01) 0.061 0.139

Age + GDI adjusted −0.03 (−0.06, −0.01) 0.011* 0.443 −0.04 (−0.07, −0.01) 0.009* 0.387

Spasticity composite score

Unadjusted −0.03 (−0.11, 0.05) 0.489 0.003 −0.03 (−0.09, 0.03) 0.353 0.001

Age adjusted −0.05 (−0.11, 0.01) 0.127 0.411 −0.05 (−0.10, 0.01) 0.077 0.297

GDI adjusted −0.02 (−0.10, 0.06) 0.558 0.030 0.01 (−0.05, 0.07) 0.726 0.111

Age + GDI adjusted −0.04 (−0.11, 0.02) 0.154 0.428 −0.02 (−0.07, 0.04) 0.534 0.350

Selectivity composite score

Unadjusted −0.08 (−0.14, −0.02) 0.007* 0.037 −0.08 (−0.14, −0.01) 0.021* 0.039

Age adjusted −0.04 (−0.09, 0.01) 0.057 0.416 −0.08 (−0.14, −0.03) 0.036* 0.330

GDI adjusted −0.07 (−0.13, −0.01) 0.017* 0.061 −0.03 (−0.09, 0.04) 0.469 0.115

Age + GDI adjusted −0.04 (−0.08, 0.01) 0.109 0.430 −0.05 (−0.10, −0.01) 0.024* 0.361

pROM composite score

Unadjusted 0.19 (0.12, 0.26) <0.001* 0.134 0.19 (0.10, 0.029) <0.001* 0.112

Age adjusted 0.07 (−0.04, 0.13) 0.065 0.415 0.05 (−0.06, 0.15) 0.384 0.281

GDI adjusted 0.19 (0.12, 0.26) <0.001* 0.170 0.22 (0.14, 0.32) <0.001* 0.269

Age + GDI adjusted 0.06 (−0.01, 0.12) 0.055 0.434 0.10 (−0.01, 0.20) 0.058 0.369

Univariate and multivariate linear regression were used. β is the linear regression coefficient; 95% CI is the 95 confident interval; R2 is the proportion of the variance
accounted for the dependent variable. Adj. R2 has been adjusted for the number of predictors in the model. Significant associations were considered at p < 0.05 (*).
CGA is clinical gait analysis; pROM is passive range of motion; GDI is Gait Deviation index; Spasticity composite score concerned the hip flexors, the knee flexors and
extensors and the ankle plantar flexors; Weakness and selectivity composite score concerned the hip flexors and extensors, the knee flexors and extensors and the ankle
plantar and dorsiflexors; pROM composite score concerned the hip extensors, the knee popliteal angle and the ankle dorsiflexors.

R2 = 0.09, p < 0.001, bCP: R2 = 0.10, p < 0.001), selectivity (uCP:
R2 = 0.04, p = 0.007, bCP: R2 = 0.05, p = 0.021), and pROM (uCP:
R2 = 0.13, p < 0.001, bCP: R2 = 0.12, p < 0.001). As reported in
Table 2, only muscle weakness (uCP: R2 = 0.443, p = 0.011, bCP:
R2 = 0.387, p = 0.009) and selectivity (bCP: R2 = 0.361, p = 0.024)
remained significantly correlated with GaitSD after adjustment
for age and GDI.

DISCUSSION

The aim of this study was to investigate kinematic GV in children
and young adults with unilateral and bilateral spastic CP while
(1) describing pathology specific GV patterns of nine lower-
limb kinematic variables and (2) identifying the explanatory
variables of the variability pattern observed based on clinical
impairment (composite scores). Results are interpreted separately
for uCP and bCP as evidence suggests that lower-limb motor
functioning differs based on the topographical classification of CP
(Meyns et al., 2016).

For both groups (uCP and bCP), kinematic variability was
highest for distal joints (knee, ankle) in the sagittal plane, for
proximal joints (hip and pelvis) in the transverse plane, and
for the foot progression angle. These results agree with those
of Sangeux et al. (2016) showing increased stride to stride
variability (GV SD > 3) for identical planes and joints in TD

children of similar age (6–17 years). Consequently, kinematic
variability characteristics per joint location and planes observed
in participants with uCP and bCP do not seem to be related
to pathological variability. Future studies including a matched
control group would need to confirm this finding.

Moreover, the present results show no joint/segment specific
kinematic GV pattern in young people with CP highlighted by
the correlation of all nine RMSD parameters of the affected/most-
affected limb in uCP and bCP. Consequently, the use of the
GaitSD as a composite score – sensitive to changes with age and
suggested for TD children (Sangeux et al., 2016) – can be applied
in youngsters with CP. The inclusion of the GaitSD, allowing
for intra-individual evaluation in clinical interpretation of CGA,
might complement gait deviation scores [such as the gait profile
score (GPS) and GDI] that refer to a norm (inter-individual
comparison). As recently shown, even young TD children show
high stride-to-stride variability with many strides classified as
“abnormal” when compared to group averaged normalized
curves (Oudenhoven et al., 2019). Thus, an interpretation of
CGA based on the comparison of the mean curve of repetitive
cycles within one session to normative values ignores both
physiological and pathology-related intra-individual variability
that can be a relevant clinical information for the understanding
of gait deviations.

Another result of the present study is that the GaitSD and
RMSD outcomes of the affected/most affected side were not
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significantly different between participants with uCP and bCP.
This finding was contrary to our hypothesis that kinematic
variability would be increased on the most affected side in bCP
compared to the affected side in uCP due to more severe clinical
impairments. Indeed, we observed higher levels of spasticity,
pROM, (overall) GFMCS and lower GDI in bCP compared to
uCP, in agreement with previous research stating higher clinical
impairments in bCP (Prosser et al., 2010; Meyns et al., 2016)
even if the between group difference in GDI was not clinically
significant (<10◦). In previous literature, the comparison
between variability characteristics in individuals with uCP vs.
bCP has only been performed on spatiotemporal parameters
without considering the implication of each lower limb. In
agreement with Brændvik et al. (2020), we observed significantly
higher step time variability and step length variability in bCP
compared to uCP suggesting that adjustability of foot placement
and timing is less affected in uCP.

Consequently, we investigated asymmetry characteristics of
kinematic variability by comparing the affected/more affected
side with the non/less affected side in both groups. Interestingly,
GaitSD was increased on the non-affected side compared to the
affected side in uCP. No inter-limb asymmetry based on the
GaitSD comparison was found in bCP. Higher variability in
the non-affected limb might be associated with the significantly
shorter step time and higher step length observed in the non-
affected vs. the affected limb in our population with uCP.
Performing a longer distance during a shorter amount of
time might suggest less refined motor skills inducing higher
kinematic variability, however, this hypothesis requires further
investigation. Alternatively, increased variability in the non-
affected limb might reflect compensation via non-damaged
cortical areas leading to higher motor capacity (through a broader
motor repertoire allowing adjustment to motor deficits of the
affected side). Such “good” variability might be associated with
increased connectivity of the non-affected side as shown for
stroke patients (Bajaj et al., 2015) and could explain the increased
overall functional capacity in young people with uCP compared
to bCP. Future studies would need to confirm the presence and
origin of contralateral compensation patterns through increased
variability and investigate underlying mechanisms. In terms of
coordination of neural control across legs, Bulea et al. (2017)
reported preserved control circuits in children with uCP allowing
each leg to adapt independently to reduce gait asymmetry in
response to external perturbations. This finding complements
our finding of variability and asymmetries in the uCP group.
Common research and practice that currently focuses on the
affected side in uCP (Sangeux et al., 2013) should therefore not
neglect the influence of the unaffected leg on gait patterns.

Concerning the second objective of this study, GaitSD
was significantly associated with age, GDI and all composite
scores (except spasticity) in both groups. The absence of
association between GaitSD and the spasticity composite score
could be explained by the relatively low level of spasticity in
our sample compared to a previously investigated population
(Papageorgiou et al., 2019).

The significant association between GaitSD and age is in
line with the results reported by Sangeux et al. (2016) and
Oudenhoven et al. (2019) in TD children showing high gait

variability at a young age. The impact of gait maturity on
kinematic GV should be considered in the clinical context to
better support the interpretation of gait deviations in children
with CP. To our knowledge, our study is the first to report a
significant association between GaitSD and GDI in young people
with uCP and bCP. Even though overall GaitSD level was similar
to values reported in TD children, GaitSD was increased in
participants with higher gait deviations, especially in bCP.

Concerning clinical composite scores, GaitSD remained
significantly associated with muscle weakness in both groups
after adjustment for age and GDI. These results are in line
with Chang et al. (2013) who reported for patients with chronic
stroke that weakness (rather than spasticity) affects voluntary
force control and leads to higher force variability in isometric
muscle contractions. However, even though muscle strength
has been reported to be correlated with gait function in CP
(Desloovere et al., 2006; Ross and Engsberg, 2007), the association
between static isometric muscle contractions and complex gait
is not straightforward in individuals with CP (Dallmeijer et al.,
2011) and requires further investigation. Moreover, increased
GaitSD was associated with reduced selective motor control
after correction for age and GDI in bCP. In individuals
with CP, the motor cortex and/or tracts are damaged which
may affect volitional control of movement (Fowler, 2010) and
spinal mechanisms responsible for the automatic control of
gait (Clowry, 2007). Chruscikowski et al. (2017) observed a
negative correlation between selectivity and the gait profile score
(as an indicator of gait abnormality) in young people with
bCP and hypothesized less complex control strategies during
gait as the underlying neurological cause (Chruscikowski et al.,
2017).

The present study has several limitations. First, the included
participants with CP globally had mild to moderate clinical
impairments. Our findings would need to be confirmed in young
people with CP with more severe clinical impairments. Second,
low to moderate inter-operator reliability of clinical evaluation
(spasticity, selectivity, muscle weakness, and pROM) (Fosang
et al., 2003) could have influenced the results with regards to the
second objective of the present study. Another limitation is the
fact that data acquisition (including technology) and processing
have evolved over the years and unfortunately quality assurance
was not uniform/standardized the same way over time. Finally,
the calculation of the GaitSD is only based on five randomly
selected cycles. According to Sangeux et al. (2016), a minimum
of six strides is recommended for healthy subjects and up to 10
strides in pathological populations due to increased GV baseline
values. In practice, however, 10 strides considerably increase the
number of walking trials having the risk of inducing fatigue in
populations with neuromotor disorders.

The presented metrics evaluating kinematic GV (i.e., RMSD
and GaitSD) detect variations in amplitude and shape of the
curve and are sensitive to time-shift between the curves (Di
Marco et al., 2018). Temporal alignment could be achieved using
existing techniques such as dynamic time warping (Helwig et al.,
2011). Future studies could additionally investigate non-linear
measures to assess gait variability (such as Largest Lyapunov
Exponent), and gait regularity (such as approximate Entropy)
(Stergiou et al., 2004).
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Finally, gait at a self-selected speed in laboratory conditions
does not reflect the complexity of gait in daily life. Investigations
on the impact of cognitive load, walking surface and gait
speed variations, would complement our findings of GV in
individuals with CP.

CONCLUSION

Kinematic GV can be expressed as global indicator (GaitSD)
in children and young adults with CP due to the strong
correlation of the RMSD for the investigated lower-limb
kinematic parameters. Increased variability on the non-affected
side suggests contralateral compensation patterns in participants
with uCP. After correction for age and GDI, GaitSD remained
significantly associated with pathology-specific muscle weakness
for the uCP and bCP groups and selectivity for the bCP group.
Further studies need to explore the clinical relevance of kinematic
GV in individuals with CP to support the interpretation of clinical
gait analysis and therapeutic decision-making.
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Background and Objective: Absolute angle represents the inclination of a body
segment relative to a fixed reference in space. This work compares the absolute and
relative angles for exploring biomechanical gait constraints.

Methods: Gait patterns of different neuromotor conditions were analyzed using 3D
gait analysis: normal gait (healthy, H), Cerebral Palsy (CP), Charcot Marie Tooth
(CMT) and Duchenne Muscular Dystrophy (DMD), representing central and peripheral
nervous system and muscular disorders, respectively. Forty-two children underwent gait
analysis: 10 children affected by CP, 10 children by CMT, 10 children by DMD and
12 healthy children. The kinematic and kinetic parameters were collected to describe
the biomechanical pattern of participants’ lower limbs. The absolute angles of thigh,
leg and foot were calculated using the trigonometric relationship of the tangent. For
each absolute series, the mean, range, maximum, minimum and initial contact were
calculated. Kinematic and kinetic gait data were studied, and the results were compared
with the literature.

Results: Statistical analysis of the absolute angles showed how, at the local level, the
single segments (thigh, leg and foot) behave differently depending on the pathology.
However, if the lower limb is studied globally (sum of the kinematics of the three
segments: thigh, leg and foot), a biomechanical constraint emerges.

Conclusion: Each segment compensates separately for the disease deficit so as to
maintain a global biomechanical invariance. Using a model of inter-joint co-variation
could improve the interpretation of the clinical gait pattern.

Keywords: gait, cerebral palsy, Charcot-Marie-Tooth, Duchenne Muscular Dystrophy, absolute angle,
biomechanical constraints
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INTRODUCTION

The introduction of gait analysis has enhanced the concept that
motor behavior emerges from the body-environment coupling
(Kuniyoshi and Suzuki, 2004; Abu-Faraj et al., 2015). Gait
analysis is a multi-factorial analysis assessing kinematic, kinetic
and electromyographic activities (EMG). These techniques
are used to identify the kinematic determinants of human
locomotion. Attention was focused on the relationship between
the biomechanics of the human body and the brain (Lacquaniti
et al., 1999) as these two elements do not work at the
same logical level. The body biomechanics represents a given
system of constraints, as shown by Collins et al. (2005)
with his bipedal modeling of dynamic passive gait. In living
creatures, the body is characterized by a redundancy of degree
of freedom (DoF), raising the problem about their control
during dynamic functional activities (Davies, 1968). The Central
Nervous System fine-tunes the synergic actions of the muscles
controlling the redundancy of the body DoF (Davies, 1968). In
this perspective, the brain is the “medium” of the relationship
between the organism and the environment, as explained by
the ecologic approach to motor control and learning (Gibson,
1979). Although this relationship is well established, knowledge
concerning the particular strategies used by the brain to mediate
between body biomechanics and the environment is limited. The
nature of the biomechanical constraints implies that appropriate
solutions for walking are limited, and the usual bipedal walking
represents a sort of final common path. However, different
gait patterns that deviate from the “typical” one are frequently
observed in pathologic conditions. It is possible to hypothesize
that the way of walking, expressed in pathological conditions,
can offer some keys for understanding the invariance rules that
bind the biomechanical and neurological mechanisms. As an
example, it was demonstrated that patients with hemiplegia and
voluntary toe walkers shared the same kinematic, kinetic and
EMG patterns (Romkes and Brunner, 2007). To explore the
elements of invariance, we decided to analyze the gait pattern
of children with different pathologies looking at differences
and similarities. We analyzed the gait pattern that emerged
from three different types of damage to the neuromotor system
caused by Cerebral Palsy (CP), Charcot-Marie-Tooth (CMT) and
Duchenne Muscular Dystrophy (DMD). They can be considered
paradigmatic examples corresponding to damage involving the
upper motor neuron, the lower motor neuron, and the muscles.
CP, CMT and DMD children present complex and heterogeneous
gait patterns already described using gait analysis tools (Salami
et al., 2017; Wojciechowski et al., 2017; Davids et al., 2018;
Goudriaan et al., 2018; Romano et al., 2019). To date, there has
been no comparative study aimed at defining similarities and
differences. The present study was facilitated by the fact that our
gait lab is situated within a big clinical research center specialized
in following children with rare diseases.

Briefly, CP is characterized by movement disorder, spasticity,
muscle weakness, ataxia and rigidity (Armand et al., 2016). It has
been reported that the alterations in the selective motor control
are the result of failure to control reciprocal activation of the
agonist and the antagonist muscles and correlate with the gait

inability (Crenna, 1998; Chruscikowski et al., 2017). Their gait
alterations are currently classified in literature (Rodda et al., 2004;
Cioni et al., 2008) without reaching a consensus.

CMT is a peripheral nervous system disorder. Affected
patients show skeletal deformities, distal muscle weakness and
atrophy, and sensory impairment leading to walking impairment
(Lencioni et al., 2017) which have already been classified in
literature (Wojciechowski et al., 2017).

DMD is characterized by a progressive replacement of muscle
fibers with fibro-fatty tissue and severe muscular weakness.
Progressive muscular degeneration determines the onset of
compensatory strategies during walking (Doglio et al., 2011). The
gait pattern of this population has been widely described (Sienko
Thomas et al., 2010; Goudriaan et al., 2018).

The present study aimed to investigate similarities and
differences between the gait patterns of three different pathologic
groups of children with CMT, DMD and CP compared
to healthy children. The main hypothesis is that the three
different gait patterns were influenced by the particular
nature of the pathology (central, peripheral and muscular).
However, they could also share elements of invariance.
This invariance can be induced by body biomechanics and
environmental physics, similarly to what identified in studies
of lower limb absolute angles in healthy subjects (Borghese
et al., 1996; Hamill et al., 2014). Ours is a pilot study
in which, besides kinematics, the kinematic gait relative
and absolute body segment configurations were compared,
searching for differences and similarities, to enhance present
knowledge related to the control of bipedal locomotion in
pathological conditions.

MATERIALS AND METHODS

Participants
Ten children with CMT, ten children with DMD and ten children
with CP were enrolled in the study. The eligibility criteria for
this study were: age between 5 and 15 years and independent
walking without orthosis. CP is a heterogeneous condition by
definition. Consequently, both to reduce CP heterogeneity and
to achieve the aims of this study, only participants with Gross
Motor Function Classification System I and II were included,
with a gait pattern corresponding to group IV of the Rodda
et al. (2004) classification (Rodda et al., 2004) and to form IV
of the Cioni et al. (2008) gait classification (Cioni et al., 2008).
Exclusion criteria were: surgical treatment in the last year and
administration of botulin toxin or experimental drug during the
previous 6 months.

The group of children with CMT consisted of eight boys and
two girls, with an average age of 12.0 (range: 7.0–15.0 years), an
average weight of 46.3 (range: 25.0–79.5 kg), an average height
of 1.44 (range:1.19–1.69 m) and an average leg length of 0.76
(range: 0.64–0.96 m).

The group of children with DMD consisted of 10 boys, with an
average age of 7.7 (range: 5.0–11.0 years), average weight of 27.9
(range: 17.8–46.0 kg), average height of 1.23 (range: 1.04–1.63 m)
and average leg length of 0.61 (range: 0.53–0.71 m).
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The group of children with CP consisted of five boys and five
girls, with an average age of 9.3 (range: 5.6–15.7 years), an average
weight of 29.0 (range: 18.5–49.5 kg), an average height of 1.28
(range: 0.96–1.57 m) and average leg length of 0.69 (range: 0.48–
0.87 m).

Reference data were collected in a group of twelve children,
seven boys and five girls, without any neurological or
neuromuscular problems, with an average age of 10.9 (range: 6.0–
14.5), an average weight of 39.2 (range: 22.0–60.3 kg), average
height 1.43 (range: 1.15–1.68 m) and average leg length 0.79
(range: 0.63–0.94 m).

All the children and their parents gave informed consent
before starting the evaluation sessions. The Ethics Committee
of the Hospital authorized the study. For an exhaustive clinical
description of the pathologic groups see Table 1.

TABLE 1 | Clinical scale and six Minute Walking Test (6MWT): For Cerebral Palsy
(CP) the clinical scale used is the Gross Motor Function Measure-66 (GMFM-66),
for Charcot Marie Tooth (CMT) the clinical scale is the CMT Pediatric Scale
(CMTPedS), and for Duchenne Muscular Dystrophy (DMD) the clinical scale is the
NorthStar Ambulatory Assessment (NSAA).

CP GMFM-66 (%) 6MWT (m)

CP1 51.85 280

CP2 78.28 335

CP3 98 501

CP4 66.69 352

CP5 70.39 375

CP6 96 443

CP7 86.52 331

CP8 75.34 390

CP9 100 414

CP10 71.22 345

CP11 86.52 395

CMT CMTPedS

CMT1 21 555

CMT2 18 562

CMT3 16 606

CMT4 25 550

CMT5 13 462

CMT6 18 512

CMT7 28 440

CMT8 31 375

CMT9 22 516

CMT10 28 464

DMD NorthStar Ambulatory Assessment

DMD1 31 564

DMD2 - 385

DMD3 28 335

DMD4 23 406

DMD5 26 364

DMD6 12 340

DMD7 31 425

DMD8 15 386

DMD9 31 464

DMD10 31 550

Gait Analysis
Gait analysis was performed using an eight-camera motion
capture system (Vicon MX, United Kingdom) with sampling
rates of 200 Hz and two force plates (AMTI, Or6-6, United States)
with sampling rates of 1 kHz. The two force plates were situated
in the middle portion of a 10 m walkway. Plug-in-Gait protocol
for reconstructing a body kinematic and kinetic model was
used. Participants walked barefoot at their self-selected speed.
For each child, three representative gait cycles were considered.
Kinematic and kinetic temporal series were normalized to the
stride duration. Kinetic data were normalized to the subject’s
weight. In addition, we evaluated spatio-temporal parameters,
walking velocity and step length were normalized to leg length.

The lower limb absolute angles (segment angles) that describe
the segment’s orientation in space were also calculated. Absolute
angles are computed using the trigonometric relationship of the
tangent. The tangent is equal to the angular coefficient obtained
with a linear fit between the proximal endpoints of the segment.
Schematic illustrations of the absolute angles (thigh, leg and foot)
and relative angles (hip, knee and ankle) are reported in Figure 1.
The following list of variables was selected from absolute angle
curves of thigh, leg and foot: initial contact, average, range,
maximum and minimum. The sum of the absolute angles (thigh,
leg and foot) was then evaluated to determine the biomechanical
constraints in lower limbs. The initial contact, average, range,
maximum and minimum were calculated from the total absolute
angle. See Tables 2, 3 for a detailed report of the kinematic and
kinetic parameters.

Statistics
For each child, we evaluated three kinematic and three kinetic
parameters for each representative gait cycle. Finally, we
calculated the mean values. The Shapiro–Wilk normality test
was used to verify the normal distribution. Since the data were
not normally distributed, we assessed a non-parametric statistic.
The Wilcoxon signed rank test for paired samples was used to
compare the data obtained for the left and right limbs. Since
the test was not statistically significant, the average between right
and left limbs was calculated for all patients. The Kruskal–Wallis
test and a post–hoc with Bonferroni correction determined
significant differences in the kinematic (relative and absolute
angles) and kinetic parameters between the four groups (CMT,
DMD, CP and healthy). A p < 0.05 was considered to indicate
statistical significance.

RESULTS

Spatio-temporal, kinematic (relative and absolute angles) and
kinetic parameters for the variable illustrated in Table 2 are
shown in Table 3.

Children with DMD walked with a statistically significant
higher stride velocity and a shorter stride time than those
with CMT and CP. Stride width values were significantly
larger in DMD and CP children compared to healthy controls.
No statistically significant differences in any spatio-temporal
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FIGURE 1 | Illustrative example of absolute angles and relative angles. In the panel (right) the absolute angle 	 is the complementary angle of angle α. The angle α is
obtained from the arctangent of the slope of the line passing through the points (x1, y1) and (x2, y2). In the panel (center) are depicted the absolute angles of thigh,
leg, and foot. In the panel (left) are depicted the relative angle of the hip, the knee and the ankle.

parameters were found when comparing the children with CMT
with the healthy children or those with CP (Table 3).

The analysis of kinematic pelvic parameters did not show
statistically significant differences between healthy controls and
children with CMT or DMD (Figure 2). The children with CP
presented average and range pelvic tilt angles statistically higher
than controls and children with CMT. Although we did not
find any statistical significance in this sample, we observed that
patients with DMD tended toward a pelvic anteversion and CMT
patients toward a pelvic retroversion, as it is shown in the sagittal
view of the Pelvis angle in Figure 2 (i.e. the CMT time series angle
is the lower curve).

The pelvic obliquity angle at initial contact in children affected
by DMD was increased compared to those with CP. The children
with CMT showed a reduction in the range of the pelvic obliquity
angle compared to DMD and CP groups (Figure 2).

The children with CMT presented the average of the
flexion/extension and maximum extension of hip angle lower
compared to healthy children (Figure 2). The CP group
showed an increase in maximum hip flexion compared to
healthy patients. The children affected by CMT showed
initial contact, average, and maximum and minimum
flexion/extension of the hip angles statistically lower compared
to CP children. For the patients affected by CP the initial
contact of hip adduction/abduction angle resulted lower
and statistically significant when compared to children with
DMD and CMT (Figure 2). Patients with DMD showed a
range of hip adduction/abduction angle greater than peers
with CMT and CP.

The children with CMT showed decreased initial contact,
average and maximum and minimum knee flexion angles
compared to healthy children (Figure 2). However, the
initial contact, average, and maximum knee flexion angles
were significantly higher in children with CP than in peers
with CMT and DMD.

Ankle dorsal/plantar angle at initial contact, average and
maximum ankle dorsal angle during the stance phase were
significantly lower in participants with CMT and DMD than
in healthy children (Figure 2). The maximum ankle dorsal
angle during swing phase values was statistically lower for all
pathological groups (CMT, DMD and CP) than for healthy
control groups. The ankle dorsal/plantar angle range resulted
lower for children with CMT compared to participants with CP.

Increased range and maximum foot progression angles were
only observed in children with CP compared with healthy
children (Figure 2).

The children with CP presented initial contact, average, range,
and maximum and minimum rotation of the foot progression
angles significantly higher than children with CMT (Figure 2).
We observed a reduction of the range of the foot progression
angle for children with DMD compared to children with CP.

The absolute angle for thigh, leg and foot are shown in
Figure 3. There are no statistically significant differences between
CMT and DMD groups for absolute angle of thigh, leg and
foot. However, there were differences between the children with
CMT and peers in the CP and healthy groups for the thigh and
leg segments but not for the foot segment. Differences between
children in the DMD and CP groups were found for the thigh
and leg segments. Patients in the DMD group only differ from the
healthy group as regards the thigh segment (Table 2). However,
Figure 3 shows that the sum of the absolute angles (thigh, leg and
foot) does not present statistically significant differences between
these groups (p > 0.05).

Patients with CP showed an increase in maximum hip power
generation during the stance phase when compared to peers with
CMT and DMD. Maximum knee power absorbed during stance
was lower in children with CP than in participants with CMT
and DMD. The children with CP showed maximum ankle power
generation and absorption during the stance phase statistically
lower than healthy children (Figure 4).
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TABLE 2 | The list of the kinematic and kinetic variables of the lower limb (pelvis,
hip, knee and ankle) and the absolute angles of thigh, leg and foot.

Foot progression angle

FPAIC Foot progression angle at initial contact
FPAa Average of foot progression angle
FPAr Range of foot progression angle

FPAmax Maximum rotation of foot progression angle

FPAmin Minimum rotation of foot progression angle

FPAmax.% % of Gait cycle corresponding of maximum rotation of foot progression
angle

FPAmin.% % of Gait cycle corresponding of minimum rotation of foot progression
angle

Pelvis

PT
IC Pelvic tilt angle at initial contact

PT
a Average pelvic tilt angle

PT
r Range pelvic tilt angle

PO
IC Pelvic obliquity angle at initial contact

PO
a Average pelvic obliquity angle

PO
r Range pelvic obliquity angle

Hip

HF/E
IC Hip flexion/extension angle at initial contact

HF/E
a Average hip flexion/extension angle

HF/E
r Range hip flexion/extension angle

HF
max Maximum hip flexion angle

HE
max Maximum hip extension angle

HF
max.% % of Gait cycle corresponding of maximum hip flexion angle

HE
max.% % of Gait cycle corresponding of maximum hip extension angle

HAd/Ab
IC Hip adduction/abduction angle at initial contact

HAd/Ab
a Average hip adduction/abduction angle

HAd/Ab
r Range hip adduction/abduction angle

HAd
max Maximum hip adduction angle

HAb
max Maximum hip abduction angle

HAd
max.% % of Gait cycle corresponding of maximum hip adduction angle

HAb
max.% % of Gait cycle corresponding of maximum hip abduction angle

HPG.st
max Maximum hip power generation during stance phase

HPA.st
max Maximum hip power absorbed during stance phase

HPG.sw
max Maximum hip power generation during swing phase

Knee

KF/E
IC Knee flexion/extension angle at initial contact

KF/E
a Average knee flexion/extension angle

KF/E
r Range knee flexion/extension angle

KF.st
max Maximum knee flexion angle during stance phase

KE.st
max Maximum knee extension angle during stance phase

KF.sw
max Maximum knee flexion angle during swing phase

KF.st
max.% % of Gait cycle corresponding of maximum knee flexion angle during

stance phase

KE.st
max.% % of Gait cycle corresponding of maximum knee extension angle

during stance phase

KF.sw
max.% % of Gait cycle corresponding of maximum knee flexion angle during

swing phase

KPG.st
max Maximum knee power generation during stance phase

KPA.st
max Maximum knee power absorbed during stance phase

KPG.sw
max Maximum knee power generation during swing phase

Ankle

AD/P
IC Ankle dorsal/plantar angle at initial contact

AD/P
a Average ankle dorsal/plantar angle

AD/P
r Range ankle dorsal/plantar angle

(Continued)

TABLE 2 | (Continued)

Ankle

AD.st
max Maximum ankle dorsal angle during stance phase

AP.st
max Maximum ankle plantar angle during stance phase

AD.sw
max Maximum ankle dorsal angle during swing phase

AD.st
max.% % of Gait cycle corresponding of maximum ankle dorsal angle during

stance phase

AP.st
max.% % of Gait cycle corresponding of maximum ankle plantar angle during

stance phase

AD.sw
max.% % of Gait cycle corresponding of maximum ankle dorsal angle during

swing phase

APG.st
max Maximum ankle power generation during stance phase

APA.st
max Maximum ankle power absorbed during stance phase

Absolute angles

Thigh

TIC Absolute thigh angle at initial contact

Ta Average of absolute thigh angle

Tr Range of absolute thigh angle

Tmax Maximum of absolute thigh angle

Tmin Minimum of absolute thigh angle

Leg

LIC Absolute leg angle at initial contact

La Average of absolute leg angle

Lr Range of absolute leg angle

Lmax Maximum of absolute leg angle

Lmin Minimum of absolute leg angle

Foot

FIC Absolute foot angle at initial contact

Fa Average of absolute foot angle

Fr Range of absolute foot angle

Fmax Maximum of absolute foot angle

Fmin Minimum of absolute foot angle

DISCUSSION

In the present study, we conducted gait analysis on children
affected by three different pathologies (CP, CMT, and DMD),
representing paradigmatic examples corresponding to damage
mainly involving the upper motoneuron, the lower motoneuron
and the muscles, respectively. We analyzed spatial and temporal
parameters, kinematics and kinetics of gait in children with
CMT, DMD, and CP compared to a control group. The stride
velocity of the three pathologies (CMT, DMD and CP) was not
statistically significant compared to the healthy group, which
allows us to underline how the three groups are comparable from
the functional perspective.

We studied kinematics, analyzing lower limb relative and
absolute angles with respect to the vertical axis. The study of
relative angles evidenced the distinctive solutions peculiar to each
pathologic group; at the same time, the study of absolute angles
highlighted the crucial role of the pelvis and foot segments with
respect to the typical pattern shown by the thigh and the shank.

Furthermore, it is noteworthy that standard gait analysis
reports merge absolute segment orientation in space, like the
pelvis or the foot progression angle, with relative joint angles of
the hip, knee, and ankle. Another interesting aspect is the special
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TABLE 3 | Differences between the median values of two different pathologies: Healthy (H), Cerebral Palsy (CP), Charcot Marie Tooth (CMT) and Duchenne Muscular
Dystrophy (DMD).

Variables H–CMT H–DMD H–CP CMT–DMD CMT–CP DMD–CP

1 p 1 p 1 p 1 p 1 p 1 p

Foot Off (%) −0.14 ns 0.42 ns −1.80 ns 0.56 ns −1.66 ns −2.22 ns

Stride Velocity (1/s) 0.17 ns −0.19 ns 0.15 ns −0.36 0.042 −0.03 ns 0.34 0.015

Stride Length (-) 0.07 ns 0.00 ns 0.15 Ns −0.08 ns 0.08 ns 0.16 ns

Stride Time (s) −0.10 ns 0.11 ns −0.02 ns 0.21 0.002 0.08 ns −0.13 0.036

Stride Width (-) −0.01 ns −0.06 0.017 −0.12 0.001 −0.05 ns −0.11 ns −0.06 ns

FPAIC (deg) 3.22 ns −2.73 ns −11.90 ns −5.95 ns −15.12 0.002 −9.17 ns

FPAa (deg) 2.67 ns −3.74 ns −13.67 ns −6.40 ns −16.34 0.002 −9.93 ns

FPAr (deg) −1.48 ns −0.70 ns −11.19 0.002 0.78 ns −9.71 0.024 −10.49 0.042

FPAmax (deg) 2.06 ns −4.07 ns −16.84 0.048 −6.12 ns −18.90 0.004 −12.77 ns

FPAmin (deg) 1.88 ns −3.11 ns −5.22 ns −4.99 ns −7.11 0.040 −2.12 ns

FPAmax.% (%) −5.08 ns 10.08 ns -0.40 ns 15.16 ns 4.68 ns −10.48 ns

FPAmin.% (%) 0.95 ns 0.78 ns −4.48 ns −0.17 ns −5.43 ns −5.26 ns

PT
IC (deg) 1.60 ns −4.33 ns −3.92 ns −5.92 ns −5.51 ns 0.41 ns

PT
a (deg) 1.55 ns −4.09 ns −7.20 0.007 −5.64 ns −8.75 0.005 −3.11 ns

PT
r (deg) 0.22 ns −1.35 ns −4.63 <0.001 −1.57 ns −4.86 0.008 −3.29 ns

PO
IC (deg) −0.49 ns −1.75 ns 2.08 ns −1.25 ns 2.58 ns 3.83 < 0.001

PO
a (deg) 0.04 ns −0.01 ns 0.15 ns −0.05 ns 0.11 ns 0.16 ns

PO
r (deg) 2.60 ns −2.18 ns −2.56 ns −4.78 0.027 −5.16 0.018 −0.38 ns

HF/E
IC (deg) 8.74 ns −1.96 ns −10.85 ns −10.70 ns −19.59 < 0.001 −8.89 ns

HF/E
a (deg) 7.59 0.049 −1.92 ns −7.36 ns −9.50 ns −14.95 < 0.001 −5.45 ns

HF/E
r (deg) −0.62 ns −0.82 ns −5.62 ns −0.20 ns −5.01 ns −4.80 ns

HF
max (deg) 10.19 ns −0.94 ns −12.61 0.014 −11.14 ns −22.80 < 0.001 −11.66 ns

HE
max (deg) 9.28 0.018 1.01 ns −5.76 ns −8.27 ns −15.03 < 0.001 −6.76 ns

HF
max.%(%) 8.73 ns −0.29 ns −2.20 ns −9.02 ns −10.93 ns −1.91 ns

HE
max.%(%) −0.96 ns −0.20 ns 1.64 ns 0.76 ns 2.60 ns 1.84 ns

HAd/Ab
IC (deg) −2.28 ns −1.64 ns 2.66 ns 0.64 ns 4.94 0.001 4.30 0.002

HAd/Ab
a (deg) −0.35 ns 1.08 ns 1.71 ns 1.44 ns 2.06 ns 0.63 ns

HAd/Ab
r (deg) 3.07 ns −2.65 ns 1.74 ns −5.72 < 0.001 −1.33 ns 4.40 0.030

HAd
max (deg) 1.66 ns −2.21 ns 3.00 ns −3.86 ns 1.35 ns 5.21 ns

HAb
max (deg) −1.04 ns 3.30 ns 2.13 ns 4.34 0.049 3.17 ns −1.16 ns

HAd
max.%(%) −18.43 0.005 −6.43 ns −12.92 0.012 12.00 ns 5.51 ns −6.49 ns

HAb
max.%(%) 0.57 ns 0.12 ns 3.64 ns −0.44 ns 3.07 ns 3.51 ns

HPG.st
max (W/kg) 0.23 ns 0.20 ns −0.39 ns −0.04 ns −0.62 0.013 −0.58 0.002

HPA.st
max (W/kg) 0.13 ns −0.06 ns 0.09 ns −0.20 ns −0.04 ns 0.15 ns

HPG.sw
max (W/kg) 0.48 ns 0.34 ns 0.07 ns −0.14 ns −0.41 ns −0.27 ns

KF/E
IC (deg) 10.80 0.019 6.22 ns −19.68 ns −4.58 ns −30.48 < 0.001 −25.91 < 0.001

KF/E
a (deg) 14.01 <0.001 5.92 ns −3.43 ns −8.09 ns −17.44 <0.001 −9.35 ns

KF/E
r (deg) 1.71 ns −3.41 ns 3.84 ns −5.13 ns 2.12 ns 7.25 ns

KF.st
max (deg) 11.29 0.004 7.65 ns −14.99 ns −3.64 ns −26.29 < 0.001 −22.65 0.004

KE.st
max (deg) 14.13 < 0.001 7.61 ns 3.60 ns −6.52 ns −10.54 0.004 −4.01 ns

KF.sw
max (deg) 14.94 < 0.001 2.57 ns 2.71 Ns −12.37 0.024 −12.24 0.019 0.14 ns

KF.st
max.%(%) 1.71 ns −0.33 ns 7.47 < 0.001 −2.04 ns 5.76 0.042 7.80 0.009

KE.st
max.%(%) −7.76 ns 1.86 ns 3.40 ns 9.62 ns 11.16 ns 1.54 ns

KF.sw
max.%(%) −0.85 ns −0.69 ns −7.83 < 0.001 0.15 ns −6.98 0.019 −7.14 < 0.001

KPG.st
max (W/kg) −0.36 ns 0.03 ns −0.53 ns 0.39 ns −0.17 ns −0.56 ns

KPA.st
max (W/kg) −0.41 ns −0.33 ns 0.64 ns 0.08 ns 1.05 0.006 0.97 0.010

KPG.sw
max (W/kg) 0.05 ns 0.13 ns 0.16 ns 0.08 ns 0.11 ns 0.03 ns

AD/P
IC (deg) 6.76 0.006 5.58 ns 8.26 0.003 −1.18 ns 1.50 ns 2.67 ns

AD/P
a (deg) 5.66 0.029 5.04 ns 7.62 0.009 −0.62 ns 1.96 ns 2.58 ns

AD/P
r (deg) 7.03 ns 1.70 ns −5.25 ns −5.33 ns −12.27 0.014 −6.95 ns

(Continued)
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TABLE 3 | (Continued)

Variables H–CMT H–DMD H–CP CMT–DMD CMT–CP DMD–CP

1 p 1 p 1 p 1 p 1 p 1 p

AD.st
max (deg) 6.00 0.034 5.85 ns 9.03 0.017 −0.15 ns 3.04 ns 3.19 ns

AP.st
max (deg) 1.63 ns 6.78 ns 14.24 ns 5.15 ns 12.62 ns 7.47 ns

AD.sw
max (deg) 8.58 < 0.001 5.65 0.022 7.52 0.002 −2.94 ns −1.07 ns 1.87 ns

AD.st
max.%(%) −1.98 ns 4.02 ns 13.75 ns 6.00 ns 15.73 ns 9.73 ns

AP.st
max.%(%) 1.44 ns −1.88 ns −2.78 ns −3.32 ns −4.22 ns −0.90 ns

AD.sw
max.%(%) −1.09 ns −2.75 ns −2.86 ns −1.66 ns −1.77 ns −0.10 ns

APG.st
max (W/kg) 0.76 ns 0.75 ns 1.23 < 0.001 0.00 ns 0.47 ns 0.47 ns

APA.st
max (W/kg) 0.27 ns 0.06 ns 0.38 < 0.001 −0.21 ns 0.11 ns 0.32 ns

TIC (deg) 7.24 0.009 4.59 ns −6.95 ns −2.65 ns −14.19 < 0.001 −11.54 0.003

Ta (deg) 7.37 < 0.001 5.06 0.016 −2.68 ns −2.31 ns −10.06 0.001 −7.74 0.039

Tr (deg) −0.01 ns −0.11 ns −6.60 ns −0.10 ns −6.58 ns −6.48 ns

Tmax (deg) 7.55 0.013 3.97 ns −8.86 ns −3.58 ns −16.41 < 0.001 −12.83 0.003

Tmin (deg) 8.38 0.001 5.42 0.038 −2.29 ns −2.96 ns −10.67 0.002 −7.71 ns

LIC (deg) −4.36 ns −2.47 ns 11.46 0.019 1.89 ns 15.82 < 0.001 13.93 0.001

La (deg) −5.81 0.004 −2.22 ns 2.59 ns 3.59 ns 8.40 < 0.001 4.81 ns

Lr (deg) 6.25 ns 1.50 ns 16.12 < 0.001 −4.75 ns 9.87 ns 14.62 0.002

Lmax (deg) −2.96 ns −0.61 ns 11.20 0.002 2.35 ns 14.16 < 0.001 11.81 0.005

Lmin (deg) −8.80 0.004 −3.16 ns −4.77 0.025 5.64 ns 4.04 ns −1.61 ns

FIC (deg) −1.75 ns −3.10 ns −10.99 0.018 −1.35 ns −9.23 ns −7.88 ns

Fa (deg) −2.31 ns 3.34 ns 8.26 ns 5.65 ns 10.57 ns 4.92 ns

Fr (deg) 5.57 ns −5.49 ns 1.42 ns −11.06 ns −4.15 ns 6.91 ns

Fmax(deg) 0.12 ns 0.13 ns 1.31 ns 0.02 ns 1.19 ns 1.17 ns

Fmin (deg) −6.17 ns 5.57 ns −0.22 ns 11.73 ns 5.95 ns −5.78 ns

Abbreviations as Table 1.
1, differences between the median values of two different pathologies; p, p-value corresponding; ns, not significant. Significant values are highlighted in bold characters.

FIGURE 2 | Top panel (from left to right): Pelvis angle on the sagittal and the frontal plane. Hip angle on the sagittal and the frontal plane. Bottom panel (from left to
right): Knee angle, Ankle angle on the sagittal plane and Foot progression angle (FPA) on the transversal plane. CP, participants with Cerebral Palsy; CMT,
participants with Charcot Marie Tooth; DMD, participants with Duchenne Muscular Dystrophy; normal gait (healthy, H).

functional role of some body regions: the pelvis embodies the
relationship between the lower limbs and the upper body (Amori
et al., 2015); and the foot relates the body to the environment.

We observed increasing hip flexion with the increase of pelvis
anteversion and vice versa. The absolute pelvis orientation in
space and the hip angles are connected. At the same time,
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FIGURE 3 | Illustrates from left to right, the absolute angles of thigh, leg, foot and the sum of thigh, leg and foot. CP, participants with Cerebral Palsy; CMT,
participants with Charcot Marie Tooth; DMD, participants with Duchenne Muscular Dystrophy; normal gait (healthy, H).

FIGURE 4 | Depicts joints power: Hip joint power, Knee joint power and Ankle
joint power. CP, participants with Cerebral Palsy; CMT, participants with
Charcot Marie Tooth; DMD, participants with Duchenne Muscular Dystrophy;
normal gait (healthy, H).

the knee mediates the attitude of the pelvis and the foot,
reducing the range of motion as in the case of reduction of
ankle range in conjunction with the pelvis anteversion attitude
(Figure 2). Furthermore, the knee angle tended to shift in flexion
or extension in relation to pelvis anteversion or retroversion,
respectively. The above-mentioned pathological factor restricts
the biomechanical relationship to a particular path. It is
impossible to distinguish the contributions of two elements:

biomechanics on one side and pathological conditions on the
other, in both their central and peripheral expressions (Crenna,
1998). Children with CP that are affected mainly by selective
motor control deficits and muscle weakness showed a marked
reduction of dorsal flexion in stance and increased plantar flexion
in pre-swing. This behavior allows storage and release of the
mechanical energy in the muscle structure, conserving energy on
the vertical plane (Holt et al., 2000; Fonseca et al., 2001). Children
with Duchenne dystrophy showed similar ankle behavior. Yet, in
that case, even if the mechanism of passive mechanical energy
exploitation is similar, the cause is different because it is due to the
decline of contractile fiber in muscles and their relative weakness
(Romano et al., 2019). In children with Charcot-Marie-Tooth,
we observed a reduction of the ankle range of motion, probably
linked mainly to both muscular and articular degeneration. In all
the cases, the specific anatomical changes represent constraining
elements for gait function.

It is possible to explain the differences in pelvis behavior
if we consider the previously mentioned factors in mediation
with the upper body. The balancing of the pelvis implies a
fine-tuning of muscle activities to stabilize the segment on the
two spherical hip joints in a dynamic equilibrium compatible
with gait progression. Pelvic anteversion in children with CP
could be interpreted as a simplification of the pelvis stabilization
in stance phase, hanging on the hamstring muscles, reaching
maximum anteversion during the monopodic support gait
phase. In children with Duchenne, where the main problem
is the weakness and not the deficit of fine motor control,
the double bump is present, but it is in phase with the
control group, a sort of boost of functional activities (Romano
et al., 2019). Children with Charcot-Marie-Tooth present a
tendency toward pelvic retroversion. It is possible to observe
similar attitudes in the gait of children who are blind from
birth (Gazzellini et al., 2016). It is an attitude linked with a
cautious gait in which the dynamic aspects are restrained. The
causes are dissimilar, that is, in blind children, the uncertainty
stems from the reduction of exteroception information, while
in the children studied here, it is due to the decrease of
information from the foot engaging the terrain. What is
common to the two situations is the absence of information
from a specific sensory channel. We can speculate about
the role of another element which may influence these gait
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differences: perception. The absolute angles of thigh, leg and
foot showed a more consistent behavior throughout the different
pathologies. Only children with CP differentiated from the other
groups during the final swing phase for the hip and during
stance for the foot.

It is intriguing to note that if we sum the thigh and the
leg orientation with respect to the vertical axis in the three
disease groups, any differences between the three pathologies
are canceled. We can hypothesize that these time series
represent the invariance necessary to achieve an efficient gait,
using all the peculiar available resources, both central and
peripheral. When all the lower limb segments were considered
together, a slight variation during stance induced by the foot
orientation differentiates mainly children with CP from children
with CMT. The characteristics of the foot condition in these
two pathologies resulted from central and peripheral disease,
respectively. The nature of these pathologies leads to opposite
feet musculoskeletal abnormalities, which influence the strike
of the foot on the ground: flat feet for CP and cavus feet
in CMT. However, it should be noted that this work has
certain limitations relating to the number of patients assessed,
even though DMD and CMT diseases can be classed as
rare diseases, qualifying this work as an exploratory study.
Overall, our study suggests that the pelvis and the foot
attitude play a crucial role in determining the biomechanical
configuration for all four groups analyzed. Physical orthopaedic
and rehabilitative treatment should consider the personal
biomechanical configuration in terms of constrains of the gait.
Each group showed a particular solution for balancing body
segments, exploiting the available residual resources of the
organism, both peripheral and central. Meanwhile, the spatial

orientation of the thigh and leg were linked together in a sort of
biomechanical invariance independent of the studied pathology.
Both elements seem to contribute to a body configuration
compatible with bipedal gait.
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Index to Study Gait Impairment in
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Injury: Comparison With the Walking
Index for Spinal Cord Injury Levels
Isabel Sinovas-Alonso1,2* , Diana Herrera-Valenzuela1,2, Roberto Cano-de-la-Cuerda3* ,
Ana de los Reyes-Guzmán2, Antonio J. del-Ama4 and Ángel Gil-Agudo2

1 International Doctoral School, Rey Juan Carlos University, Madrid, Spain, 2 Biomechanics and Technical Aids Unit, National
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The Gait Deviation Index (GDI) is a multivariate measure of overall gait pathology
based on 15 gait features derived from three-dimensional (3D) kinematic data. GDI
aims at providing a comprehensive, easy to interpret, and clinically meaningful metric
of overall gait function. It has been used as an outcome measure to study gait
in several conditions: cerebral palsy (CP), post-stroke hemiparetic gait, Duchenne
muscular dystrophy, and Parkinson’s disease, among others. Nevertheless, its use in
population with Spinal Cord Injury (SCI) has not been studied yet. The aim of the present
study was to investigate the applicability of the GDI to SCI through the assessment
of the relationship of the GDI with the Walking Index for Spinal Cord Injury (WISCI) II.
3D gait kinematics of 34 patients with incomplete SCI (iSCI) was obtained. Besides,
3D gait kinematics of a sample of 50 healthy volunteers (HV) was also gathered with
Codamotion motion capture system. A total of 302 (iSCI) and 446 (HV) strides were
collected. GDI was calculated for each stride and grouped for each WISCI II level.
HV data were analyzed as an additional set. Normal distribution for each group was
assessed with Kolmogorov-Smirnov tests. Afterward, ANOVA tests were performed
between each pair of WISCI II levels to identify differences among groups (p < 0.05).
The results showed that the GDI was normally distributed across all WISCI II levels in
both iSCI and HV groups. Furthermore, our results showed an increasing relationship
between the GDI values and WISCI II levels in subjects with iSCI, but only discriminative
in WISCI II levels 13, 19, and 20. The index successfully distinguished HV group from
all the individuals with iSCI. Findings of this study indicated that the GDI is not an
appropriate multivariate walking metric to represent the deviation of gait pattern in adult
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population with iSCI from a normal gait profile when it is compared with the levels of
walking impairment described by the WISCI II. Future work should aim at defining and
validating an overall gait index derived from 3D kinematic gait variables appropriate for
SCI, additionally taking into account other walking ability outcome measures.

Keywords: spinal cord injury (SCI), gait impairment, Gait Deviation Index (GDI), three-dimensional (3D) kinematic
gait data, walking index for spinal cord injury (WISCI)

INTRODUCTION

The incidence of spinal cord injury (SCI) worldwide is between
250,000 and 500,000 individuals each year (Quadri et al., 2020). In
Western European countries traumatic SCI incidence is of 16 to
19.4 new cases per million inhabitants per year (Scivoletto et al.,
2017). Walking is usually affected in patients with SCI according
to the lesion level and the resulting different levels of muscle
paralysis, sensory impairment, spasticity, and the lack of trunk
control (Bani et al., 2013). In the field of SCI research, there is an
emphasis on the ability to ambulate as a functional outcome and
as an indicator of quality of life (Jackson et al., 2008), particularly
in individuals with incomplete SCI (iSCI) (Ditunno et al., 2008).

Walking function recovery is tackled through several
therapeutic interventions such as surgery, physiotherapy,
medications, orthotics, and robotics in which precise evaluation
of walking function is mandatory (Scivoletto et al., 2011).
Periodic gait measurements can be used to evaluate the response
to these therapeutical approaches (McGinley et al., 2009),
to assess changes in walking over time, and to discriminate
between normal and altered gait (Baker, 2006). In this regard,
three-dimensional (3D) kinematic gait analysis can provide
useful information to guide rehabilitation interventions to
improve walking function of people with traumatic and non-
traumatic iSCI (Murphy et al., 2019). Nevertheless, isolated
kinematic parameters do not provide a full picture of gait pattern
impairment (Guzik and Drużbicki, 2020), and on the other hand,
it may be difficult to describe objectively the heterogeneity of
the different gait abnormalities present in iSCI and to quantify
the degree by which they deviate from normal gait patterns. The
Gait Deviation Index (GDI) is a multivariate measure of overall
gait pathology based on 15 gait features built upon 3D kinematic
data originally designed from a sample of children with cerebral
palsy (CP) (Schwartz and Rozumalski, 2008). The GDI is a
dimensionless parameter represented as a single score for an
individual gait deviation from a normative reference group,
which aims at providing a comprehensive, easy to interpret, and
clinically meaningful metric of overall gait function.

The usefulness of GDI has been assessed through correlations
with clinically-validated gait scales. Concurrent and face validity
of GDI was firstly carried out by comparison with the Gillette
Functional Assessment Questionnaire walking scale (FAQ)
and topographic classifications of CP in children population
(Schwartz and Rozumalski, 2008). Later, the relationship between
the GDI, Gross Motor Function Measure (GMFM), and
Gross Motor Function Classification System (GMFCS) in a
representative sample of ambulatory children with CP provided
greater validity to the GDI (Molloy et al., 2010). The ability

of the GDI to distinguish between GMFCS levels in children
with CP in the study developed by (Massaad et al., 2014)
concurred with those found by Molloy et al. (2010) and by
Schwartz and Rozumalski (2008) for the FAQ. Furthermore, face
validity of the GDI in adults with CP was demonstrated by
comparing with GMFCS (Maanum et al., 2012), which showed
similar distributional properties as those reported in children
with CP. The GDI was able to distinguish different levels of
gait impairment in adults (Maanum et al., 2012) and children
(Schwartz and Rozumalski, 2008; Molloy et al., 2010; Massaad
et al., 2014) with CP. However, no correlations have been
published between the GDI and other valid walking ability
outcome measures commonly used in clinical settings to assess
gait variability in adult population with SCI.

The Walking Index for Spinal Cord Injury (WISCI) II
is a walking scale specifically developed for iSCI population
composed of 21 levels (Dittuno et al., 2001), in which levels
are ordered by degree of an individual’s walking impairment,
from most impaired to least impaired (Ditunno et al., 2007),
integrating a hierarchical order for the use of ambulatory assistive
devices (AADs), orthoses, and the physical assistance needed
to complete a 10 m walking distance. WISCI II levels differs
from self-selected (SS) WISCI, defined as patient’s preferential
condition to walk in the community or the household, and
maximum WISCI, which is related to the highest level at which
a person can safely walk 10 m (Burns et al., 2011). The WISCI
II is a valid (Morganti et al., 2005; Ditunno et al., 2007), reliable
(Marino et al., 2010; Scivoletto et al., 2014), and responsive (van
Hedel et al., 2006) outcome measure to assess walking ability in
people with SCI. In our best knowledge, there is no scientific
literature which have studied the relationship between the GDI
and the WISCI II in adult population with SCI.

The GDI has been used as an outcome measure to study gait
in several conditions such as: CP (Schwartz and Rozumalski,
2008; Molloy et al., 2010; Cimolin et al., 2011; Sagawa et al.,
2013; Massaad et al., 2014; Wilson et al., 2015; Malt et al., 2016;
Ito et al., 2019; Rasmussen et al., 2019), post-stroke hemiparetic
gait (Correa et al., 2017; Guzik and Drużbicki, 2020), Duchenne
muscular dystrophy (Sienko Thomas et al., 2010), Parkinson’s
disease (Galli et al., 2012; Speciali et al., 2013), arthritis (Broström
et al., 2013; Esbjörnsson et al., 2014; Rosenlund et al., 2016;
Kobsar et al., 2019; Bazarnik-Mucha et al., 2020), lower limb
amputations (Eshraghi et al., 2014; Kark et al., 2016), degenerative
spinal pathologies (Mar et al., 2019; Trivedi et al., 2021; Zhou
et al., 2021), diverse genetic (Ito et al., 2020; Mindler et al., 2020)
and congenital disorders (Eriksson et al., 2015; Garman et al.,
2019), and even the effect of the COVID-19 on physical function
(Ito et al., 2021), among others. A recently published article by
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Hwang et al. (2021) used the GDI as a way to quantify and
characterize gait patterns in ambulatory children and adolescents
with transverse myelitis, whose gait showed moderate kinematic
deviations from normal gait pattern. Nevertheless, to date, no
work has been published regarding the validity of the GDI in
population with SCI.

Joint kinematics and spatiotemporal gait parameters differ
between adult and child population due to the maturation and
aging processes of the gait, associated to the neuromuscular
development and the changes in strength that occur during
adolescence and adulthood (Cupp et al., 1999; Ganley and
Powers, 2005). In this regard, it is necessary to consider the
functional differences of the gait pattern in relation to the mature
stage in people with SCI.

The aim of the present study was to evaluate the relationship
between the GDI and WISCI II levels in adult population with
iSCI. Our hypothesis was that the most altered gait kinematics of
people with iSCI, reflected by GDI values below 100, would be
associated with lower scores of the WISCI II.

MATERIALS AND METHODS

Study Design
An observational retrospective study was conducted on a
database of 3D kinematic gait analysis of adult population
composed by patients with iSCI and healthy volunteers (HV)
gathered between August 2019 and July 2021 at the Biomechanics
and Technical Aids Unit of the National Hospital for Paraplegics
of Toledo (Spain). All the individuals recruited for the study
signed informed consent to participate in the study. According to
the Declaration of Helsinki, all participants were informed about
the purpose and course of the study, and about their rights to
withdraw from the study. The study protocol was reviewed and
approved by the Local Ethics Committee of University Hospital
Complex of Toledo, Spain.

Participants
Patients included in the study met the following inclusion criteria:
(i) subjects aged 16 years or over; (ii) having suffered a SCI
regardless of the etiology (traumatic or non-traumatic), time
since injury onset, and neurological level of injury (NLI); (iii)
classified as C, D, or E by the American Spinal Injury Association
(ASIA) Impairment Scale (AIS) (Kirshblum et al., 2011); (iv)
with the ability of walking 10 m independently with any type
of external assistance required (orthoses, crutches or canes);
(v) with SS WISCI II levels collected; and (vi) capacity to be
informed and give consent to participate in the study. Patients
from the database were excluded of the study if they followed one
of the different conditions: (i) having suffered from rheumatic,
orthopedic, or other neurological disorders outside of SCI that
affected gait; (ii) need for support in parallel bars, walker and/or
physical assistance required of one or two people to walk 10 m
safely; (iii) psychiatric or cognitive conditions that may have
interfered with the performance of the gait analysis.

Based on the medical history reported by HV in the
recruitment process, they were excluded if they experienced

FIGURE 1 | Placement of the 22 active markers of Codamotion motion
capture system on the lower limbs of an individual from HV group.

musculoskeletal or neurological disorders that affected gait. 3D
kinematic data acquired from HV were used to calculate an
average normal value of gait kinematics and hence to calculate
the deviation from normal gait pattern for each patient, in
essence, the GDI.

Experimental Protocol
3D kinematic gait data were obtained with Codamotion motion
capture system (Charnwood Dynamics, Ltd., United Kingdom),
comprised of 22 active markers placed on the lower limbs
(Figure 1), three scanners, and two Kistler force platforms
embedded in a 10-m walkway. Markers were positioned on the
following anatomical references: sacrum (two lateral markers),
anterior superior iliac spines (ASIS), posterior superior iliac
spines (PSIS), lateral surface of the thighs (anterior and posterior
femur markers), lateral femoral condyles, lateral surface of the
legs (anterior and posterior tibia markers), lateral malleoli,
calcaneus (posterior lateral heels), and fifth metatarsal heads.
Marker trajectories were collected at a sampling frequency of
200 Hz. A 3D skeletal model was created for each individual based
on markers placement and anthropometric measures taken for
each subject, which included: weight, height, pelvis width and
depth, knees and ankles width. Subjects were informed to walk
naturally at their SS speed with the minimum external assistance
required -canes, crutches, and/or orthoses-. A valid stride was
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TABLE 1 | Characteristics of individuals recruited for the study.

HV iSCI

N 50 34

Gender (M/F) 19/31 26/8

Age (years) 34.6 (15.2) 34.6 (18.0)

Height (cm) 166.6 (8.7) 169.7 (10.7)

Weight (Kg) 69.6 (15.0) 70.0 (15.2)

BMI (kg/m2) 24.9 (4.0) 24.2 (4.2)

Parameters reported as mean (SD). HV, healthy volunteers; iSCI, incomplete spinal
cord injury; M, male; F, female; SD, standard deviation; BMI, body mass index.

TABLE 2 | Clinical characteristics of individuals with iSCI.

Clinical characteristics iSCI (n = 34)

NLI C1-C7 16

T1-T6 3

T7-L1 11

L2-L5 4

AIS C 4

D 28

E 2

Etiology (T/NT) 19T/15NT

Time since injury (years) 5.7 (7.8)

SS WISCI II level 17.8 (2.4)

Parameters reported as mean (SD). NLI, neurological level of injury; AIS, American
spinal injury association impairment scale; T, traumatic; NT, non-traumatic; SS
WISCI II, self-selected walking index for spinal cord injury II.

TABLE 3 | Descriptive statistics of GDI values (mean and range) within each
WISCI II level.

WISCI II levels n strides Mean (SD) Range

12 (13, 19, 20,HV) 2 57.6 (2.9) 55.5-59.6

13 (12, 15, 16, 18, 19, 20,HV) 6 47.1 (1.8) 45.0-49.2

15 (13, 19, 20,HV) 18 58.6 (7.2) 49.6-70.7

16 (13, 19, 20,HV) 65 63.7 (11.0) 46.6-88.2

18 (13, 19, 20,HV) 12 59.3 (4.4) 49.9-62.6

19 (12, 13, 15, 16, 18, 20,HV) 87 70.2 (8.1) 52.2-95.3

20 (12, 13, 15, 16, 18, 19,HV) 112 80.4 (15.2) 60.0-126.0

HV (12, 13, 15, 16, 18, 19, 20) 446 100.0 (10.0) 73.1-127.9

Groups in parentheses indicate statistically significant differences (p < 0.05).

considered as the one in which each foot was on a different force
platform. Five complete gait cycles or three complete cycles in
those individuals with SCI who were not able to get five valid
cycles were collected, time-normalized and averaged. A total
of 302 and 446 strides were collected for the group with iSCI
and the HV group, respectively. The complete records were
then processed using the software for data analysis ODIN v.2.02
(Codamotion Ltd., United Kingdom) to calculate the mean values
of 3D kinematic parameters for the gait cycle of the right and left
leg, for pelvis, and hip, knee, and ankle joints.

Data Analysis
The GDI is calculated upon the procedure described in Schwartz
and Rozumalski (2008). The index is derived from a set of
nine kinematic curves of a single stride: i) pelvic orientation

and hip angles in the three planes of space (sagittal, frontal
and transversal), (ii) knee flexion and extension, (iii) ankle
dorsiflexion and plantar flexion, and (iv) foot progression angle.

In the original study (Schwartz and Rozumalski, 2008), a
dataset with more than 6,000 strides of patients with CP was
used to calculate a 15-feature basis to account for 98% of the
total variation of the whole dataset and to allow to reconstruct
the kinematic gait curves with a 98% fidelity on average. This
basis allowed to calculate the representation of any kinematic gait
curve, by multiplying the basis with the kinematic curves of a
stride. Afterward, the Euclidean distance between this kinematic
gait curve and the average of a set of healthy control strides
were calculated, so that the deviation of a gait pattern from a
normal gait profile was represented. Lastly, this value was scaled
to improve the interpretability of the index, so that every 10
points of GDI below 100 corresponded to 1 standard deviation
(SD) away from the typical gait kinematics, whereas a score ≥ 100
represented a normal gait profile.

The GDI for our sample population was calculated for each
stride in both groups, subjects with iSCI and HV group, using the
orthonormal basis provided in Schwartz and Rozumalski (2008).
HV group data, used as the reference gait pattern to compute the
gait deviation, were collected following the same procedure used
with the individuals with iSCI. Each 3D kinematic gait analysis
was associated to a SS WISCI II level according to the preferential
condition to walk declared by the participants with iSCI. GDI
data were grouped according to the corresponding WISCI II level
and HV group data were considered as an additional set. Normal
distribution for each group was assessed with Kolmogorov-
Smirnov tests. To facilitate the analysis, a histogram of the GDI
data comprised within each WISCI II level was calculated with a
normal distribution curve fitted to its mean and SD. Afterward,
one-way ANOVA tests were performed between the GDI values
of each pair of WISCI II levels to identify differences among
groups. P-value was set to p < 0.05 for all statistical procedures.
All the data analysis was performed with Matlab R2019a (The
MathWorks, Inc., Natick, MA, United States).

RESULTS

Thirty-four (n = 34) adults with iSCI and fifty (n = 50) HV
met the inclusion criteria (Table 1). Clinical characteristics of
individuals with iSCI are shown in Table 2. The dataset of
iSCI sample included the following WISCI II levels: 12, 13, 15,
16, 18, 19, and 20.

The analysis showed that GDI data were normally distributed
across all WISCI II levels and also in the HV group. Table 3
presents the number of strides, the range, the mean, and the SD
of GDI values comprised in each WISCI II level. Results showed
a trend of increasing average GDI values with decreasing level
of walking impairment in WISCI II levels 13 to 20 and the HV
group, except in level 18, whose average GDI was lower than
the average on level 16. This can be easily seen in Figure 2, that
shows the histograms of the GDI values stratified by WISCI II
levels. Statistically significant differences were found between HV
group and all WISCI II levels. Nevertheless, they were only found
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FIGURE 2 | Histograms of GDI values stratified by WISCI II levels in population with iSCI. The dotted line represents the normal distribution curve fitted to the data
wihtin each WISCI II level. The vertical black line indicates the HV mean.

between WISCI II levels 13, 19, and 20. No statistically significant
differences were found between levels under 18 (inclusive), except
by level 13. Therefore, the increasing relationship between the
GDI values and WISCI II levels was only discriminative in the
highest levels in subjects with iSCI (WISCI II 19: 70.2 ± 8.1;
WISCI II 20: 80.4 ± 15.2), but not in the lower levels, except in
WISCI II level 13 (47.1 ± 1.8).

DISCUSSION

Our results showed an increasing relationship between the GDI
values and WISCI II levels from 13 to 20, and the HV group,
except for level 18. Nevertheless, results of the study showed that
the application of the GDI only distinguished WISCI II levels 13
(gait assisted with a walker), 19 (gait assisted with a cane), and 20
(no assistance required) from all the other WISCI II levels in adult
population with iSCI. The index successfully distinguished all the
individuals with iSCI from HV group. For those with WISCI

II level 20, GDI values were able to discriminate successfully
an impaired gait, even if it did not required any external
assistance, from a normal gait pattern. These results does not
support previous studies in which WISCI II showed a ceiling
effect (Lemay and Nadeau, 2010; Wirz et al., 2010) and a better
sensitivity to change in spinal cord injured subjects with more
impaired gait compared to those with higher levels of walking
function (van Hedel et al., 2006). Regarding ranges of GDI values
below WISCI II level 19, except for level 13, results showed an
overlap between the different levels, which indicates that the GDI
compresses into a small range all WISCI II levels.

Altogether, our results indicate that the GDI was not able
to discriminate the functional diversity of adult population
with iSCI related to walking impairment defined by WISCI II
levels. Therefore, results do not support our hypothesis, built
upon the previous correlation analysis of the GDI with other
clinical scales used in CP (Schwartz and Rozumalski, 2008;
Molloy et al., 2010; Maanum et al., 2012; Massaad et al., 2014).
Although more impaired gait patterns, lower GDI values,
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are associated with lower WISCI II levels, as shown by the
stratification, the differences between all levels are not statistically
significant. Thus, the GDI is not a valid metric to distinguish
the different walking impairment levels defined by WISCI II in
adult population with iSCI. These results may be explained by
several reasons. First, because GDI gait features were originally
obtained from 3D kinematic data of children with CP (Schwartz
and Rozumalski, 2008), GDI could not be an appropriate
index to study gait functionality in adult population with
SCI. Therefore, application of the GDI in other pathologies
different from CP should be done with caution. Second, WISCI
II considers gait impairment in terms of physical assistance,
AADs, and orthoses required to walk 10 m, but without
providing information concerning joint kinematics related to
limb coordination. Thus, other walking ability outcome measures
different from WISCI II are necessary to cover the whole
functional spectrum of walking ability in population with iSCI,
such as categorical and spatiotemporal-related walking and
balance measures (Sinovas-Alonso et al., 2021).

This study brings to light the existing lack of scientific
literature in relation to an overall gait index that covers the
functional diversity of patients with iSCI. This may be due
to the fact that gait patterns in iSCI are very heterogeneous
and variable depending on the level and severity of the lesion,
making it difficult to establish a clear pattern for the set of
functional alterations that a subject with iSCI may present.
Knowledge of the most commonly altered kinematic variables
in iSCI would allow the creation of an overall gait index that
could cover the diversity of functional alterations involved in
iSCI patients’ gait. This multivariate walking metric would allow
a more accurate assessment of the evolution of patients with iSCI
by quantifying the changes and, thus, assessing the quality of
the therapeutic interventions carried out. Therefore, future work
should aim at defining an overall gait index derived from 3D
kinematic gait variables appropriate and specific for population
with iSCI, focusing on its validation with other walking ability
outcome measures.

There are several limitations in our work. The main one is
related to the sample size in group with iSCI, which is reduced
in some WISCI II levels and not homogeneous between the
different levels and neither between iSCI and HV group. This
reduced sample is related to the fact that funding lasted for
one year of data gathering and we were not able to continue
experimentation after July 2021. Sample size was also reduced due
to the health situation associated with the COVID-19 pandemic.
Furthermore, this research has considered gait maturation at the
age of 16 years to ensure that young individuals with iSCI had
reach a stable kinematics (Bleyenheuft and Detrembleur, 2012),
which restricts the sample size of adults with iSCI included in the
study. Another limitation of this study is related to the fact that
during 3D kinematic gait analysis individuals with iSCI walked
with the minimum external assistance required to walk safely. It
means that some of the patients who usually wore orthoses or
used canes to walk more comfortably did not use them since the
context of the measure was to analyze gait with the least external
interferences under medical prescription. It is highly likely that
GDI values have been affected by this fact and, consequently, the

relationship with the SS WISCI II levels, which were sometimes
different from those at the moment of the test. Finally, due to
the retrospective design of the study there is a lack of registration
of other walking ability outcome measures, what has limited the
study to the analysis of the relationship between the GDI and the
WISCI II.

The findings of this study indicated that the GDI is not
an appropriate multivariate walking metric to represent the
deviation of gait pattern in adult population with iSCI from a
normal gait profile when it is compared with the levels of walking
impairment described by the WISCI II. It is necessary to conduct
further research into the development of a new overall gait index
derived from SCI-specific 3D kinematic gait variables, involving
a larger population, and validating it against other walking ability
outcome measures such as categorical and spatiotemporal-related
walking and balance measures.
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Introduction: The assessments of the motor symptoms in Parkinson’s disease (PD) are
usually limited to clinical rating scales (MDS UPDRS III), and it depends on the clinician’s
experience. This study aims to propose a machine learning technique algorithm using the
variables from upper and lower limbs, to classify people with PD from healthy people,
using data from a portable low-cost device (RGB-D camera). And can be used to support
the diagnosis and follow-up of patients in developing countries and remote areas.

Methods: We used KinectreMotion system to capture the spatiotemporal gait data
from 30 patients with PD and 30 healthy age-matched controls in three walking trials.
First, a correlation matrix was made using the variables of upper and lower limbs. After
this, we applied a backward feature selection model using R and Python to determine
the most relevant variables. Three further analyses were done using variables selected
from backward feature selection model (Dataset A), movement disorders specialist
(Dataset B), and all the variables from the dataset (Dataset C). We ran seven machine
learning models for each model. Dataset was divided 80% for algorithm training and
20% for evaluation. Finally, a causal inference model (CIM) using the DoWhy library was
performed on Dataset B due to its accuracy and simplicity.

Results: The Random Forest model is the most accurate for all three variable Datasets
(Dataset A: 81.8%; Dataset B: 83.6%; Dataset C: 84.5%) followed by the support
vector machine. The CIM shows a relation between leg variables and the arms swing
asymmetry (ASA) and a proportional relationship between ASA and the diagnosis of PD
with a robust estimator (1,537).

Conclusions: Machine learning techniques based on objective measures using portable
low-cost devices (KinectreMotion) are useful and accurate to classify patients with
Parkinson’s disease. This method can be used to evaluate patients remotely and help
clinicians make decisions regarding follow-up and treatment.

Keywords: Parkinson’s disease, gait, biomechanics, kinect, depth camera, machine learning
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INTRODUCTION

Parkinson’s disease (PD) represents the second most prevalent
neurodegenerative disease in the world with an alarming growth
rate in the number of affected individuals estimating that the
number of cases will double between 2015 and 2040 (de Lau
and Breteler, 2006; Tysnes and Storstein, 2017; Dorsey and
Bloem, 2018). PD is clinically characterized by motor symptoms
such as bradykinesia, rigidity, tremor, gait disturbance, and
impaired postural instability (Schneider and Obeso, 2014;
Postuma et al., 2015; Deb et al., 2021). Diagnosis and follow-up
are based on several scales and questionnaires to assess severity
including Movement Disorder Society-Sponsored Revision of
the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS;
Goetz et al., 2008). However, these clinical scales are subjective
with high inter-rater variability between clinicians. Furthermore,
follow-up is also based on self-report questionnaires that imply
recall bias (Deb et al., 2021). In the last 20 years, there
has been great interest in developing objective measurement
focused on early diagnosis, accurate follow-up, evaluation of
motor fluctuations, and prognosis in PD, from which has
arisen technology-based objective measurements (TOMs) as a
complement for clinical assessment (Urcuqui et al., 2018; Deb
et al., 2021).

In PD, changes in gait kinematics and spatiotemporal features
are hallmarks of the disease. Gait analysis is complex and
usually requires a gait and biomechanics laboratory which is
expensive and not globally available for medical consultation
(Urcuqui et al., 2018). Recently, several cost-effective instruments
have been used to assess PD motor symptoms such as
RGB-D cameras (Kinectr). Despite the large number of
TOMs studies and available data, such as inertial measurement
units (IMUS) that do not need a specialized laboratory,
the RGB-D cameras are the most accessible technology in
remote areas for its cost and its simplicity. However, the data
processing and classification methods are still variable upon
the studies.

Machine learning (ML) techniques have been studied
in several medical areas including PD (Sidey-Gibbons and
Sidey-Gibbons, 2019) in order to classify healthy volunteers
from patients using voice analysis (Ozkan, 2016), feet
pressure systems (Abdulhay et al., 2018), RGB-D cameras
(Buongiorno et al., 2019; Jaggy Castaño-Pino et al., 2019),
optoelectronic motion analysis system (Varrecchia et al.,
2021), wearable sensors such as accelerometers or inertial
measurement units (IMU; Yoneyama et al., 2013; Caramia
et al., 2018), walkway pressure analysis (Wahid et al., 2015), and
variables associated with knee and trunk rotation (Varrecchia
et al., 2021). Other studies have been using unsupervised
learning to extract features in the initial stages of the disease
(Singh and Samavedham, 2015), propose a method to obtain
informative correlation-aware signals (Zhang et al., 2021),
and evaluate clustering algorithms to support the prediction
of the disease (Sherly Puspha Annabel et al., 2021). Most
of the studies that aimed to classify healthy people from
PD patients focused solely on leg variables or arm variables
or axial trunk and knee rotation even though the disease

involves all four limbs and the first affected are the arms
(Ospina et al., 2018; Monje et al., 2021).

With the rise of telemedicine in recent years, particularly
after the beginning of the SARS-CoV2 pandemic, never has it
been so important to develop simple assessment methods that
do not require high costs or specialized equipment, particularly
in developing countries where access to specialized medicine
is limited. In addition, telemedicine programs in Parkinson’s
disease are a growing field and gait measurement demands many
challenges to evaluate patients in rural regions and developing
countries in order to ensure quality evaluation. Remote
monitoring with synchronous and asynchronous assessments
included the use of specialized devices and recorded and
uploaded videos, for motor evaluation such as bradykinesia, gait,
and falls (Shalash et al., 2021).

In this work, our aim is to study the causal relationship
between gait features from upper and lower extremities and
assess the performance of a machine learning model to classify
people with PD from healthy subjects using data from a portable
low-cost device (Depth Camera) called KinectreMotion system
in order to support diagnosis and follow-up to patients with PD
in remote areas.

MATERIALS AND METHODS

Design and Participants
The dataset was extracted from a single-center study carried
out between June and December 2016, by the Neurology
Service at the Fundación Valle del Lili academic Hospital in
Cali—Colombia (Muñoz Ospina et al., 2019). We included
spatiotemporal gait data from 30 patients with PD and
30 healthy age-matched controls. Each patient was evaluated
by a movement disorder specialist and met the criteria from
the UK Parkinson’s Disease Society Brain Bank diagnostic
criteria. No participants had major features that affected
their gait (major orthopedic surgeries, osteoarthritis, other
neuromuscular disorders, or walking aids) All participants
with PD were treated with dopaminergic agonists and
were evaluated in the ‘‘on’’ state. Institutional review
board approval was obtained prior to starting the study
and all participants provided written informed consent
before participation.

Gait data were obtained from previous studies using
an RGB-D camera (KinectreMotion) coupled with a signal
processing software. Subjects underwent a single gait evaluation
session during which each subject was asked to walk at their
preferred speed during three consecutive walking trials. The
measurements were made in a corridor 4 m long and 1.5 m wide
free of interference. The distance allowed for Kinectr to record a
minimum of one full gait cycle per limb. Figure 1 shows the setup
during a measurement campaign in a rural area in the southwest
of the country.

As indicated in previous studies we used wavelet techniques to
extract gait phases and generate several spatio/temporal variables
(see Table 1). These variables were obtained based on a wavelet
decomposition using a Daubechies wavelet (Db8; Jaggy Castaño-
Pino et al., 2019).
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FIGURE 1 | RGB-D camera setup and gait evaluation zone.

TABLE 1 | Gait variables definition.

Arms variables

Swing magnitude (left/right) Distance taken by the wrist from the maximum anterior to the maximum posterior point during an arm
swing cycle.

Swing time (left/right) Time taken by the wrist to travel the distance between the maximum anterior and maximum posterior points
during an arm swing cycle.

Swing speed (left/right) Calculated as the distance traveled by the arm (arm swing) per unit of time (arm time)

Arm swing asymmetry (ASA; Zifchock et al., 2008) ASA =

[
45◦−arct

(
Arm swing more
Arm swing less

)]
90◦ × 100

Leg variables

Global gait speed Calculated as the distance traveled (test distance) per unit of time (test time)

Total time (left/right) Time during which the ankle (left/right) was in the motion capture area.

Total distance (left/right) Distance during which the ankle (left/right) was in the motion capture area.

Total swing time (left/right) Total time while the foot (left/right) was in the swing phase.

Total stance time (left/right) Total time while the foot (left/right) was in the stance phase.

Swing time (left/right) Time, while one foot left/right, was on swing phase during 1 leg gait cycle.

Stance time(left/right) Time while one foot (left/right) was on stance phase during 1 leg gait cycle.

Number of steps (left/right) Number of steps taken by one foot (left/right) during the test.

Step length (left/right) Distance traveled by one foot (left/right) during 1 step.

ASA: arm swing more is the value of the arm’s swing magnitude with the highest value. It is expressed in percentages.

Preprocessing Features
As we aimed to study arms and legs variables (one dataset for
each set of features), the integration of all the data was made

using a unique ID for each patient and the result was a dataset
of 620 records and 28 features. The join presented 96 records
without values that were excluded during the study. After the
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filtering process, the dataset had a shape of 554 × 28; 37% of the
dataset corresponded to healthy controls and 63% to PD patients.

Two datasets were generated with the same shape for
further analysis: one with normalized information because this
is a prerequisite for some machine learning algorithms and
the other set of information without normalizing technique.
For normalization we used the open library ClusterSim
(Walesiak and Dudek, 2020) which uses the following
formula: (x−mean)√

(sum(x−mean)2
.

Exploratory Analysis
The data exploration included an evaluation between gait
variables using a correlation matrix; three thresholds (0.35, 0.4,
and 0.9) were selected randomly from a range of 0–1. Each value
was analyzed, the correlations higher than the threshold 0.9 did
not show similarity in the variables related to arms and legs.
Using the value of 0.4 the features presented a similarity; the
highest similarities between upper and lower extremities were
obtained using 0.35 as the correlation threshold. Scatter plots
were created using the correlation matrix. Backward and forward
feature selection models were applied using R and Python to
determine the most important variables for further analysis,
especially to perform a partial correlation analysis with different
sets of features. The significance level selected was 5% for all the
variables in the backward feature selection process.

Machine Learning and Evaluation
Three further analyses were done using variables selected from:
Backward models (Dataset A), movement disorders specialist
(Dataset B), and all the variables from the dataset (Dataset C).

Dataset A: In order to find the most important variables, a
backward elimination process for all the models used in this
research was run for the full set of variables and the results were:
Left-arm magnitude, arm swing asymmetry (ASA; Zifchock et al.,
2008), left swing time, left length of step.

Dataset B: Eight variables were selected (Swing magnitude
of both arms, swing time of both legs, step length of both
feet, ASA, and global gait speed) by a movement disorder

specialist according to their clinical relevance to PD diagnosis
and follow-up.

Dataset C: All variables were included in this dataset.
Seven machine learning algorithms were chosen based on the

results of previous studies (Urcuqui et al., 2018; Reyes et al.,
2019; Alzubaidi et al., 2021). Six of the selected algorithms were
trained using R statistical software (logistic regression, decision
tree without processing, pre-pruning decision tree, post-pruning
decision tree, naive Bayes, and random forest). Using Python, a
support vector machine model was trained (see Table 2: machine
learning parameters and commands for execution).

The experiments applied hold-out (a train set, validation
set, and testing set were made) and K-fold cross-validation to
reduce overfitting. The dataset was divided into: 10 records
for final validation, 80% for algorithm training, and 20%
for testing. The cross-validation used k iterations equal
to 5 to include different sets of information during the
training and validation phases. Classification metrics used
in this study for the testing phase were accuracy, false-
positive ratio, false negative ratio, and Cohen’s Kappa,
the latter as an evaluation metric to evaluate the model’s
performance against the imbalance of the values from the
dependent variables.

Causal Inference Model
We decided to find if there was some causal relationship between
the variables. For this task, we used the DoWhy library (Sharma
and Kiciman, 2020) and applied the causal inference model
(CIM). The causal model was applied to each relevant variable
of the selected dataset.

The DoWhy library is a Python library developed by
Microsoft with the aim to spark causal thinking and analysis.
The main idea of the DoWhy library is to model and validate
causal assumptions testing these assumptions for any estimation
method. The library is based on the Structural Causal Model
theory proposed by Pearl (1995) and implements a refutation
API to simplify the analysis for non-experts in this area (see
Supplementary Material for details on the procedure).

TABLE 2 | Machine learning parameters and commands for execution.

Model Dataset C Dataset B Dataset A

Logistic regression method=“glmStepAIC”
Direction= “forward”
preprocess = c (“center”, “scale”)
trace = TRUE,
AIC = 607.49

method=“glmStepAIC”
Direction= “forward”
preprocess = c (“center”, “scale”)
trace = TRUE,
AIC = 621.4

method=“glmStepAIC”
Direction= “forward”
preprocess = c (“center”, “scale”)
trace = TRUE,
AIC = 620.67

Support Vector Machine Kernel = rbf
C = 5
Gamma = 0.05

Kernel = rbf
C = 10
Gamma = 0.05

Kernel = rbf
C = 10
Gamma = 0.05

Decision tree without processing CP = 0.042 CP = 0.036 CP = 0.027

Decision tree pre-pruning Depth = 5 Depth = 8 Depth = 7

Decision tree post-pruning CP = 0.042 CP = 0.036 CP = 0.054

Naïve Bayes Laplace = 0
UserKernel = TRUE
Adjust = 1

Laplace = 0
UserKernel = TRUE
Adjust = 1

Laplace = 0
UserKernel = TRUE
Adjust = 1

Random Forest Mtry = 3
nTree = 1500

Mtry = 2
nTree = 1500

Mtry = 2
nTree = 1500
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RESULTS

We included data from 30 patients with PD, 17 (57%) men, and
30 healthy age-matched controls. Both groups had a median age
of 66 years (IQR 59–75). The median duration of the disease was
5 years (IQR 1–7). Hoehn and Yahr stage classification was stage
I for 17% of the patients, stage II for 73%, and stage III for the
remaining 10%. The mean of MDS-UPDRS part III was 39.06
(±13.74; see Table 3). We retained a dataset with 554 records and
28 variables, we did not exclude outliers to simulate real clinical
situations.

First, we conducted an exploratory analysis using a correlation
matrix to identify the most relevant variables. We reduced data
based on the degree of correlation, retaining only variables with
a correlation greater than 0.35 (see Figure 2).

Based on the correlation matrix we obtained several scatter
plots (see Figure 3).

Variable Selection
Using the Backward feature selection model, the most relevant
variables were: (1) swing magnitude of left arm; (2) swing time
of left leg; (3) left step length; and (4) arm swing asymmetry
(ASA). Based on previous studies and clinical expertise, a dataset
was created (B) to perform further analysis with some selected
variables: swing magnitude of both arms, swing time of both legs,
step length of both feet, arm swing asymmetry (ASA), and global
gait speed.

Machine Learning Results
Results from the coefficient of concordance Kappa and accuracy
for each model using each set of variables for the test dataset are
shown in Table 4.

As we can see, the Random Forest model is the most accurate
for all three variable Datasets (Dataset A: 81.8%; Dataset B:
83.6%; Dataset C: 84.5%) followed by the support vector machine
for both, A and B datasets, and decision tree pre-pruning for

TABLE 3 | Clinical features of the sample.

PD patients Healthy
controls

p-value

Age 66 (IQR 59–75) 66 (IQR 59–75) 0.88
Sex:
Male
Female

17 (57%)
13 (43%)

19 (63%)
11 (36%)

0.60

Disease duration
(years)

5 (IQR 1–7) -

Hoehn and Yahr
I
II
III

5 (17%)
22 (73%)
3 (10%)

-

MoCA
Left side symptoms
Right side symptoms
Symmetrical

22 (IQR 16–26)
17/30 (57%)
11/30 (37%)
2/30 (7%)

22.5 (IQR 21–24) 0.57

MDS-UPDRS III 39.06 (±13.74) -
FOG-Q 6.73 (± 4.95) -

MoCA, Montréal cognitive Assessment; FOG-Q, Freezing of gait questionnaire. MDS-
UPDRS part III: movement disorder society sponsored revision of the Unified Parkinson’s
Disease Rating Scale. The laterality of the symptoms was obtained based on the MDS-
UPDRS part III.

dataset C. Results showing the degree of false positive and false
negative are shown for each model and each set of variables in
Table 4.

In order to verify the accuracy of the model we selected
10 aleatory data from the sample (validation records), we
compared the classification between patient and control that the
algorithm was able to predict vs. the real diagnosis. The accuracy
was 90% with only one false positive case.

Relationship Between Arms and Legs
Variables
Due to its accuracy (83.6%) and simplicity (eight variables),
dataset B was chosen to run the CIM. Using this model and the
DoWhy library relationships between leg gait variables and arm
swing variables were analyzed (Figure 4).

Causal inference estimator results show that there is a
proportional relationship between ASA and the diagnosis of
PD (estimator: 1,536). This can be interpreted as every time
the classifier goes up 1 unit (the subject is diagnosed with
PD), ASA goes up 1,536 units. To verify the robustness of
this estimation three refuters tests were calculated. When
‘‘random common cause refuter’’ is applied to this estimator
the results do not significantly vary (1,520), the same happens
with ‘‘data subset refuter’’ (1,531) which implies the result is
robust. In the placebo treatment refuter, the result for ASA is
0.00436 which is very close to 0. This also means the estimator
is robust (see Table 5). That is why based on the DoWhy
library, ASA is the most representative variable in the causal
inference model.

DISCUSSION

The main objective of this study was to propose a machine
learning-based algorithm to classify the patients with PD
from the healthy controls, using a portable RGB-D camera
(KinectreMotion capture system). These results are in
line with our attempt to explore other ways to assess the
gait variables using a low-cost system that can be used
during medical consultation in a developing country.
According to our previous results, this machine learning-
based algorithm will improve the data analytical and clinical
efforts to analyze disease-relevant information for physicians
and patients.

Correlations and Variable Exploration
As expected there is a positive strong correlation between
arm speed and arm swing magnitude which represents that
some of the normal dynamics of human gait is preserved
even in PD patients. Despite the correlation of magnitude
between both arms being weak and positive, this could be
explained by the limb movement asymmetry secondary to
the motor symptoms of the disease (increased rigidity and
bradykinesia) predominantly affecting only one body side
in the PD group. This pathological asymmetry between left
and right arm swing magnitudes is represented by the ASA
coefficient which is one of the earliest clinical manifestations of
PD (Mirelman et al., 2016).
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FIGURE 2 | Correlation matrix using gait variables.

Regarding the results of the non-PD group, controls exhibit a
similar speed in both upper limbs, which could be related to the
normal pattern of gait unaffected by the disease (see Figure 3).

Variable Selection and Dataset
Construction
Variables were selected according to different criteria into
three datasets. When the backward technique was applied
predominantly left variables (arm swing magnitude, step length,
and swing time) were selected, which could be related to the
prevalence of left-sided motor symptoms in our sample of PD
patients (17/30; 57%).

Also, the gait variables selected by the backward feature
selection model are related to the clinical changes expected in
PD and features needed to fulfill diagnostic criteria: PD patients
move their arms and legs more slowly (bradykinesia) and stiffy

(rigidity) than controls, for this reason, the magnitude of the
arm swing, the time of the leg swing and the step length differ
significantly from the healthy-controls.

Furthermore, the selection of both arm and leg variables
suggests alterations in the motor pattern of upper and lower
limbs. These complex changes in the gait dynamics indicate that
objective examination of gait should consider multiple motor
variables of each limb. This consideration is consistent with
clinical environments where the patient diagnosis and follow-up
are based on a full-body examination using the MDS-UPDRS
part III (Goetz et al., 2008; Postuma et al., 2015).

Machine Learning Algorithm
Our results show that it is possible to classify patients from
controls using different datasets processed by multiple machine
learning techniques with different accuracy levels.
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FIGURE 3 | Scatter plot using arm swing speed comparing controls and Parkinson’s disease patients: green curve represents the regression curve of the left and
right arms swing speed in Parkinson’s disease patients. The red curve represents the regression curve of the left and right arms swing speed in healthy subjects.

TABLE 4 | Confusion matrix results showing kappa, accuracy, false positive, and false negative rate for each machine learning model using the test dataset.

Kappa Accuracy False positive False negative

A B C A B C A B C A B C

Logistic regression 0.433 0.415 0.400 0.745 0.736 0.718 0.304 0.324 0.381 0.234 0.237 0.221
Support vector machine 0.487 0.572 0.347 0.766 0.802 0.706 0.301 0.204 0.259 0.432 0.323 0.373
Decision tree without processing 0.404 0.388 0.268 0.727 0.718 0.654 0.352 0.369 0.466 0.233 0.237 0.269
Decision tree pre-pruning 0.404 0.471 0.476 0.727 0.745 0.745 0.37 0.362 0.368 0.188 0.175 0.164
Decision tree post-pruning 0.449 0.388 0.268 0.681 0.718 0.654 0.429 0.369 0.466 0.25 0.237 0.269
Naïve Bayes 0.466 0.423 0.414 0.745 0.718 0.690 0.356 0.4 0.448 0.185 0.184 0.094
Random Forest 0.611 0.650 0.661 0.818 0.836 0.845 0.244 0.22 0.167 0.25 0.131 0.149

A = model using backward selected variables; B = model using expertise selected variables; C = model using all gait variables.

Although dataset C had the best performance, dataset B was
chosen for having a high accuracy with a low number of variables,
which facilitates the data acquisition and processing.

The clinician accuracy for the diagnosis of Parkinson’s disease
varies upon studies, however a systematic review showed that
clinical diagnosis for PD in non-experts is 73.8% (67.8%–79.6%);
for a movement disorder expert at first consult is 79.6%
(46%–95.1%) and 83.9% at follow-up (69.7%–92.6%). Also,
the accuracy for the UK Parkinson’s Disease Society Brain
Bank diagnostic criteria is 82.7% (62.6%–93%; Rizzo et al.,
2016) with a high sensibility (90%) but a low specificity
(30%–40%; Marsili et al., 2018). With an accuracy of 83.3%,
the selected random forest machine learning algorithm is

not far from the clinical reality in the ideal settings. These
selected variables are closely related to the PD diagnostic criteria
because they represent surrogate measures of the slowness
of movement (bradykinesia), asymmetry of arm swing, and
rigidity.

The Gait Is Intricate: The Causal Inference
Estimator
Although much is known about the gait pattern, asymmetry of
arm swing (ASA) is a clinical characteristic that has been widely
used in the last decade to describe the affected motor central
pattern in PD patients (Lewek et al., 2010; Huang et al., 2012;
Roggendorf et al., 2012; Mirelman et al., 2016). According to
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FIGURE 4 | Causal inference model. Dashed arrows show the causal relation identified by the model between leg and arms gait variables with the diagnosis of PD
(PD-Classifier). Continued lines show the causal relations identified by the model between arms and legs gait variables.

TABLE 5 | Causal inference model estimators and refuters.

Estimator Refuter

Random common Placebo treatment Data subset

Left arm swing magnitude −1.403 −1.397 0.011 1.415
Right arm swing magnitude −1.791 −1.732 0.045 −1.812
Arm swing asymmetry 1.537 1.521 0.005 1.531
Global Gait speed −0.637 −0.638 −0.021 −0.638
Left foot swing time −0.109 −0.103 −0.008 −0.110
Left foot step length −0.464 −0.464 0.010 −0.464
Right foot swing time −0.120 −0.124 −0.003 −0.111
Right foot step length −0.386 −0.390 −0.015 −0.389

our causal inference estimator, there is a relation between leg
variables and the symmetry of the arms which represents a new
opportunity in the research of these dynamics, particularly in
pathological conditions such as PD.

Finding Differences Between PD Patients
and Controls
As seen in the causal inference estimator, there are some
unobserved confounders and other variables that could explain
some of the changes secondary to PD, as seen in other
neurodegenerative diseases, its complexity, and inter-patient
variability difficulties to obtain higher accuracy levels. The
challenge of new methods of signal processing and machine
learning in clinical research is helping clinicians to achieve
clinically meaningful technology-based objective measures
(TOMs; Espay et al., 2016).

Related Work
Prior works were made using RBG-D cameras to classify PD
patients, the variables selected included stride length, age, gait
speed, stance time, step length, distance, cycle time, and swing
time. The model that had the best accuracy (82%) was Random
Forest. This includes a larger number of variables and not all of
them are related to the clinical reality, also no further analysis was
made (Urcuqui et al., 2018).

As reported in the literature other studies used RBG-D
cameras to classify PD patients, but they used other
methods. One of them used neural networks and cross-
validation using the variables of gait velocity and stride
length with an accuracy of 97.2% (Ťupa et al., 2015) or
another classification method (the Bayesian), with a maximum
accuracy of 94.1% using the stride length and age (Procházka
et al., 2015). Differences could be also due to different
preprocessing, filtering and exploration of the data. However,
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other models reported in the literature used only variables
from legs.

Other studies used foot pressure sensors and selected the
variables of stride time, stance time, swing time, and foot strike
profile to classify the controls from the PD patients with an
accuracy of 92.7% (Abdulhay et al., 2018). Similar accuracy
(92.6%) was found with a normalized multiple regression
and Random forest using stance time, stride length, time
of total stance, and cadence with the same type of device
(Wahid et al., 2015).

The arm swing analysis has been a point of interest in the
study of PD. Previous studies confirm that the arms swing
magnitude and speed are significantly reduced in the PD for
both limbs (Jaggy Castaño-Pino et al., 2019). On the other
hand, several studies have been made with wearable technology
(Inertial movement unit (IMU), accelerometers). An arm swing
asymmetry (ASA) can also be extracted with accelerometers,
it is calculated with the root mean square (RMS) differences
between arm movements. The ASA and RMS significantly
differ in PD patients. This could be used in future studies
(Rincón et al., 2020).

Advantages, Limitations, and Future Work
The KinectreMotion system is a portable RGB Camera that
can be used in different scenarios (Figure 1) and does not
require a specialized gait laboratory. For that reason, this
technology can be used as a complement to telemedicine in
places without specialized medicine to support the diagnosis
and management of patients’ PD. Our findings suggest
that in the future it could be considered to employ these
measures and algorithms to complement Parkinson’s disease
diagnosis as well as to adapt the algorithms to evaluate
disease progression, clinical subtypes, follow-up, response to
treatment and correlate with clinical rating scales such as MDS-
UPDRS.

Some limitations of the study were the sample size
which limited the training of the algorithms to create a
more accurate and robust model and only one dataset was
used for training the algorithms which could also limit
the results. Also, no gait speed matching procedure was
implemented, however, some spatio-temporal gait parameters
are speed-dependent which may have led to overrepresenting
some of the gait variables in the backward feature selection
model. Furthermore, some machine learning algorithms
described in previous studies for classification between PD
and healthy controls were not implemented such as artificial
neural networks (ANN) and K-nearest neighbor (K-NN).
The first was implemented in the first stages of the study,
however, their results were similar to simple statistical
methods with no machine learning and no further analysis
was performed. The latter is a different machine learning
algorithm because it does not save information, it cannot be
trained. These limitations will be considered in the development
of future studies.

Further studies are needed to explore the use of RGB-D
cameras and machine learning algorithms for follow-up and
treatment response and more data is needed to improve the

machine learning training which will allow to achieve higher
accuracy.

CONCLUSIONS

This study shows how machine learning techniques based
on objective measures using portable low-cost devices
(KinectreMotion) are useful to classify patients with Parkinson’s
disease. This proposed method can be used to evaluate patients
remotely and help clinicians make decisions regarding follow-up
and treatment.
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Prolonging ambulation is an important treatment goal in children with Duchenne
muscular dystrophy (DMD). Three-dimensional gait analysis (3DGA) could provide
sensitive parameters to study the efficacy of clinical trials aiming to preserve ambulation.
However, quantitative descriptions of the natural history of gait features in DMD are
first required. The overall goal was to provide a full delineation of the progressive
gait pathology in children with DMD, covering the entire period of ambulation, by
performing a so-called mixed cross-sectional longitudinal study. Firstly, to make our
results comparable with previous literature, we aimed to cross-sectionally compare
31 predefined gait features between children with DMD and a typically developing
(TD) database (1). Secondly, we aimed to explore the longitudinal changes in the 31
predefined gait features in growing boys with DMD using follow-up 3DGA sessions (2).
3DGA-sessions (n = 124) at self-selected speed were collected in 27 boys with DMD
(baseline age: 4.6–15 years). They were repeatedly measured over a varying follow-
up period (range: 6 months–5 years). The TD group consisted of 27 children (age:
5.4–15.6 years). Per measurement session, the spatiotemporal parameters, and the
kinematic and kinetic waveforms were averaged over the selected gait cycles. From the
averaged waveforms, discrete gait features (e.g., maxima and minima) were extracted.
Mann-Whitney U tests were performed to cross-sectionally analyze the differences
between DMD at baseline and TD (1). Linear mixed effect models were performed to
assess the changes in gait features in the same group of children with DMD from both a
longitudinal (i.e., increasing time) as well as a cross-sectional perspective (i.e., increasing
baseline age) (2). At baseline, the boys with DMD differed from the TD children in 17 gait
features. Additionally, 21 gait features evolved longitudinally when following-up the same
boys with DMD and 25 gait features presented a significant cross-sectional baseline
age-effect. The current study quantitatively described the longitudinal alterations in
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gait features in boys with DMD, thereby providing detailed insight into how DMD gait
deteriorates. Additionally, our results highlight that gait features extracted from 3DGA
are promising outcome measures for future clinical trials to quantify the efficacy of novel
therapeutic strategies.

Keywords: Duchenne muscular dystrophy, typically developing children, three-dimensional gait analysis, gait
pattern, longitudinal study, mixed models for repeated measures

INTRODUCTION

Duchenne muscular dystrophy (DMD) is an X-linked
degenerative muscular disorder and is the most common
muscular dystrophy in children, affecting one in 3,500–6,000
new-born boys (Sutherland et al., 1981; Emery and Eh, 1991;
Sussman, 2002). DMD is caused by mutations in the gene
encoding dystrophin (Sussman, 2002). Subsequently, the
dystrophin protein, which is important for ensuring the stability
of the muscle cell membrane and protecting the muscles
from contraction-induced damage (Petrof et al., 1993; Moens
et al., 1994; Lindsay et al., 2020), is deficient. Therefore, the
muscles progressively degenerate as children with DMD get
older (Sussman, 2002). This degeneration is characterized by
progressive loss of contractile tissue, which is replaced by fat
and fibrotic tissue (Sussman, 2002; Jones et al., 2010). The
primary clinical symptom due to muscle damage is progressive
muscle weakness (Sussman, 2002). Secondary symptoms include
increasing muscle stiffness (i.e., increased resistance to muscle
lengthening) and contractures (i.e., reduced range of motion)
(Sussman, 2002; Bushby et al., 2010; Skalsky and McDonald,
2012). These muscle impairments contribute to a decline in
motor function, such as rising from the floor and climbing stairs,
eventually resulting in loss of ambulation (Sutherland et al.,
1981; Sussman, 2002). To date, no curative treatment for DMD
is available (Sussman, 2002). If untreated, these children become
wheelchair-bound around the age of nine years and die at a mean
age of 19 years due to cardiac or pulmonary failure (Bushby et al.,
2005, 2010). However, multidisciplinary symptomatic medical,
surgical, and rehabilitative treatment, including long-term use
of corticosteroids, and ventilatory support, have altered the
natural disease course and have increased life expectancy until
approximately the age of 30 years (Bushby et al., 2010).

Even with the current state-of-the-art medical care, children
with DMD lose ambulation at a mean age of 12 years (Ryder et al.,
2017). Promising novel therapeutic strategies might alter the
natural history of the disease such that the most affected children
remain ambulant until 12 years of age (Yiu and Kornberg,
2015) and some children even remain ambulant over 15 years
of age (Goemans et al., 2017). However, it has been difficult to
transfer these new therapeutic interventions from clinical trials
into clinical practice, as it has been very challenging to prove
the efficacy of novel drugs in DMD (Goemans, 2013). Clinical
trials often use the 6-min walk test (6MWT), the North Star
Ambulatory Assessment (NSAA) and timed tests as evaluation
tools (Mazzone et al., 2010; Goemans, 2013; Goudriaan et al.,
2018a). These assessments reflect clinically meaningful aspects
of daily life and have been proven reliable, valid, and feasible

(Kierkegaard and Tollbäck, 2007; Frosini et al., 2009; McDonald
et al., 2010). Therefore, clinicians have accepted these tools as
standard clinical assessments to track the long-term progression
of the disease and to predict loss of ambulation in children with
DMD (McDonald et al., 1995; Mazzone et al., 2010). However,
the 6MWT, the NSAA, and the timed tests measure global gross
motor function and might not be sensitive enough to detect
significant changes in the gait pattern of individuals with DMD.
This might especially be true in the early disease stages, where
compensation strategies are still successful (Kirschner et al.,
2010; Lu et al., 2014; Lynn et al., 2015). Hence, there is an
urgent need for sensitive, suitable, and clinically meaningful
outcome measures to prove the successes of emergent therapeutic
strategies (Goemans, 2013).

Three-dimensional gait analysis (3DGA) is proposed as an
alternative evaluation method that can be used in clinical trials
(Romano et al., 2019; Wren et al., 2020). It allows for a detailed
analysis of gait pathology, including altered joint kinematics,
kinetics and muscle activity patterns. The assessment of these
parameters might be beneficial when evaluating the efficacy of
novel therapeutic strategies (Heberer et al., 2016). While 3DGA
is part of the standard clinical care in children with cerebral
palsy (Bregou Bourgeois et al., 2014; Shin et al., 2016), this
method is not implemented in the clinical follow-up of children
with DMD (Bushby et al., 2010). Even though several gait
features measured with 3DGA correlated strongly with clinical
assessments, the correlation coefficients (ρ) ranged substantially,
from -0.032 (range of ankle dorsiflexion/plantar flexion motion)
to 0.858 (maximal dorsiflexion angle during swing) for the
NSAA and from -0.022 (range of hip flexion/extension motion)
to 0.850 (hip adduction/abduction mean angle) for the 6MWT
(Romano et al., 2019). This stresses the added value of 3DGA to
monitor the functional ability in children with DMD (Romano
et al., 2019). Furthermore, previous studies indicated that 3DGA
could provide detailed insight into disease progression and
treatment response in children with DMD that may otherwise
go undetected when only global function is studied (D’Angelo
et al., 2009; Heberer et al., 2016). Lastly, to maintain a certain
level of functionality and to postpone spinal deformities and
muscle contractures, prolonging the ambulation is considered the
most important treatment goal in children with DMD (Sussman,
2002). Measuring the progressive alterations in the gait pattern
of boys with DMD in detail by means of 3DGA could provide
sensitive outcome measures to evaluate the efficacy of novel
therapeutic strategies (Heberer et al., 2016).

However, before 3DGA can be used as an assessment
method in clinical trials, a full delineation of the progressive
gait pathology in children with DMD is required.
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Goudriaan et al. (2018a) summarized previous studies that
applied 3DGA to objectively quantify gait deviations in children
with DMD (Goudriaan et al., 2018a). Due to insufficient
description of the study population and measurement devices,
small sample sizes, and wide age ranges contributing to
heterogeneous groups, generalization of the findings is
challenging. From the 79 gait parameters reported in literature,
the studies only agreed on an increase in knee range of motion
(D’Angelo et al., 2009; Doglio et al., 2011), a decrease in walking
speed, stride length, step length, dorsiflexion angle in swing
(Sutherland et al., 1981; D’Angelo et al., 2009; Gaudreault et al.,
2010; Doglio et al., 2011), maximal knee extension moment
(Khodadadeh et al., 1986; Gaudreault et al., 2010; Doglio et al.,
2011), maximal dorsiflexion moment (Gaudreault et al., 2007,
2010; Doglio et al., 2011), maximal hip power generation
(D’Angelo et al., 2009; Gaudreault et al., 2010), and maximal
ankle power generation (D’Angelo et al., 2009; Gaudreault
et al., 2010; Doglio et al., 2011) in the children with DMD when
compared to typically developing (TD) children. Furthermore,
even though DMD is a progressive disorder (Sussman, 2002),
mostly cross-sectional studies including participants with a wide
age range have been performed to investigate the differences in
gait features between DMD and TD. While these studies give
insight into the characteristics of DMD gait, they do not provide
the complete picture of how their gait pattern deteriorates
over time nor which gait features might be predictive for the
loss of ambulation.

Sutherland et al. (1981) were one of the few to describe
the progression of the gait pathology in children with DMD
by introducing three stages, namely the early, transitional and
late stage (Sutherland et al., 1981). A subtle effect of disease
progression (e.g., muscle weakness) was already apparent in
the early stage. This included slight backward leaning of
the trunk with lumbar lordosis to compensate for weak hip
extensors, and posterior tilt of the pelvis in combination
with hip hyperextension. During swing, increased hip flexion
probably compensated for the drop foot. Consequently, a flat
foot strike at initial contact was seen in the young boys with
DMD. Furthermore, an increased external foot progression was
measured throughout the entire gait cycle. In the transitional
stage, the early posterior tilt changed toward increased pelvic
anterior tilt in combination with increased hip flexion, which
represented the most remarkable characteristic. Sutherland et al.
(1981) indicated this as a compensation mechanism for increased
weakness in the knee extensors. Furthermore, boys with DMD
walked with increased base of support, shoulder sway and lateral
trunk leaning to compensate for weak hip abductors. In addition
to the drop foot in swing, children in the transitional stage
showed characteristics of equinus gait, namely forefoot strike at
initial contact and reduced dorsiflexion in stance. Furthermore,
a transition from external to internal foot progression occurred.
Due to the progressive muscle weakness, the aforementioned
compensation mechanisms became more pronounced in the
late stage and therefore, the gait features in boys deviated even
more from TD children (Sienko Thomas et al., 2010). The
equinus gait at this late stage was also more evident, as the
ankle joint was constantly in plantar flexion throughout the gait

cycle (Sutherland et al., 1981). However, the classification of
Sutherland et al. (1981) was introduced approximately 40 years
ago (Sutherland et al., 1981). Meanwhile, the state-of-the-art
medical care has altered the natural history of DMD, resulting in
a longer ambulation period for boys with DMD (Sussman, 2002;
Bushby et al., 2010). A later study from 2010 (Sienko Thomas
et al., 2010), which classified the gait pattern in children with
DMD based on the gait deviation index, could only partially
confirm the stages of Sutherland et al. (1981). While these
differences could to some extent be the result of different analysis
methods, they emphasize a strong need for updated longitudinal
3DGA assessments in the same cohort of children with DMD.

The overall goal was to provide a full delineation of the
progressive gait pathology in children with DMD, covering
the entire period of ambulation, by performing a so-called
mixed cross-sectional longitudinal study. To make our results
comparable with previous literature, our first aim was to
cross-sectionally compare 31 predefined gait features that were
defined based on previous literature (Sutherland et al., 1981;
Sienko Thomas et al., 2010; Goudriaan et al., 2018a) and
case discussions in a clinical specialist team, between children
with DMD and a TD database. We hypothesized that the gait
features would be significantly different between the two groups,
specifically when looking at the pelvis. The second aim was
to explore the longitudinal changes in the 31 predefined gait
features in growing boys with DMD using follow-up 3DGA
sessions. We hypothesized that the gait features would change
significantly over time as children with DMD grow older and the
disease progresses.

MATERIALS AND METHODS

Participants
Thirty children with DMD were recruited at the multidisciplinary
clinic of the Neuro-Muscular Reference Centre (NMRC) in the
University Hospitals Leuven. The following inclusion criteria
were used: (1) diagnosed with DMD via immunohistochemistry,
muscle biopsy and/or mutation of the dystrophin gene; (2)
between three and 16 years old, (3) able to walk independently for
at least 100 meters. Chronic treatment with corticosteroids and
participation in clinical trials were permitted. Exclusion criteria
were: cognitive and behavioral disorders preventing accurate
measurements (1), history of lower limb surgery (2), clinical
picture of Becker muscular dystrophy and genetic diagnosis
predicting a milder phenotype, such as in-frame deletions (3).
Twenty-seven TD boys of a similar age as the children with DMD,
and without the presence of any neurological or neuromuscular
disorder, were selected out of the reference database from the
Clinical Motion Analysis Laboratory of the University Hospitals
Leuven (Pellenberg).

All children were measured at the Clinical Motion Analysis
Laboratory. This study was approved by the local ethics
committee (Ethical Committee UZ Leuven/KU Leuven; S55867,
S56041, and S61324) under the Declaration of Helsinki.
Participants’ parents or caretakers signed a written informed
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consent after agreeing to participate in the study. Children of
12 years or older also signed an assent.

Study Design
We performed a so-called mixed cross-sectional longitudinal
study, with a cross-sectional component (children measured only
once) and a longitudinal component (children with repeated
measures over time) (Figure 1). The children with DMD enrolled
in the study at different ages (range: 4.6–15 years) and were
repeatedly measured over variable time intervals, establishing a
longitudinal database. 3DGA’s were collected at multiple time
points, with a frequency of two to nine times at a variable time
interval of 5–35 months, covering a varying follow-up period
ranging from 6 months to 5 years (average follow-up period:
2.5 years) in the boys with DMD. This resulted in an unbalanced
dataset of 124 3DGA-sessions. The TD children (n = 27) were
only measured at one time point, resulting in a cross-sectional
database consisting of 27 3DGA sessions.

To achieve the first aim, we used a cross-sectional comparison
to assess the differences in 31 predefined gait features between
the children with DMD at the time of baseline assessment and
the TD children (Figure 2A). To achieve the second aim, the
changes in 31 predefined gait features in the same group of
children with DMD were assessed from both a longitudinal as
well as a cross-sectional perspective (Figure 2B). The time course
of the measurements (time) represented the longitudinal effect.
The effect of increasing age at the time of the first measurement
(baseline age), represented the cross-sectional effect. This design
was chosen, since the boys with DMD enrolled in the study at
different ages resulting in the mixed longitudinal dataset.

Data Collection
The 3DGA’s were conducted in barefoot condition, at self-
selected walking speed on a 10-m walkway. Reflective markers
with a diameter of 14 mm were attached to the skin according
to the Plug-In Gait Full-Body model and a 10-15 Vicon camera
system (Vicon-UK, Oxford, United Kingdom) sampled at 100 Hz
recorded the marker trajectories. These trajectories were filtered

with a built-in Woltring filter (mode: MSE; smoothing: 15 mm2).
Two force plates (AMTI, Watertown, MA, United States)
embedded in the walkway registered ground reaction forces at
1,500 Hz to calculate internal joint moments. Gait cycles were
defined through manually indicating the gait events, with the
support of force plate data if available, i.e., initial contacts and
toe offs, in the Nexus software (Nexus 2.10. Vicon-UK, Oxford,
United Kingdom). Subsequently, pelvis kinematic and lower limb
joint kinematic and kinetic waveforms were estimated. For both
sides, ten gait cycles with kinematic data, of which three to five
gait cycles with kinetic data, were collected.

Data Analysis
The quality of the collected gait cycles was checked with
a custom-made software in MATLAB (The Mathworks Inc.,
Natick, M.A., 2016). Kinematic and kinetic waveforms were
resampled to 101 data points per gait cycle. Kinematic waveforms
were expressed in degrees. Kinetic waveforms were normalized to
bodyweight and therefore, internal joint moments were expressed
in Newton meters per kilogram bodyweight (Nm/kg), and
power waveforms in Watt per kilogram bodyweight (W/kg). Per
measurement session, the spatiotemporal parameters, and the
kinematic and kinetic waveforms were averaged over the selected
gait cycles with good quality for each side. Four spatiotemporal
parameters were included: cadence (steps/s), walking velocity
(WV), step length (SL), and step width (SW). Using the equations
(Eq.) of Hof (Hof, 1996), WV, SL and SW were converted
into non-dimensional quantities. WV was normalized to leg
length and gravitational acceleration (Eq. 1). SL and SW were
normalized to leg length (Eq. 2 and 3). Equations:

WVnorm =
WV√
l ∗ g

(1)

SLnorm =
SL
l

(2)

SWnorm =
SW
l

(3)

FIGURE 1 | Mixed cross-sectional longitudinal dataset. Overview of the ages at the included measurements for the children with DMD (A) and for the TD database
(B). Each color represents one patient. DMD, Duchenne muscular dystrophy; TD, typically developing.
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FIGURE 2 | Schematic overview of statistical analyses to achieve the first (A) and the second aim (B).

with WVnorm, SLnorm, SWnorm, l, and g representing normalized
walking velocity, normalized step length, normalized step width,
leg length, and gravitational acceleration, respectively.

From the average continuous kinematic and kinetic
waveforms, minima, maxima, range of motions, and values
at specific events in the gait cycle were calculated using
the previously mentioned custom-made software, to obtain
16 predefined kinematic and 10 kinetic parameters. The
TD database from the Clinical Motion Analysis Laboratory
(n = 86) served as a reference to calculate one additional
kinematic parameter, i.e., the gait profile score (GPS), for
the DMD and TD group (Baker et al., 2009). The GPS is an

overall gait index representing the difference in kinematics
between an individual subject and a control group. In total,
the dataset contained 31 predefined gait features (i.e., 4
spatiotemporal, 17 kinematic, and 10 kinetic parameters), which
were selected based on previous literature (Sutherland et al.,
1981; Sienko Thomas et al., 2010; Goudriaan et al., 2018a) and
clinical expertise.

Since children with DMD may present an asymmetric gait
pattern, gait features of the right and the left side were not
averaged. To avoid a complex dataset with the inclusion of
both sides on each time point per patient, only the gait features
of the weakest side for the children with DMD were used in
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further analyses. This side was determined based on the strength
outcomes of the clinical exam (manual muscle testing). For the
TD children and in case no weakest side could be determined for
the children with DMD, a random number generator was used to
define the evaluated side.

Statistical Analysis
An overview of all statistical analyses per research aim is provided
in Figure 2.

We used descriptive statistics to provide an overview of the
studied gait features in both groups (DMD and TD) for the first
aim (Figure 2A). Depending on the distribution of the data,
means and standard deviations or medians and interquartile
ranges were reported.

To verify our hypotheses related to the first aim, we first
checked the normality of the data by inspecting the distribution
plots and via the Shapiro-Wilk test. Since most of the parameters
were not normally distributed, a Mann-Whitney U test was
performed to investigate differences in subject characteristics and
gait features between the children with DMD at baseline and
the TD children. The p-values were corrected according to the
stepwise Benjamini-Hochberg procedure with a false discovery
rate of 5% to correct for the comparison of 36 parameters
(Benjamini and Hochberg, 1995).

To investigate the longitudinal evolution of the pathological
gait pattern in the children with DMD (second aim; Figure 2B),
linear mixed effect models (LMM) were used. These methods
were required to handle the unbalanced mixed longitudinal
dataset, as the number of repeated measurements and the
time interval between measurements varied among the children
with DMD (Verbeke and Molenberghs, 2000). LMM take the
correlation between repeated measurements into account by
modeling the variance both between and within the patients.
Therefore, fitting LMM requires specification of a mean structure
and a covariance structure (Verbeke and Molenberghs, 1997,
2000). The mean structure consists of fixed effects, i.e., time
effects, covariates, and interaction effects, while the covariance
structure consists of random effects and serial correlation
(Verbeke and Molenberghs, 2000). The time course of the
measurements within the patients (time), which represented the
longitudinal effect was selected as the time effect (Eq. 4). In case
of a quadratic relationship between time and the gait feature,
the higher-order term of time, i.e., time squared (time2), was
added in the LMM. Baseline age, which represented the cross-
sectional effect of increasing age was selected as a covariate
(Eq. 4). The higher-order terms of baseline age, i.e., baseline
age squared (baseline age2) and baseline age cubed (baseline
age3), were added in the LMM, when a quadratic and cubic
relationship between baseline age and the gait feature were
observed, respectively. In addition, the longitudinal effect may
depend on the baseline age. Therefore, the interaction between
time and baseline age (time × baseline age) was also included
as a fixed effect in the LMM (Eq. 4). To model the variability
among the boys with DMD, random effects consisting of a
random intercept and a random slope for the time effect,
were added (Eq. 4). A random intercept and slope account for
the variability in starting point and progression rate between

patients, respectively (Verbeke and Molenberghs, 2000). To
model the variability within the participants, measurement error,
and serial correlation were added in the LMM (Eq. 4). Serial
correlation is needed when the error term is not fully described
by the constant variance of the measurement error and there is
still, after adding random effects, a certain correlation between
serial measurements (Verbeke and Molenberghs, 2000). This
correlation usually decreases in function of the time separation
between the repeated measurements. Serial correlation represents
the belief that part of an individual’s observed profile is a
response to time-varying stochastic processes operating within
that patient. The gait features were defined as the responses.

Responses = β0+β1×Time+β2×Time2
+β3×Baseline age +β4

× Baseline age2
+β5× Baseline age3

+β6×Time

× Baseline age+b1i+b2i×Time+ε(1)ij+ε(2)ij (4)

with β0, β1, β2, β3, β4, β5, β6, b1i, b2i, ε(1)ij, ε(2)ij, representing
intercept, regression coefficient for Time, regression coefficient
for Time2, regression coefficient for Baseline age, regression
coefficient for Baseline age2, regression coefficient for Baseline
age3, regression coefficient for the interaction between Time
and Baseline age, random intercept, random slope for Time,
measurement error, and serial correlation, respectively. Both time
and baseline age were expressed in years. From baseline age the
smallest value was subtracted. Therefore, the intercept represents
the response’s value at baseline age 4.6 and time zero.

We used the following workflow to construct the LMM
(Figure 2B; Verbeke and Molenberghs, 1997, 2000). First, the
average trend was explored by performing Loess regressions
(point 1, Figure 2B). Based on visual inspection of the smoothed
line resulting from the Loess regression, the higher-order terms
of the fixed effects were selected to build a comprehensive
preliminary mean structure (Verbeke and Molenberghs, 2000;
Diggle et al., 2002). Second, the preliminary random-effect
structure was defined based on the exploration of the residual
profiles calculated from the Loess regressions and the observed
variance function, i.e., the change of the squared residuals
over time (point 2, Figure 2B). In addition, it was informally
checked if the observed longitudinal profiles could be well-
explained by a specific linear regression function with a SAS R©

macro (metagof.sas online available at https://ibiostat.be/online-
resources) (Verbeke and Molenberghs, 1997). Based on the data
exploration, a random-effect structure with solely a random
intercept, i.e., assuming a constant variance, or a random
intercept and slope, i.e., allowing the variance to change over
time, was selected. Third, the residual covariance structure was
selected (point 3, Figure 2B). The semi-variogram (Diggle, 1988)
was used to explore the presence and the nature of serial
correlation only when a random intercept was included. The
random intercept captures child-specific characteristics, whereas
serial correlation accounts for the fact that measurements closer
to each other in time are typically more strongly correlated than
measurements farther apart within the measurement sequence
of a given child. The likelihood values of three models with the
preliminary mean and random-effect structures, one without,

Frontiers in Human Neuroscience | www.frontiersin.org 6 June 2022 | Volume 16 | Article 86113695

https://ibiostat.be/online-resources
https://ibiostat.be/online-resources
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-16-861136 May 27, 2022 Time: 16:35 # 7

Vandekerckhove et al. Longitudinal Gait Analysis in DMD

one with Gaussian, and one with exponential serial correlation
were compared to define the residual covariance structure.
Precisely, they are based on so-called restricted maximum
likelihood, a modification of classical maximum likelihood to
alleviate small-sample biases. Fourth, it was checked if the
number of random effects in the preliminary random-effects
structure could be reduced by performing the likelihood ratio
test to compare a model with a random intercept vs. a model
with a random intercept and slope (point 4, Figure 2B). For
technical reasons, i.e., because the variance components need
to form a positive-definite matrix, these likelihood ratios follow
a mixture of χ2 distributions (χ2

1:2) needed to be used to
detect significance in the results. Fifth, the reduction of the
number of fixed effects was checked by performing F tests
(point 5, Figure 2B). To correct for possible misspecification
of the covariance matrix, the robust variance estimate, also
called sandwich estimate, was calculated. This way, robust
inference of the F test could be obtained. Due to the explorative
nature of the second aim, the p-values were not corrected for
multiple comparisons.

After formulating the LMM, so-called empirical Bayes
estimates were calculated and used to detect outliers, i.e., patients
with an “exceptional” starting point and evolution over time.
The data of the outliers were checked. If data were removed, the
previous five steps were repeated to define the final LMM.

All statistical analyses were performed using SAS R©, version
9.4 (Statistical Analysis Software 9.4, SAS Institute Inc., Cary,
NC, United States).

RESULTS

In total, 27 boys with DMD aged between 4.6 and 15 years old
at baseline [median age (interquartile range): 8.7 (4.5) years]
and repeatedly measured (range: two to nine measurements)
over a varying follow-up period (range: 6 months–5 years)
were included in the study. The control group consisted of 27
TD children aged between 5.4 and 15.6 years old [median age
(interquartile range): 8.3 (3.1) years] (Table 1).

All the collected 3DGA sessions of three patients and only
one follow-up session for four patients were excluded due

TABLE 1 | Subject characteristics of boys with DMD at baseline and TD children,
and results from MWU-test.

Median (Q1-Q3) MWU-test

Variables DMD TD BH corrected p-value

Gender Boys: 27 Boys: 27

Age (years) 8.7 (6.0–10.5) 8.3 (7.6–10.7) 0.5500

Weight (kg) 23.7 (19.7–36.0) 27.2 (23.3–37.0) 0.2437

Height (m) 1.21 (1.08–1.31) 1.33 (1.24–1.49) 0.0033*

BMI (kg/m2) 17.6 (16.3–21.9) 15.6 (15.0–17.8) 0.0070*

Leg length (m) 0.58 (0.50–0.65) 0.65 (0.61–0.78) 0.0024*

The asterisks (*) indicate significance level at BH corrected p-value < 0.05.
BH, Benjamini-Hochberg procedure; BMI, Body Mass Index; DMD, Duchenne
muscular dystrophy; MWU, Mann-Whitney U; TD, typically developing.

to obvious marker misplacement, inconsistent walking and/or
behavioral disturbances leading to inaccurate measurements. The
measurements with marker misplacement (n = 2) were only
included for the spatiotemporal parameters, but excluded for
the kinematic and kinetic parameters. This resulted in a final
dataset of 115 and 113 measurements for the spatiotemporal and
kinematic/kinetic data, respectively.

Aim 1: Gait Features in Children With
Duchenne Muscular Dystrophy at
Baseline Compared to Typically
Developing Children
Spatiotemporal Parameters
At baseline, the boys with DMD presented a lower WVnorm
(p = 0.0036) and smaller SLnorm (p = 0.0281) compared to
TD (Table 2). The SWnorm was significantly broader in DMD
compared to TD (p = 0.0036).

Kinematic and Kinetic Parameters
The maximal anterior pelvic tilt angle was larger in DMD
compared to TD (p = 0.0047) (Table 2). The minimal and
maximal hip flexion angles during stance (p = 0.0006) and
swing (p = 0.0018), respectively, were larger in the children with
DMD compared to TD. The maximal hip extension moment was
smaller (p = 0.0012), while the minimal hip extension moment
was larger (p = 0.0009) in DMD compared to TD. The boys with
DMD presented a smaller minimal hip adduction angle during
swing (p = 0.0018) than TD children. The boys with DMD walked
with a larger minimal knee flexion angle during stance than
TD children (p = 0.0070). The range of knee flexion/extension
motion during the stance phase was smaller in DMD compared
to TD (p = 0.0070). Boys with DMD walked with a larger
maximal knee flexion angle during swing than TD children
(p = 0.0038). The minimal knee extension moment was larger
in DMD compared to TD (p = 0.0007). Minimal plantar flexion
moment during loading response was larger (p = 0.0012), while
the maximal plantar flexion moment (p = 0.0009) and ankle
power (p = 0.0020) during push-off were smaller in the children
with DMD compared to TD. Lastly, boys with DMD walked
with a smaller maximal internal foot progression angle than TD
children (p = 0.0005).

Aim 2: Longitudinal Evolution of Gait
Features in Growing Boys With
Duchenne Muscular Dystrophy
The results of the LMM are presented in Tables 3–7. Per gait
feature (i.e., each row in a table), the estimates of the fixed effects
with the corresponding p-values are presented. For example,
in Table 3, for the outcome SWnorm, 0.262 (p < 0.05), -0.027
(p = 0.0006), 0.005 (p = 0.0016), 0.003 (p = 0.3895), 0.005
(p < 0.0001) are the estimates of the intercept, the regression
coefficient of the linear time effect, the regression coefficient of
the quadratic time effect, the regression coefficient of the baseline
age effect, and the regression coefficient of the interaction effect
between time and baseline age, respectively. The 95% confidence
interval of the fixed effects’ estimates, and the random-effect and
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TABLE 2 | Group differences in gait features between DMD at baseline and TD, and results from MWU-test.

Median (Q1-Q3) MWU-test

Variables DMD TD BH corrected p-value

Cadence (steps/s) 2.25 (2.01–2.40) 2.21 (1.97–2.47) 0.4639

WVnorm (/) 0.40 (0.37–0.43) 0.46 (0.43–0.51) 0.0036*

SWnorm (/) 0.28 (0.24–0.30) 0.16 (0.11–0.19) 0.0036*

SLnorm (/) 0.74 (0.70–0.79) 0.77 (0.74–0.85) 0.0281*

Gait profile score (◦) 6.81 (5.13–8.37) 5.21 (4.87–6.57) 0.0924

Max anterior pelvic tilt (◦) 16.36 (14.30–19.03) 11.64 (8.69–15.26) 0.0047*

ROM pelvic obliquity (◦) 9.62 (7.50–13.32) 7.42 (6.97–9.20) 0.0502

ROM pelvic rotation (◦) 14.41 (9.96–17.18) 14.93 (11.21–17.49) 0.7535

Min hip flex angle stance (◦) −3.08 (−7.68 to 3.77) −10.13 (−13.32 to −6.84) 0.0006*

Max hip flex angle swing (◦) 41.81 (34.67–49.01) 34.12 (29.19–37.89) 0.0018*

ROM hip sagittal plane (◦) 42.70 (38.90–46.95) 45.42 (41.02–47.77) 0.2578

Max hip ext mom stance (Nm/kg) 0.507 (0.388–0.688) 1.098 (0.699–1.319) 0.0012*

Min hip ext mom stance (Nm/kg) −0.698 (−0.789 to −0.516) −0.904 (−1.068 to −0.772) 0.0009*

Max hip power stance (W/kg) 0.440 (0.334–0.775) 0.665 (0.445–1.094) 0.0554

Min hip add angle stance (◦) −6.79 (−8.36 to −3.96) −4.92 (−6.29 to −2.92) 0.0501

Min hip add angle swing (◦) −9.45 (−11.38 to −8.03) −6.50 (−7.14 to −5.34) 0.0018*

Max hip abd mom stance (Nm/kg) 0.559 (0.443–0.735) 0.648 (0.581–0.723) 0.0582

Max knee flex angle stance (◦) 35.02 (33.16–39.36) 35.55 (28.03–40.28) 0.7722

Min knee flex angle stance (◦) 9.06 (3.86–12.31) 3.65 (−2.54–7.62) 0.0070*

ROM knee sagittal plane stance (◦) 28.01 (24.31–30.70) 30.72 (28.06–33.23) 0.0070*

Max knee flex angle swing (◦) 69.48 (64.38–74.45) 64.75 (60.05–67.84) 0.0038*

Max knee ext mom stance (Nm/kg) 0.414 (0.337–0.490) 0.512 (0.325–0.663) 0.1263

Min knee ext mom stance (Nm/kg) −0.049 (−0.120 to 0.022) −0.207 (−0.334 to −0.157) 0.0007*

Dorsiflex angle IC (◦) 0.80 (−3.61 to 4.07) 0.77 (−1.70 to 3.77) 0.9586

Max dorsiflex angle stance (◦) 15.09 (11.34–17.20) 12.53 (9.47–16.55) 0.3147

Max dorsiflex angle swing (◦) 5.31 (0.02–6.95) 5.27 (2.56–8.35) 0.4202

Min plantar flex mom LR (Nm/kg) −0.050 (−0.088 to −0.008) −0.127 (−0.184 to −0.069) 0.0012*

Max plantar flex mom PO (Nm/kg) 0.976 (0.864–1.185) 1.318 (1.141–1.446) 0.0009*

Min ankle power LR (W/kg) −0.501 (−0.941 to −0.265) −0.467 (−0.605 to −0.349) 0.9128

Max ankle power PO (W/kg) 3.022 (2.271–3.384) 3.973 (3.100–4.386) 0.0020*

Max int foot prog angle stance (◦) −7.96 (−11.96 to −3.13) 0.11 (−4.16 to 4.22) 0.0005*

The asterisks (*) indicate significance level at BH corrected p-value < 0.05.
abd, abduction; add, adduction; BH, Benjamini-Hochberg procedure; DMD, Duchenne muscular dystrophy; dorsiflex, dorsiflexion; ext, extension; flex, flexion; IC, initial
contact; int, internal; LR, loading response; Max, maximal; Min, minimal; mom, moment; MWU, Mann-Whitney U; PO, push-off; prog, progression; ROM, range of motion;
SLnorm, normalized step length; SWnorm, normalized step width; TD, typically developing; WVnorm, normalized walking velocity.

TABLE 3 | Results of linear mixed effect models with spatiotemporal parameters as responses in children with DMD.

Fixed effects

Intercept Regression coefficients

Longitudinal effects Cross-sectional effects Interaction effects

Time Time2 Baseline age Baseline age2 Time × Baseline age

Variables β0 β1 p-value β2 p-value β3 p-value β4 p-value β6 p-value

Cadence (steps/s) 2.617* −0.058 0.0019* −0.124 0.0001* 0.006 0.0266*

WVnorm (/) 0.457* −0.012 0.0613 −0.011 <0.0001*

SLnorm (/) 0.785* −0.016 0.0214* −0.009 0.0026*

SWnorm (/) 0.262* −0.027 0.0006* 0.005 0.0016* 0.003 0.3895 0.005 <0.0001*

The asterisks (*) indicate significance level at p < 0.05.
DMD, Duchenne muscular dystrophy; SLnorm, normalized step length; SWnorm, normalized step width; WVnorm, normalized walking velocity.
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FIGURE 3 | The individual predicted profiles (dashed lines) for cadence (A), normalized walking velocity (B), normalized step length (C), and normalized step width
(D). The actual observed values are visualized by the symbols. Each color represents one patient with DMD. The regression coefficients of the fixed effects are given
in Table 3. DMD, Duchenne muscular dystrophy.

residual covariance structures are presented in Supplementary
Tables 1, 2, respectively. Additionally, the individual predicted
profiles are visualized in Figures 3–7.

Spatiotemporal Parameters
The results of the LMM for the spatiotemporal parameters
are given in Table 3. A longitudinal decrease in cadence of
0.058 steps/s per year was observed (Figure 3A). In addition,
cadence decreased with baseline age, with a larger decrease
before the age of nine and a smaller decrease after the age of
nine. Only a small baseline age-effect was detected for WVnorm,
resulting in a decrease of 0.011 per year (Figure 3B). SLnorm
decreased significantly longitudinally and with baseline age, with
0.016 and 0.009 per year, respectively (Figure 3C). For SWnorm,

the longitudinal change was related to baseline age, i.e., a slow
decrease and a rapid increase were detected before and after the
baseline age of nine, respectively (Figure 3D).

Kinematic and Kinetic Parameters
The results of the LMM for the GPS and the pelvis kinematics
are given in Table 4. The longitudinal change in GPS was related

to age, i.e., the GPS increased more rapidly with increasing age
(Figure 4A). A baseline age-effect resulted in a small decrease
in GPS before the age of nine and a large increase in GPS after
the age of nine. A longitudinal increase of 1.33 degrees per
year in the maximal anterior pelvic tilt was found (Figure 4B).
In addition, a small baseline age-effect resulted in a decreasing
maximal anterior pelvic tilt before the age of nine, while above the
age of nine, a larger baseline age-effect resulted in an increasing
maximal anterior pelvic tilt. Furthermore, the pelvis range of
motion (i.e., obliquity and rotation) increased longitudinally
and with baseline age (Figures 4C,D). For pelvic obliquity, the
range of motion increased 0.58 and 0.74 degrees, longitudinally
and with baseline age, respectively. The pelvis rotation range
of motion increased longitudinally with 1.35 degrees per year.
With increasing baseline age, the pelvis rotation range of
motion decreased until the age of seven and increased after
the age of nine.

The results of the LMM for the hip kinematics and kinetics
are given in Table 5. A longitudinal increase in the minimal hip
flexion angle during stance of 1.88 degrees per year was found
(Figure 5A). In addition, this angle increased progressively with
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TABLE 4 | Results of linear mixed effect models with the gait profile score and pelvis kinematics as responses in children with DMD.

Fixed effects

Intercept Regression coefficients

Longitudinal effects Cross-sectional effects Interaction effects

Time Baseline age Baseline age2 Time × Baseline age

Variables β0 β1 p-value β3 p-value β4 p-value β6 p-value

Gait profile score (◦) 6.69* 0.19 0.4649 −0.57 0.0797 0.09 0.0134* 0.10 0.0362*

Max anterior pelvic tilt (◦) 15.71* 1.33 0.0004* −1.42 0.0853 0.26 0.0003*

ROM pelvic obliquity (◦) 7.60* 0.58 0.0012* 0.74 0.0004*

ROM pelvic rotation (◦) 13.32* 1.35 0.0296* −1.27 0.1577 0.25 0.0067*

The asterisks (*) indicate significance level at p < 0.05.
DMD, Duchenne muscular dystrophy; Max, maximal; ROM, range of motion.

FIGURE 4 | The individual predicted profiles (dashed lines) for the GPS (A), the maximal anterior pelvic tilt (B), range of motion pelvic obliquity (C), and range of
motion pelvic rotation (D). The actual observed values are visualized by the symbols. Each color represents one patient with DMD. The regression coefficients of the
fixed effects are given in Table 4. DMD, Duchenne muscular dystrophy; GPS, Gait Profile Score.

baseline age. The longitudinal increase in the maximal hip flexion
angle during swing was related to increasing baseline age, i.e.,
this angle increased more rapidly with baseline age (Figure 5B).

The maximal hip flexion angle during swing also increased
with baseline age. The range of hip flexion/extension motion
decreased with baseline age (Figure 5C). Similar patterns, i.e.,
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TABLE 5 | Results of linear mixed effect models with the hip kinematics and kinetics as responses in children with DMD.

Fixed effects

Intercept Regression coefficients

Longitudinal effects Cross-sectional effects Interaction effects

Time Time2 Baseline age Baseline age2 Time*Baseline age

Variables β0 β1 p-value β2 p-value β3 p-value β4 p-value β6 p-value

Min hip flex angle stance (◦) −7.63* 1.88 0.0022* −0.22 0.8131 0.23 0.0133*

Max hip flex angle swing (◦) 37.10* −0.22 0.7167 1.08 0.0075* 0.30 0.0049*

ROM hip sagittal plane (◦) 47.10* −0.60 0.2100 −0.76 0.0267*

Max hip ext mom stance (Nm/kg) 0.502* 0.035 0.3421 −0.020 0.0104* 0.065 0.0141* −0.010 < 0.0001*

Max hip power stance (W/kg) 0.475* 0.066 0.3015 −0.030 0.0484* 0.061 0.0927 −0.008 0.0166*

Min hip add angle stance (◦) −3.32* −0.42 0.0250* −1.24 0.0026* 0.094 0.0110*

Min hip add angle swing (◦) −6.92* −0.48 0.0930 −1.42 0.0013* 0.12 0.0009*

Max hip abd mom stance (Nm/kg) 0.537* 0.029 0.0166* 0.017 0.0238* −0.010 0.0024*

The asterisks (*) indicate significance level at p < 0.05.
abd, abduction; add, adduction; DMD, Duchenne muscular dystrophy; ext, extension; flex, flexion; Max, maximal; Min, minimal; mom, moment; ROM, range of motion.

an increase followed by a decrease, were detected longitudinally
for the maximal hip extension moment and the maximal hip
power (Figures 5D,E). In addition, before the age of nine, the
maximal hip extension moment and the maximal hip power
increased with baseline age, while after the age of nine these gait
features decreased. A longitudinal decrease in the minimal hip
adduction angle during stance was detected (Figure 5F). Before
the age of ten, the minimal hip adduction angles during stance
and swing (Figure 5G) decreased with baseline age, while these
gait features increased above the age of ten. The longitudinal
change in the maximal hip abduction moment was related to
baseline age, i.e., a longitudinal increase and decrease were
detected before and after the baseline age of nine, respectively
(Figure 5H). Additionally, the maximal hip abduction moment
increased with baseline age.

The results of the LMM for the knee kinematics and
kinetics are given in Table 6. The maximal knee flexion angle
during stance decreased longitudinally with 0.85 degrees per
year (Figure 6A). With increasing baseline age, the maximal
and minimal knee flexion angles during stance increased with
0.73 and 1.00 degrees per year, respectively (Figures 6A,B).
A longitudinal pattern, i.e., an increase followed by a decrease,
was visible in the range of knee flexion/extension motion
(Figure 6C). Before and after the age of nine, the range of
knee flexion/extension motion increased and decreased with
baseline age, respectively. The maximal knee flexion angle
during swing decreased longitudinally with 1.25 degrees per
year (Figure 6D). Longitudinally, a slow decrease followed
by a rapid increase in the minimal knee extension moment
was observed (Figure 6F). In contrast, the minimal knee
extension moment showed an alternating pattern with increasing
baseline age, i.e., firstly a decrease, secondly an increase, lastly
another decrease.

The results of the LMM for the ankle kinematics and
kinetics are given in Table 7. A longitudinal decrease of
1.20 degrees in the dorsiflexion angle at initial contact

per year was found (Figure 7A). Additionally, this angle
decreased progressively with baseline age. During swing, the
longitudinal change in the maximal dorsiflexion angle was
related to age, i.e., this angle decreased more rapidly with
baseline age (Figure 7B). Before the age of nine, the maximal
dorsiflexion angle in stance and swing increased, while after
the age of nine, these gait features decreased with baseline age
(Figures 7B,C). The minimal plantar flexion moment during
loading response increased longitudinally with 0.010 Nm/kg
per year (Figure 7D). The increasing baseline age resulted in
an increase of 0.037 Nm/kg per year in the maximal plantar
flexion moment during push-off (Figure 7E). The minimal ankle
power during loading response decreased progressively with
baseline age (Figure 7F). Longitudinally, a progression toward
an internal foot progression angle was visible (Figure 7H).
Before the age of nine, the foot progression angle increased
externally with baseline age, while above the age of nine this angle
increased internally.

DISCUSSION

This mixed cross-sectional longitudinal study aimed at providing
a full description of the progressive gait pathology in children
with DMD. First, 31 predefined gait features were cross-
sectionally compared between children with DMD at baseline
and a TD database. This allowed for a comparison of our results
with previous literature. We hypothesized that the predefined gait
features of children with DMD would deviate from TD children
already at baseline, since the children with DMD enrolled at
different ages, ranging from 4.6 to 15 years old, and therefore,
presented different stages of the disease progression. Second, the
longitudinal changes in the 31 predefined gait features in the same
cohort of boys with DMD were explored in a follow-up study
over a period of 5 years. We hypothesized that the predefined
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FIGURE 5 | The individual predicted profiles (dashed lines) for the minimal hip flexion angle during stance (A), maximal hip flexion angle during swing (B), range of
hip motion in the sagittal plane (C), maximal hip extension moment (D), maximal hip power generation during stance (E), minimal hip adduction angle during stance
(F), minimal hip adduction angle during swing (G), and maximal hip abduction moment during stance (H). The actual observed values are visualized by the symbols.
Each color represents one patient with DMD. The regression coefficients of the fixed effects are given in Table 5. DMD, Duchenne muscular dystrophy.
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TABLE 6 | Results of linear mixed effect models with knee kinematics and kinetics as responses in children with DMD.

Fixed effects

Intercept Regression coefficients

Longitudinal effects Cross-sectional effects

Time Time2 Baseline age Baseline age2 Baseline age3

Variables β0 β1 p-value β2 p-value β3 p-value β4 p-value β5 p-value

Max knee flex angle stance (◦) 32.14* −0.85 0.0010* 0.73 0.0094*

Min knee flex angle stance (◦) 3.73* −0.49 0.3203 1.00 0.0006*

ROM knee sagittal plane stance (◦) 26.06* 0.61 0.3377 −0.36 0.0033* 1.03 0.1231 −0.12 0.0361*

Max knee flex angle swing (◦) 68.83* −1.25 0.0029*

Max knee ext mom stance (Nm/kg) 0.418* −0.018 0.3034

Min knee ext mom stance (Nm/kg) −0.043 −0.017 0.2387 0.008 0.0111* −0.068 0.0302* 0.020 0.0176* −0.001 0.0229*

The asterisks (*) indicate significance level at p < 0.05.
DMD, Duchenne muscular dystrophy; ext, extension; flex, flexion; Max, maximal; Min, minimal; mom, moment; ROM, range of motion.

gait features would evolve significantly over time, as children
with DMD grow older.

Aim 1: Gait Features of Children With
Duchenne Muscular Dystrophy at
Baseline Compared to Typically
Developing Children
Our hypothesis concerning the first aim was only partly
confirmed, since 17 out of the 31 gait features differed in the
boys with DMD at baseline compared to the TD children and
not all differences were in agreement with previous findings.
In comparison to the most commonly reported gait features
summarized in the systematic review of Goudriaan et al.
(2018a), we only agreed on a reduced walking velocity, step
length, maximal dorsiflexion moment, and maximal ankle power
generation in children with DMD compared to TD children.
In addition, we found that boys with DMD walked with an
increased anterior pelvic tilt in combination with a decreased
hip extension at the end of stance, which is in agreement
with previous findings (Sutherland et al., 1981; Boccardi et al.,
1997; Gaudreault et al., 2010; Goudriaan et al., 2018b). At
the beginning of the stance phase, the maximal hip extension
moment was reduced in the boys with DMD compared to the
TD children. This is in line with previous literature (Boccardi
et al., 1997; D’Angelo et al., 2009; Gaudreault et al., 2010) and
is explained by a smaller ground reaction force and reduced
lever arm due to the more posteriorly aligned ground reaction
force (Gaudreault et al., 2010). This is potentially achieved
by backward trunk leaning commonly observed in children
with DMD and suggested to be a compensation strategy for
hip extensor weakness (Sutherland et al., 1981). In contrast
to Boccardi et al. (1997), we found that the maximal hip
flexion moment, later in stance, was also decreased in children
with DMD, probably due to the increased maximal anterior
pelvic tilt and decreased maximal hip extension at terminal
stance. Furthermore, the boys with DMD walked with a broader

base of support, which is consistent with previous literature
and is considered a compensation mechanism for the weak
hip abductors (Sutherland et al., 1981; Boccardi et al., 1997;
Romano et al., 2019). The increased maximal external foot
progression angle found in the children with DMD also aligned
the ground reaction force more laterally. However, the maximal
hip abduction moment was not reduced in DMD, which is in
contrast with the findings reported by Gaudreault et al. (2010).
The minimal knee flexion angle at the end of the stance phase
was increased, while previous research more frequently reported
knee hyperextension, as a compensation mechanism for weak
knee extensors (D’Angelo et al., 2009; Doglio et al., 2011).
In relation to the more flexed knee position at the end of
stance, the range of knee flexion/extension motion during stance
was decreased in DMD compared to TD. The maximal knee
flexion moment was decreased in the boys with DMD. The
compensation mechanism around the hip may also indirectly
affect the kinetics around the knee, as the more posteriorly
directed ground reaction force is probably located more closely
to the knee joint. In contrast to the equinus gait commonly
seen in clinical practice, ankle kinematics did not significantly
differ between DMD at baseline and TD. However, the ankle
kinetics showed some significant characteristics of an equinus
walking pattern as the maximal dorsiflexion moment, maximal
plantar flexion moment and maximal ankle power generation
were reduced in DMD. In swing, boys with DMD presented
an increased maximal hip flexion, maximal hip abduction and
maximal knee flexion angle, which have been reported as
compensation mechanisms for a drop foot, i.e., a lack of ankle
dorsiflexion in swing (Sutherland et al., 1981; D’Angelo et al.,
2009; Doglio et al., 2011).

In summary, our findings are not fully consistent with
previous literature. Especially, knee hyperextension and equinus
gait in the ankle kinematics were not detected. Since DMD is
a progressive disorder, wide age ranges result in heterogeneous
groups with boys that are located in different stages of the disease
progression. Consequently, it is likely that the full spectrum
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FIGURE 6 | The individual predicted profiles (dashed lines) for the maximal knee flexion angle during stance (A), minimal knee flexion angle during stance (B), range
of knee motion in sagittal plane during stance (C), maximal knee flexion angle during swing (D), maximal knee extension moment (E), and minimal knee extension
moment (F). The actual observed values are visualized by the symbols. Each color represents one patient with DMD. The regression coefficients of the fixed effects
are given in Table 6. DMD, Duchenne muscular dystrophy.

of gait pathology is leveled out when such a heterogeneous
group is compared to a TD group. Therefore, longitudinal
analyses studying how gait features evolve over time in the same
children with DMD are more of interest than investigating an
average/mean of gait features in a heterogeneous group. This
longitudinal description is also clinically relevant for treatments
aiming to prolong ambulation.

Aim 2: Evolution of Gait Features in
Growing Boys With Duchenne Muscular
Dystrophy
Our hypothesis concerning the second aim was confirmed.
Indeed, several gait features showed a significant altered
evolution in the boys with DMD. To avoid confusion since the
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TABLE 7 | Results of linear mixed effect models with ankle kinematics and kinetics as responses in children with DMD.

Fixed effects

Intercept Regression coefficients

Longitudinal effects Cross-sectional effects Interaction effects

Time Baseline age Baseline age2 Time × Baseline age

Variables β0 β1 p-value β3 p-value β4 p-value β6 p-value

Dorsiflex angle IC (◦) 1.70 −1.20 <0.0001* 0.52 0.5141 −0.15 0.0338*

Max dorsiflex angle stance (◦) 11.34* −0.59 0.1390 2.64 0.0010* −0.32 <0.0001*

Max dorsiflex angle swing (◦) 2.14 0.06 0.9074 2.09 0.0202* −0.29 <0.0001* −0.35 0.0003*

Min plantar flex mom LR (Nm/kg) −0.060* 0.010 <0.0001*

Max plantar flex mom PO (Nm/kg) 0.867* −0.009 0.4905 0.037 <0.0001*

Min ankle power LR (W/kg) −0.533* −0.026 0.5465 0.059 0.2426 −0.011 0.0196*

Max ankle power PO (W/kg) 2.875* −0.026 0.7813

Max int foot prog angle stance (◦) −6.29* 2.10 0.0019* −3.06 0.0021* 0.40 0.0006*

The asterisks (*) indicate significance level at p < 0.05.
DMD, Duchenne muscular dystrophy; dorsiflex, dorsiflexion; flex, flexion; IC, initial contact; int, internal; LR, loading response; Max, maximal; Min, minimal; mom, moment;
PO, push-off; prog, progression; ROM, range of motion.

cross-sectional baseline age-effect could be misinterpreted as a
longitudinal time effect, both effects were discussed separately.

Longitudinal Effect
Twenty-one gait features evolved longitudinally. Overall, our
results are in agreement with the changes summed over the three
stages as reported by Sutherland et al. (1981).

Global Gait Outcome
The increase in GPS confirmed the overall progressive gait
pathology seen in children with DMD. To our knowledge, the
current study is the first in finding a significant progression in
a global gait outcome. Previously reported differences in GPS
and gait deviation index between progressive groups, which were
classified based on motor abilities or the gait deviation index,
did not reach significance (Sienko Thomas et al., 2010; de Souza
et al., 2019). Mainly at older ages, a steep increase in GPS could
be detected, while in young boys with DMD the increase in GPS
was small. Therefore, the GPS might not be sensitive enough to
detect altered gait pathology and thus relevant improvements in
clinical trials, especially in young boys with DMD.

Sagittal and Transversal Pelvic Kinematics—Sagittal Hip
Kinematics—Step Length
In agreement with Sutherland et al. (1981), the anterior pelvic tilt
increased over time in the children with DMD (Supplementary
Figure 1), potentially due to increasing stiffness and shortening
of the hip flexors and/or hip extensor weakness (Boccardi
et al., 1997; D’Angelo et al., 2009; Gaudreault et al., 2010).
Consequently, the hip extension deficit increased by almost
two degrees per year. To compensate for this and to improve
step length (Doglio et al., 2011), the boys with DMD increased
the motion of the pelvic rotation in the transverse plane over
time. However, this compensation mechanism was not sufficient
enough to prevent the decrease in step length.

Sagittal Hip Kinetics
The maximal hip extension moment and power generation
decreased longitudinally in the boys with DMD, suggesting a
longitudinal progression of the compensation for the weak hip
extensor muscles. Unexpectedly, the steep decline in these gait
features was first preceded by a small increase or stabilization
in approximately the first 6–12 months of the follow-up period.
Taking into account the results of Heberer et al. (2016), the start of
corticosteroids or clinical trial participation may contribute to the
initial improvements in the maximal hip extension moment and
power generation (Heberer et al., 2016). This suggests that these
two gait features may potentially monitor the effect of clinical
trials that aim to prolong walking ability (Heberer et al., 2016).

Step Width—Frontal Pelvic and Hip Kinematics
Our longitudinal analysis revealed an initial small gait maturation
toward a smaller step width in the boys with DMD (Sutherland,
1997; Sala and Cohen, 2013), followed by a steep longitudinal
increase in step width after the age of nine (Supplementary
Figure 2). Unexpectedly, a longitudinal increase in the maximal
hip abduction was already visible from the start of the follow-
up. This could be related to the observed longitudinal increase
in range of motion of the pelvic obliquity, as a result of the
previously reported contralateral elevation of the pelvis at the end
of the stance phase (Gaudreault et al., 2010; Romano et al., 2019).
In short, children with DMD present a complex progressive
interaction between mechanisms to compensate for hip abductor
weakness, i.e., increase in step width and pelvic obliquity.

Frontal Hip Kinetics
The longitudinal compensation mechanisms for hip abductor
weakness were not reflected in a reduction of the maximal
hip abduction moment. In fact, initially, the maximal hip
abduction moment increased. Hip abductors have been
reported as muscles that are likely to stiffen and contract in
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FIGURE 7 | The individual predicted profiles (dashed lines) for the dorsiflexion angle at initial contact (A), maximal dorsiflexion angle during swing (B), maximal
dorsiflexion angle during stance (C), minimal plantar flexion moment during loading response (D), maximal plantar flexion moment during push-off (E), minimal ankle
power during loading response (F), maximal ankle power generation during push-off (G), and maximal internal foot progression angle during stance (H). The actual
observed values are visualized by the symbols. Each color represents one patient with DMD. The regression coefficients of the fixed effects are given in Table 7.
DMD, Duchenne muscular dystrophy.
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DMD (McDonald et al., 1995; Skalsky and McDonald, 2012).
Therefore, it is expected that the passive forces, caused by the
increased resistance to elongation of the stiff hip abductors,
contribute to the net moments during gait (Gaudreault et al.,
2009). Since several hip abductors also act as internal hip rotators
(Neumann, 2010), stiff and contracted hip abductors may have
resulted in the increasing internal foot progression. This may
explain the increase in the maximal hip abduction moment,
since the ground reaction force is more medially located to
the hip joint with internally rotated feet. Only after the age of
nine, the maximal hip abduction moment started to decrease
longitudinally, suggesting that the beneficial effect of the stiffness
and contracture may no longer sufficiently compensate the weak
hip abductors. Therefore, boys with DMD older than nine years
would need to use other compensation mechanisms, such as
increasing the step width, to align the ground reaction force
more laterally, which was indeed observed in the current study.

Knee Kinematics
The maximal knee flexion angle during loading response
decreased longitudinally. Avoiding knee flexion to compensate
for knee extensor muscle weakness has been reported in previous
cross-sectional research comparing the gait features between
DMD and TD (D’Angelo et al., 2009; Romano et al., 2019).
The range of knee flexion/extension motion during stance
first increased and then decreased longitudinally. Interestingly,
Doglio et al. (2011) reported an increased knee range of motion
due to knee hyperextension at the end of stance in young boys
with DMD compared to TD children (Doglio et al., 2011).
Furthermore, a decrease in the maximal knee extension angle
at the end of stance, possibly due to the formation of knee
flexion contractures in a later stage of the disease (Sussman,
2002; Choi et al., 2018), may contribute to a reduction in knee
flexion/extension range of motion. In the current study, however,
no significant average evolution toward knee hyperextension
could be detected. Yet, looking at the individual predicted
profiles, these gait features seemed to be related. In boys
with DMD progressing toward an increased maximal knee
extension at the end of stance, the knee range of motion
increased and vice versa.

Knee Kinetics
Although the maximal knee flexion angle during loading
response decreased longitudinally, there was no change in the
maximal knee extension moment. Therefore, our findings could
not confirm the longitudinal progression of the compensation
for weakness in the knee extensors. On a patient-specific level,
both increasing as well as decreasing evolutions in the maximal
knee extension moment were observed. Hence, it might be
that some of the boys with DMD appeared to have sufficient
knee extensor strength to control the increasing maximal knee
extension moment. This might have been a requirement for
ambulation, since a larger knee extension moment is difficult to
avoid with the previously described compensation around the
hip (i.e., posterior alignment of the ground reaction force due
to backward trunk leaning). Moreover, this clinical presentation
of these boys with DMD matched with limited gait pathology in

the early stage as described by Sutherland et al. (1981). Others,
who corresponded more to the transitional stage of Sutherland
et al. (1981), needed to compensate for increasing knee extensor
weakness by decreasing the knee extension moment. Due to the
progressive muscle weakness, a switch from an increasing toward
a decreasing knee extension moment was expected. However,
such a transition, from the early to the transitional stage, was not
captured in the current longitudinal analyses of the same children
with DMD. The maximal knee flexion moment presented first
a small increase or stabilization, which was followed by a steep
decline longitudinally. Therefore, the decreasing knee flexion
moment may be an indirect result of the increasing compensation
strategy for weak hip extensors (i.e., posterior alignment of the
ground reaction force to the hip joint results in a closer alignment
of the ground reaction force to the knee joint). In summary, the
longitudinal evolution in the maximal knee extension and flexion
moments were thus less straightforward, most likely due to the
influence of the proximal compensations and the presence of
different gait stages across patients.

Ankle Kinematics
The current study partly confirmed the progressive equinus
gait reported by Sutherland et al. (1981). An evolution from a
normal heel strike to flatfeet followed by forefoot contact was
captured, which is probably caused by muscle weakness of the
tibialis anterior and/or muscle contracture of the gastrocnemius
(Sussman, 2002; Gaudreault et al., 2009; Yiu and Kornberg,
2015). Additionally, the observed increased plantar flexion angle
resulted in a ground reaction force that was more anteriorly to the
knee joint, and may serve as well as a compensation mechanism
for knee extensor weakness (Sutherland et al., 1981; D’Angelo
et al., 2009; Doglio et al., 2011). But, in the current study,
there was no average longitudinal reduction in the maximal
dorsiflexion angle during stance. The onset and worsening
of a midfoot break may have contributed to a dorsiflexion
overestimation in some of the boys with DMD. Yet, based on the
plantar flexion angle at initial contact and the video recordings
detecting a midfoot break in combination with a premature heel
rise, the longitudinal increase in equinus gait in the children with
DMD was evident.

Ankle Kinetics
The progressive equinus gait could only be partly confirmed. Due
to the progression toward flat- or forefeet strike, the maximal
dorsiflexion moment reduced longitudinally. No significant
longitudinal evolution was detected for the maximal plantar
flexion moment and ankle power generation. This suggests that
the progressive weakness of the plantar flexors may have limited
impact on the ankle kinetics during push-off. However, similar
as suggested for the maximal dorsiflexion angle during stance,
the presence of a midfoot break might have influenced the lever
arm and thus the ankle kinetics during push-off. Therefore,
characteristics of a progressive equinus gait in the ankle kinetics
were mainly visible during loading response, when no midfoot
break was present.
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Swing Phase
During swing, the ankle progressed toward a drop foot over time
in the boys with DMD (Supplementary Figure 3), which is in
agreement with the changes over the three stages reported by
Sutherland et al. (1981). Increasing the maximal hip abduction
angle, the maximal knee flexion angle, and the maximal hip
flexion angle have been reported as compensation mechanisms
to aid foot clearance and avoid tripping (Sutherland et al., 1981;
D’Angelo et al., 2009; Doglio et al., 2011). Similar longitudinal
evolutions in the maximal dorsiflexion angle and the maximal hip
flexion angle in swing were found, i.e., the longitudinal decrease
in the maximal dorsiflexion angle seemed to be related with
the longitudinal increase in the maximal hip flexion angle, both
progressing more rapidly with increasing baseline age. Therefore,
the current study suggests that the evolution in the maximal hip
flexion angle in swing could be the main compensation for the
progressive drop foot.

Cross-Sectional Baseline Age-Effect
Since DMD is a progressive disorder, an increase or decrease
in the gait features with age was expected. This was confirmed
by the current study, as 25 gait features presented a significant
cross-sectional baseline age-effect. Regarding the age-effect, the
evolution in several gait features (e.g., GPS, maximal anterior
pelvic tilt, range of pelvic motion, maximal hip extension
moment, maximal hip power, maximal plantar flexion angle in
stance, and swing) was often preceded by an opposite trend. Since
boys with DMD achieve independent walking generally at a later
age compared to TD (Sussman, 2002), the younger boys with
DMD may still present an immature gait pattern. Therefore, this
opposite trend in the gait features may represent a maturation
process. Similar to Heberer et al. (2016), it is also possible
that starting the use of corticosteroids or a novel therapeutic
strategy in a clinical trial may result in an improvement in the
gait features. However, the effect of baseline age on the gait
features is a cross-sectional analysis and therefore, the variability
among patients could be misinterpreted as a maturation or
treatment effect. Additionally, some of the gait features presented
an opposite cross-sectional baseline age-effect to the longitudinal
effect. For example, the maximal knee flexion angle decreased
longitudinally, but, increased with the cross-sectional baseline
age. This baseline age-effect could be explained by the absence
and presence of a knee flexion contracture, which was measured
during a standard clinical exam (goniometry), in the younger
and older boys with DMD, respectively. However, the progression
from decreasing the maximal knee flexion angle to compensate
for knee extensor weakness toward increasing the maximal knee
flexion angle when a knee flexion contracture starts to develop
was not detected within the same patients. Therefore, the cross-
sectional age-effect may reflect the heterogeneity among children
with DMD instead of a longitudinal evolution.

Limitations
Although the current study investigated a unique mixed
longitudinal database, the amount of 3DGA-sessions collected
over the entire ambulation period in the same boys with DMD
was still limited. To take into account that the children with DMD

who enrolled at older ages were in more advanced stages of the
disease, the effect of increasing baseline age was studied. Due to
the small follow-up period in some of the children (i.e., minimal
follow-up time of 6 months), the longitudinal effect was not
always in agreement with the cross-sectional effect of increasing
baseline age. Therefore, caution is needed with the interpretation
of the baseline age-effect, since it could be partly influenced by the
existing variation between patients. Additionally, the differences
in clinical background such as the underlying gene mutation,
clinical trial participation, corticosteroid doses, periods of serial
casting, and the functional level, etc.1 among the boys with DMD,
may have contributed to the heterogeneity of our study sample.
Furthermore, several gait features were solely defined based on
the maximal or minimal value. Therefore, the timing of this value
in the gait cycle could vary between as well as within the boys
with DMD depending on how pathological the gait pattern was
at a certain stage of the disease progression. Statistical analysis,
such as statistical (non-)parametric mapping, could be used to
take into account the time dependency. However, LMM are not
yet implemented in statistical (non-)parametric mapping. Lastly,
our simplistic foot model (Plug-In Gait Full-Body model) could
have resulted in a dorsiflexion overestimation, if the boys with
DMD presented a midfoot break.

CONCLUSION

In conclusion, we provided a quantitative description of the
evolution in gait features in growing boys with DMD based
on a unique mixed longitudinal dataset and therefore, our
findings improved the understanding of the natural history of the
progressive DMD gait pathology. Despite the limited follow-up
period and the large variability between the children with DMD,
we found that 21 gait features progressed longitudinally in the
patients with DMD. This suggests that these gait features are
promising outcome measures for future clinical trials to quantify
the efficacy of novel therapeutic strategies aiming to prolong
ambulation. Next steps are (1) the assessment of the sensitivity of
these gait features to change (e.g., in clinical trials) and comparing
them to the outcomes from standard clinical measurements (e.g.,
6MWT and NSAA), (2) the confirmation of our findings and the
investigation of the effect of treatments (i.e., corticosteroid use,
clinical trial participation and serial casting) as well as the effect
of individual characteristics (e.g., underlying gene mutation and
functional level) on the gait evolution in a larger sample size with
a longer follow-up per participant and a larger presentation of
boys in the late stage of the disease and, (3) the exploration of how
the underlying impairments, e.g., progressive muscle weakness
and stiffness, contribute to the progressive gait pathology.
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Background: Altered motor control is common in cerebral palsy (CP). Understanding
how altered motor control affects movement and treatment outcomes is important but
challenging due to complex interactions with other neuromuscular impairments. While
regression can be used to examine associations between impairments and movement,
causal modeling provides a mathematical framework to specify assumed causal
relationships, identify covariates that may introduce bias, and test model plausibility.
The goal of this research was to quantify the causal effects of altered motor control and
other impairments on gait, before and after single-event multi-level orthopedic surgery
(SEMLS).

Methods: We evaluated the impact of SEMLS on change in Gait Deviation Index
(1GDI) between gait analyses. We constructed our causal model with a Directed
Acyclic Graph that included the assumed causal relationships between SEMLS, 1GDI,
baseline GDI (GDIpre), baseline neurologic and orthopedic impairments (Imppre), age,
and surgical history. We identified the adjustment set to evaluate the causal effect of
SEMLS on 1GDI and the impact of Imppre on 1GDI and GDIpre. We used Bayesian
Additive Regression Trees (BART) and accumulated local effects to assess relative
effects.

Results: We prospectively recruited a cohort of children with bilateral CP undergoing
SEMLS (N = 55, 35 males, age: 10.5 ± 3.1 years) and identified a control cohort with
bilateral CP who did not undergo SEMLS (N = 55, 30 males, age: 10.0 ± 3.4 years).
There was a small positive causal effect of SEMLS on 1GDI (1.70 GDI points). Altered
motor control (i.e., dynamic and static motor control) and strength had strong effects
on GDIpre, but minimal effects on 1GDI. Spasticity and orthopedic impairments had
minimal effects on GDIpre or 1GDI.

Conclusion: Altered motor control did have a strong effect on GDIpre, indicating that
these impairments do have a causal effect on a child’s gait pattern, but minimal effect on
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expected changes in GDI after SEMLS. Heterogeneity in outcomes suggests there are
other factors contributing to changes in gait. Identifying these factors and employing
causal methods to examine the complex relationships between impairments and
movement will be required to advance our understanding and care of children with CP.

Keywords: cerebral palsy, machine learning, motor control, electromyography (EMG), gait, orthopedic surgery,
weakness, spasticity

INTRODUCTION

Children diagnosed with cerebral palsy (CP) exhibit altered
motor control due to an injury to the brain at or near the time
of birth (Desloovere, 2005; Handsfield et al., 2016; O’Brien et al.,
2021). Altered motor control can be observed in CP in many
ways, such as increased co-contraction, decreased capacity to
selectively move individual joints, spasticity, dystonia, and altered
movement patterns. Prior research has suggested that quantifying
motor control is important to understand function and inform
treatment planning (Fowler et al., 2010; Cahill-Rowley and Rose,
2014; Schwartz et al., 2016; Shuman et al., 2018; Bekius et al.,
2020). However, altered motor control occurs and interacts with
many other impairments in CP, which makes quantifying and
isolating the effects of altered motor control challenging. In
addition to altered motor control, orthopedic impairments can
also develop, including muscle contractures and altered bone
morphology (Crane, 1959; Fabry et al., 1973; O’Dwyer et al.,
1989; Lee et al., 2009; Mathewson and Lieber, 2015). Together,
these neurologic and orthopedic impairments are associated with
limitations in movement and impact the capacity of children
with CP to participate in daily activities (Rose et al., 1989;
Johnston et al., 2004; Bjornson et al., 2014; Kamp et al., 2014;
Gross et al., 2018).

The complexity of CP makes it challenging to objectively
determine the causal effects of specific impairments on gait. As
a result, many children with CP undergo clinical gait analysis
(CGA) (Gage et al., 2009), which provides quantitative measures
of a child’s gait pattern that can be tracked over time and used
to inform treatment decisions (Miller et al., 1996; Steinwender
et al., 2000; Gough and Shortland, 2008). In particular, CGA was
historically developed to support decision making for orthopedic
surgery (Gage et al., 1984; Lee et al., 1992; Sullivan et al.,
1995; Gage and Novacheck, 2001). Many children’s hospitals
now have CGA laboratories used for pre-operative and post-
operative assessments.

While CGA has been used for treatment planning for over
30 years, deciphering causal effects of impairments on gait
has remained elusive. Data from CGA is traditionally used
to evaluate associations between a specific impairment and
an outcome measure, typically using bivariate or multivariate
regression analyses applied to retrospective data (Kramer and
Ann MacPhail, 1994; Damiano et al., 2000; Ross and Engsberg,
2007; Shin et al., 2015; MacWilliams et al., 2020). In cases where
multivariate regression has been used, the choice of variables for
inclusion has often not had a clear causal basis. Our prior work
to evaluate the impact of motor control on gait and treatment
outcomes have relied on these methods (Steele et al., 2015;

Schwartz et al., 2016; Shuman et al., 2018). Using multivariate
regression with retrospective data from multiple hospitals, we
have repeatedly demonstrated that Dynamic Motor Control
(DMC) during walking is associated with outcomes (i.e., Gross
Motor Functional Classification System Levels, Gait Deviation
Index, Walking Speed, Pediatric Outcomes Data Collection
Instrument) after orthopedic surgery, rhizotomy, or botulinum
toxin injections (Steele et al., 2015; Schwartz et al., 2016). Similar
analyses have demonstrated that other impairments—such as
strength, hamstring length, or torsional deformities—are also
correlated with treatment outcomes (Chambers et al., 1998; Hicks
et al., 2011; Shore et al., 2012; Galarraga et al., 2017; Rajagopal
et al., 2018).

Understanding whether altered motor control and other
impairments cause altered gait or treatment outcomes is
nearly impossible with non-causal regression alone. Given the
complexity and heterogeneity of CP, this “implied cause by
association” approach, without regard to possible confounding,
is likely to lead to confusing and even erroneous conclusions.
For example, researchers may observe that strength is associated
with walking speed. However, strength is also affected by other
primary neurologic deficits, like poor motor control, which may
have an independent causal impact on speed. Understanding
causal effects is impossible without considering these causal
pathways and adjusting for relevant factors.

In recent years, there has been remarkable growth in the
development and successful applications of causal inference
methods (Pearl, 2009; Imbens and Rubin, 2015). From a
conceptual perspective, causal methods allow researchers to
explicitly share assumed causal relationships and mathematically
define covariates necessary for estimating causal effects (Pearl,
1995). From a computational perspective, numerous algorithms
have been developed for modeling causal outcomes. Among
the most successful of these are Bayesian Additive Regression
Trees (BART), which have been shown to produce estimates
of causal effects with low levels of bias and variance and
realistic confidence intervals (Chipman et al., 2010; Hill, 2011;
Dorie et al., 2019; Hahn et al., 2020). Williams et al. (2018)
have highlighted the potential of causal inference for pediatrics.
However, these methods have had limited application in CP or
biomechanics research.

The goal of this research was to quantify the causal effects
of motor control and other impairments on gait, before and
after orthopedic surgery. Specifically, we prospectively recruited
children with CP who were undergoing single-event multilevel
orthopedic surgery (SEMLS). We also identified a cohort of
controls from the same time period who were not undergoing
SEMLS between gait analyses. We developed a causal model
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and used BART to quantify the effects of motor control and
other impairments on changes in gait kinematics after SEMLS.
These methods provide a foundation for understanding the
complex and interactive effects of impairments on gait for
children with CP.

MATERIALS AND METHODS

Participants
We recruited children with bilateral CP who were between 6
and 18 years old at the time of baseline gait analyses and
scheduled for SEMLS. The goal of our prospective recruitment
was to follow a representative cohort of patients at Gillette
Children’s Specialty Healthcare from their baseline gait analysis
through two follow-up assessments at six-months and one-
year after SEMLS. The one-year analysis was our primary
outcome; however, for nine participants we used the six-
month follow-up visit due to pandemic and other scheduling
related disruptions. We included patients whose baseline gait
analysis was no more than six months before their scheduled
surgery date. We defined SEMLS as surgery consisting of two
or more major orthopedic procedures on a single side. One
participant was scheduled for SEMLS, but only received a
single procedure, bilateral femoral derotation osteotomy. We
included this participant in the analysis. We also identified a
cohort of controls with CP who did not undergo SEMLS. We
identified children with bilateral CP who underwent multiple
gait analyses with kinematic and electromyographic (EMG)
recordings, with a maximum time of 2.5 years between visits
during the same time period. We excluded participants who
underwent prior or current rectus femoris transfer, since we were

evaluating motor control from EMG recordings. This research
was conducted with approval from the University of Minnesota
Institutional Review Board.

Causal Model
For this analysis we focused on evaluating the impact of
SEMLS on gait kinematics. We a priori specified our outcome
measure as the Gait Deviation Index (GDI, ClinicalTrials.gov
NCT02699554) as a common summary measure of walking
kinematics that has been used extensively in prior studies to
evaluate and predict treatment outcomes.

We constructed our causal model with a Directed Acyclic
Graph (DAG) (Verma and Pearl, 1991; Shrier and Platt, 2008;
Brewer et al., 2017). The logic behind our DAG is as follows
(Figure 1):

(1) Our objective was to determine the impact of SEMLS on
change in GDI (1GDI). Thus, SEMLS is our exposure
and 1GDI is our outcome. SEMLS induces a change in
impairment (1Imp) that causes the observed 1GDI.

(2) The covariates we identified as common causes of
both SEMLS (i.e., variables that impact the choice to
undergo SEMLS) and 1GDI included: Age and baseline
impairment (Imppre). Baseline impairments represent a set
of variables collected during CGA to evaluate neurologic
and orthopedic impairments (Table 1).

(3) Baseline GDI (GDIpre) and 1GDI are related by
measurement methods (i.e., noise, errors, regression
to the mean) and other, unmeasured factors.

(4) Surgical treatment history (Hx) is a common cause
of baseline impairment (Imppre) and whether or not
SEMLS is recommended.

FIGURE 1 | DAG describing the assumed causal relationships between SEMLS (exposure) and 1GDI (outcome). The causal relationship between SEMLS and 1GDI
is mediated by changes in impairments (1Imp). Baseline GDI (GDIpre) and 1GDI are related by measurement methods and other, unmeasured factors. Baseline
impairment (Imppre), surgical history (Hx), and Age are also included as causal factors. The DAG also includes unmeasured factors related to general CP severity,
which impact baseline impairment and surgical history. The step-by-step process and rationale for this DAG are available in the Supplementary Material and an
interactive version is available on dagitty (http://dagitty.net/mUCSPWo).
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TABLE 1 | Variable definitions.

Variable Description

GDI Overall measure of the deviation in an individual’s kinematics compared to non-disabled peers scaled such that mean(SD) over the non-disabled
population is 100(10) (Schwartz and Rozumalski, 2008). Kinematics were evaluated using marker-based motion analysis and a modified plug-in-gait
marker set

SEMLS Binary variable indicating whether or not child had single-event multi-level orthopedic surgery, defined as a surgery with two or more orthopedic
surgeries on at least one leg

Hx Binary list of prior surgical treatments

Age Years from birth defined as days/365.25

Impairments Spasticity: Mean modified Ashworth score across plantarflexors, hamstrings, hip adductors, and rectus femoris

Strength: Mean manual muscle strength score across hip flexors/extensors, knee flexors/extensors, and ankle dorsiflexors/plantarflexors where 1
is defined as a ‘visible or palpable contraction’ and 5 is defined as ‘full range of motion against gravity’

Static Motor Control (SMC): Mean static motor control score across hip abduction, hip flexion, hip extension, knee extension, and ankle
plantarflexion where 0 is very little or no control of single joint movement, 1 is impaired voluntary movement at a single joint, and 2 is good voluntary
movement at a joint

Dynamic Motor Control (DMC): Measure of the complexity of muscle activity during gait evaluated from synergy analysis of EMG data.
Complexity is evaluated as the total variance accounted for by one synergy of EMG data during CGA and compared to non-disabled peers scaled
such that mean(sd) over the non-disabled population is 100(10) (Shuman et al., 2017, 2018)

Torsional Deformity: Femoral anteversion and tibial torsion (bimalleolar axis angle) measured during physical exam

Contracture: Measures of joint range of motion from physical exam including maximum ankle dorsiflexion with the knee extended, maximum knee
extension, unilateral popliteal angle, and maximum hip extension measured during the Thomas Test

(5) We included a general severity (Sev) measure as an
unmeasured factor that impacts baseline impairment
(Imppre) and surgical treatment history (Hx).

Note that similar DAGs could be constructed for other
outcome measures such as walking speed or energy cost.
Similarly, other factors could be added to the DAG, if there
were rational arguments that they were common causes of
one of the variables in the DAG and 1GDI. The step-by-step
process we used to construct our DAG is illustrated in the
Supplementary Material.

From the DAG we determined the variables that needed to be
included in any model (e.g., regression, BART) to evaluate the
total causal effect of SEMLS on 1GDI. These variables are called
the adjustment set, representing the confounding covariates that
could produce bias if not included in an analysis. For this DAG,
the minimal sufficient adjustment set to estimate the total causal
effect of SEMLS on 1GDI was: Age, GDIpre, and Imppre. We
also determined the adjustment set to evaluate the total causal
effect of baseline impairment (Imppre) on 1GDI and GDIpre. The
minimal sufficient adjustments sets were Age and Hx for 1GDI
and Age for GDIpre. The plausibility of a DAG can be evaluated
by identifying conditional independencies, variables that should
be independent given the causal relationships defined in the
DAG. We identified the adjustment sets and independencies with
dagitty (Textor et al., 2016) and all analyses were conducted in R
(version 4.1.0) (R Core Team, 2021).

Bayesian Additive Regression Trees
To assess the total causal effects of SEMLS and baseline
impairment (Imppre) on change in GDI (1GDI) we used
Bayesian Additive Regression Trees (BART), a machine learning
method that uses a boosted ensemble of regression trees for non-
parametric function estimation relying on a Bayesian probability

model (Chipman et al., 2010). Like other tree-based regression
methods, an advantage of BART is that it can handle non-linear
effects and interactions (Tan and Roy, 2019). For causal modeling,
recent work has demonstrated that BART-based models achieve
accurate and precise causal predictions (Hill, 2011; Dorie et al.,
2019).

For this analysis, we used BART models to estimate 1GDI
using the adjustment sets identified by the DAG. Thus, to identify
the impact of SEMLS on 1GDI, we included the covariates Age,
GDIpre, and Imppre. Baseline impairments were not available
for all participants. Missing data in Imppre were imputed
using multivariate imputation by chained equations (MICE)
(van Buuren and Groothuis-Oudshoorn, 2011). We used the
bartMachine package to implement the analysis (Kapelner and
Bleich, 2016). We optimized the hyperparameters for each BART
model using 10-fold cross-validation. We report the pseudo-R2

(1 – SSE/SST) for each BART model and used k-fold cross-
validation (k = 10) to determine the out-of-sample root mean
square error (RMSE).

To assess the relative effects of individual variables from
BART, we used accumulated local effect (ALE) analysis (Molnar
et al., 2018). The ALE analysis is similar to a partial dependence
plot, but the averaging is done locally to avoid including
observations that are unlikely to ever be realized (e.g., someone
walking three standard deviations slower than average but with
a normal cadence). The ALE plots illustrate the impact of each
variable over the range of values for that variable, conditioned
on the other covariates in the model. Thus, ALE plots can
be useful for examining non-linear effects identified by BART.
For example, the ALE plot can highlight non-linear effects
such as when a variable impacts GDI with a deviation from
average (i.e., a U-shaped plot) or when a variable only impacts
GDI above or below a certain cut-off (i.e., a step function
or discontinuity).
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RESULTS

Participants
We prospectively recruited 55 children with bilateral CP who
underwent SEMLS (Table 2). During this same time period,
we identified 55 children with bilateral CP who visited the
gait laboratory for repeat visits and no intervening surgical
procedures. The participants who underwent SEMLS were older
and had more femoral anteversion, more tibial torsion, and lower
GDI scores at the initial gait analysis than the participants who
did not undergo SEMLS. The SEMLS participants received, on
average, five procedures (Figure 2).

TABLE 2 | Baseline participant characteristics, average (SD).

No SEMLS SEMLS

N 55 55

Males N 30 35

Age (years) 10.0 (3.4) 10.5 (3.1)

GDI 69.4 (10.0) 68.8 (12.0)

GDI Post 69.2 (11.9) 71.5 (11.7)

SMC 1.24 (0.42) 1.11 (0.40)

DMC 81.1 (9.0) 80.5 (9.5)

Strength 3.37 (0.59) 3.52 (0.63)

Spasticity 1.16 (0.42) 1.29 (0.46)

Anteversion (◦) 36.3 (10.4) 39.8 (11.3)

Bimalleolar (◦) 12.8 (10.6) 13.4 (11.3)

Dorsiflexion (◦) 0.32 (8.52) –0.96 (7.63)

Knee extension (◦) 0.52 (6.60) 0.12 (7.47)

Thomas Test (◦) 0.61 (6.23) 2.21 (6.11)

Popliteal angle (◦) 51.5 (15.4) 55.7 (12.8)

Effects of SEMLS
There was a small positive causal effect of SEMLS on 1GDI. The
estimated total causal effect of SEMLS on 1GDI was 1.70 GDI
points, representing the difference between the SEMLS (+0.85
GDI points) and control (–0.85 GDI points) cohorts. While the
average change in GDI between visits was 2.74 ± 8.08 for the
SEMLS cohort and –0.26 ± 7.44 for the control cohort, the
total causal effects represents the estimated effect of SEMLS after
adjusting for differences in Age, GDIpre, and Imppre. The BART
model explained 18% of the variance in 1GDI, with an out-of-
sample root mean square error of 7.77. The implied conditional
independencies of the DAG were also evaluated and all partial
correlations were less than 0.3, supporting model plausibility
(Supplementary Material).

Effects of Impairments
Baseline values of neurologic and orthopedic impairments
(Imppre) had minimal effects on 1GDI (Figure 3). SMC, DMC,
and strength had moderate effects on GDIpre, but not 1GDI.
Greater SMC or DMC resulted in higher GDIpre scores, while
muscle weakness had a negative impact on GDIpre scores.
Orthopedic impairments had smaller effects on GDIpre. Knee
extension range of motion and tibial torsion (i.e., bimalleolar
angle) had the largest effect among orthopedic impairments on
GDI. Participants who had excessive knee range of motion (i.e.,
hyperextension) had worse baseline GDI scores. Contracture of
the plantarflexors, hamstrings, or iliopsoas, as well as femoral
anteversion had minimal impact on GDIpre or 1GDI. The BART
models evaluating the effects of impairments explained 63% of
the variance in GDIpre and 9% of the variance in 1GDI. The out-
of-sample performance of the BART models were RMSE = 8.57
for GDIpre and RMSE = 8.04 for 1GDI.

FIGURE 2 | Prior and current surgeries of participants in both cohorts. Note that we excluded potential participants who underwent rectus femors transfer. TDO,
tibial derotation osteotomy; RFX, rectus femoris transfer; PTA, patellar tendon advancement; Psoas, psoas lengthening or release; Hams, hamstring lengthening;
GAS, plantarflexor lengthening; FDODFEO, distal femoral derotation and extension osteotomy; FDO, femoral derotation osteotomy; FAsoft, foot/ankle soft tissue
procedure; FABone, foot/ankle boney procedure; DFEO, distal femoral extension osteotomy; ADD, adductor lengthening or release.
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FIGURE 3 | Accumulated local effects (ALE) of baseline neurologic and orthopedic impairments on GDIpre and 1GDI.

DISCUSSION

This study showed that SEMLS has a small positive causal
effect on change in GDI for children with bilateral CP.
A 10-point change in GDI is generally considered a clinically
significant improvement in walking function (Massaad et al.,
2014). The observed change in GDI and total causal effect
were far below this threshold. However, the cohorts who did
not undergo SEMLS experienced a reduction in GDI between
visits, resulting in a net effect of SEMLS around 1.70 GDI
points. While average changes in GDI were modest, there was
significant variation in outcome between participants, which
could not be predicted by the model that included baseline age,
impairment level, or surgical history. We found that SEMLS
produced an increase in GDI larger than five points for 35%
of participants, but also a decrease of more than five points in
20% of the participants. Such heterogeneous responses to SEMLS
have motivated our team’s investigations into patient-specific
factors that can improve outcomes for children with CP. We
ultimately want to be able to determine why an individual walks
the way they do and anticipate their responses to treatment.
We had previously hypothesized that motor control could be
one such factor.

Our prior retrospective regression analyses demonstrated that
DMC was associated with GDI after treatment across analyses
at multiple clinical centers (Schwartz et al., 2016; Shuman et al.,
2018). In this study, we used a causal model to control for and
evaluate the relative effects of various impairments on change
in GDI. Importantly, DMC and other impairments did have a
strong effect on baseline GDI, indicating that these impairments

do have a causal effect on a child’s gait pattern. However, these
impairments had minimal effect on 1GDI. In other words, a
child who had greater DMC at baseline was likely to have a higher
GDI than a child with lower DMC, but better motor control
had minimal effect on expected changes in GDI. An important
point in these analyses is that the overall causal effect of SEMLS
was small, which contributes to the small observed effects of
impairments on 1GDI. Despite these small treatment effects, the
wide heterogeneity in outcomes suggests that there are still causal
factors contributing to treatment outcomes that we are missing.
These may include post-operative rehabilitation, surgeon skill, or
other measures of neurologic impairment. Identifying patient-
specific factors that can help us understand the causal pathways
that impact gait and treatment outcomes continues to be an
important area for future research.

Causal modeling provides a framework to evaluate the
complex relationships between impairments and outcomes in
CP. We created a DAG to identify the assumed relationships
between SEMLS and GDI. The DAG used in this research
could be expanded to include more detail about the assumed
causal relationships between specific neurologic and orthopedic
impairments or to evaluate other outcome measures. Similarly,
our goal in this research was not to make outcome predictions
for individual patients. Rather, we wanted to understand
the impact of SEMLS and impairments on GDI. This led
us toward more coarse modeling choices. As an example,
we ignored details of surgical procedures and did not
attempt to define the causal relationships between various
neurologic and orthopedic impairments, although this is an area
for future study.
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The DAG we created for this research gave rise to the
adjustment sets necessary to evaluate the impact of SEMLS and
impairments on GDI. The DAG indicates which variables should
not be included in the adjustment set. For example, changes in
impairments (1Imp) are mediators in the DAG; including these
variables in the adjustment set would introduce bias. SEMLS did
lead to changes in femoral anteversion and ankle contracture
(see Supplementary Material). These adjustment sets can be
used with any modeling method, including linear regression or
other machine learning methods. We selected BART rather than
linear regression or other models because we do not expect the
impact of many impairments on gait to be linear. For example, we
expect impairments like tibial torsion to reduce GDI scores with
excessive internal or external rotation, producing a “U-shaped”
response. Similarly, for some impairments like spasticity, there
may be a threshold above or below which the impairment has
an effect on gait. BART also provides a Bayesian framework that
gives posterior distributions for each parameter.

A limitation in this research was that we did not recruit
a prospective control group. Rather, we identified participants
who were evaluated at multiple CGAs without any intervening
surgical procedures. This cohort may also be subject to
sample bias, but randomization is not feasible for this
population. Since we were interested in evaluating DMC
measured from EMG recordings, we also excluded children
who underwent rectus femoris transfer, since the impact of
moving the insertion of this muscle on recruitment and
synergies remains unclear. Thus, this sample may not capture
the impact of impairments that influence stiff-knee gait in
children with CP.

CONCLUSION

The overall causal effect of SEMLS on change in GDI is modest.
While motor control and strength do influence an individual’s
gait pattern, their effect on expected changes in GDI after
SEMLS were small. It is important to consider causal frameworks
when analyzing observational data to avoid bias arising from
confounding. Critically evaluating current CGA practices and
integrating measures such as postoperative care, surgical details,
or neuroimaging into treatment planning may enhance our
ability to perform casual analyses aimed at understanding and
improving movement for children with CP.
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Influence of sagittal pelvic
attitude on gait pattern in
normally developed people and
interactions with neurological
pathologies: A pilot study
Martina Favetta1, Alberto Romano1, Susanna Summa1*,
Alessandra Colazza1, Silvia Minosse1,2, Gessica Vasco1,
Enrico Castelli1 and Maurizio Petrarca1
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(MARLab), “Bambino Gesù” Children’s Hospital, IRCCS, Rome, Italy, 2Department of Biomedicine
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Background: Gait Analysis of healthy people, imitating pathological

conditions while walking, has increased our understanding of biomechanical

factors. The influence of the pelvis as a biomechanical constraint during

gait is not specifically studied. How could mimicking a pelvic attitude

influence the dynamic mechanical interaction of the body segments? We

proposed an investigation of the pelvic attitude role on the gait pattern

of typically developed people when they mimicked pelvic anteversion and

posteroversion.

Materials and methods: Seventeen healthy volunteers were enrolled in this

study (mean age 24.4 ± 5.5). They simulated a pelvic anteversion and

posteroversion during walking, exaggerating these postures as much as

possible. 3D gait analysis was conducted using an optoelectronic system

with eight cameras (Vicon MX, Oxford, United Kingdom) and two force

plates (AMTI, Or-6, Watertown, MA, United States). The kinematic, kinetic,

and spatio-temporal parameters were compared between the three walking

conditions (anteversion, posteroversion, and normal gait).

Results: In Pelvic Anteversion gait (PA) we found: increased hip flexion

(p < 0.0001), increased knee flexion during stance (p = 0.02), and reduction

of ankle flexion-extension Range of Motion (RoM) compared with Pelvic

Normal gait (PN). In Pelvic Posteroversion gait (PP) compared with PN, we

found: decreased hip flexion-extension RoM (p < 0.01) with a tendency to

hip extension, decreased knee maximum extension in stance (p = 0.033), and

increased ankle maximum dorsiflexion in stance (p = 0.002).

Conclusion: The configuration of PA contains gait similarities and differences

when compared with pathologic gait where there is an anteversion

as seen in children with Cerebral Palsy (CP) or Duchenne Muscular

Dystrophy (DMD). Similarly, attitudes of PP have been described in
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patients with Charcot-Marie-Tooth Syndrome (CMT) or patients who

have undergone Pelvic Osteotomy (PO). Understanding the dynamic

biomechanical constraints is essential to the assessment of pathological

behavior. The central nervous system adapts motor behavior in interaction

with body constraints and available resources.

KEYWORDS

gait deviations, biomechanics, gait mimicking, pelvic anteversion, pelvic
posteroversion

Introduction

The relationship between biomechanical constraints and
neuromuscular systems in patients with cerebral palsy is not
clear even if it is crucial knowledge in rehabilitation and surgery
(Blumetti et al., 2019; Davids et al., 2019). In the simulated
toe-walking, crouch, and crouch/equinus gait, Thomas et al.
(1996) described a decrease in both walking velocity and stride
length which correlated with the increase in the number of joints
involved. This pattern is also seen in patients with Cerebral Palsy
(CP) (Sutherland and Davids, 1993).

Romkes and Brunner (2007) highlighted that the Gait
Analysis (GA) patterns at ankle level, in healthy subjects
mimicking hemiplegic walking, are similar to those of children
with hemiplegic CP. Drefus et al. (2016) underlined that
the knee and ankle kinematics are linked, in the absence of
hamstring spasticity or contracture. Furthermore, the study of
Davids et al. (1999) showed that the decrease in walking velocity
and length of stride as well as the increased pelvic anteversion
are similar in voluntary and obligatory toe walking.

Holt et al. (2000) suggested that, in subjects with CP, the
available dynamic resources determine the walking strategies
constrained by biomechanical solutions. In this perspective, the
relationship between central and peripheral resources is mutual
and not discernible (Crenna, 1998). That is, it is possible that
the pattern is determined by biomechanical constraints related
to changes in the peripheral resources available, while muscle
activities act on the fine tuning of the movement.

Romkes and Brunner (2007) described differences in EMG
patterns of the rectus femoris muscle between the toe walkers
and the mimicking controls, and therefore, this activity is
considered an entirely pathological primary deviation. Although
this muscle has a proximal insertion on the pelvis, the authors
did not control the pelvis in their study and consequently, their
conclusions concerning the role of the rectus femoris need more
detailed study. Amori et al. (2015) reported that the pelvis can
act as the reference frame to achieve body standing balance
during 3D postural perturbation.

Other studies investigated the pelvic obliquity and rotational
restriction using a robot walker. It altered gait dynamics
reducing stride length, gait velocity, and increasing the
percentage of the stance phase. Furthermore, the pelvic

restrictions caused limited ankle plantarflexion at the terminal
stance, knee flexion at mid-swing and hip extension at mid-
stance, contributing to the reduction of RoMs in all of the joints
of the lower limbs (Mun et al., 2016). Another study (Alingh
et al., 2019) investigated the immediate after-effect of robot-
assisted gait with pelvic support or pelvic rotational constraint
on overground walking in healthy adults. These authors showed
that robot-assisted gait training with pelvic constraint has an
immediate negative after-effect on the overground walking
pattern in healthy subjects, while the robot-assisted gait training
with pelvic support better resembles the natural gait pattern.
Therefore, it is known that a fixation of the pelvis severely
affects gait dynamics.

The development of exoskeleton allowed the creation of
systems of biomechanical constraints externally imposed. In any
case, the limit of these studies is that the imposed constraints
did not allow the simulation of the pathological condition nor
investigated the pelvis tilt.

The influence of the pelvis tilt as a biomechanical constraint
during gait using in vivo simulation is not specifically studied.
In our study, we propose to extend the previously mentioned
research objectives to include the role of pelvic tilt attitude in
the gait pattern of normally developed people mimicking pelvic
anteversion and posteroversion. Kinematic, kinetic, and spatio-
temporal parameters were compared, using 3D gait analysis, to
identify the adopted strategies in the biomechanical challenge.
These observations could improve our understanding of the
effect of biomechanics on pathologic gait evolution useful for
rehabilitation and surgery decision making. In this study, we
recruited young adults because we needed their collaboration
to perform precise biomechanical simulations. The correct
imitation of a gait pattern is difficult to obtain with younger
children. Furthermore, the gait pattern generally stabilizes at
around 7 years of age (Sutherland, 1997).

Materials and methods

Participants

Seventeen healthy volunteers were enrolled in this study (12
females, 5 males; mean age 24.4 ± 5.5, range 12-31; mean height
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164.7 ± 11.9; mean mass 58.8 ± 11.8). Selection criteria included
no prior cardiovascular history, neurological or musculoskeletal
disorders that would influence gait. All subjects agreed to
participate in the study. The study was conducted in respect of
the Helsinki declaration.

Experimental set up

Seventeen healthy participants simulated a pelvic
anteversion and posteroversion during walking, exaggerating
the postures as much as possible. Each participant had their
own time to learn and adapt. Data gathering started when
they reached a stable behavior. All subjects were naïve to
pathological gait characteristics. 3D gait analysis was conducted
using an optoelectronic system with eight cameras (Vicon
MX, Oxford, United Kingdom), two force plates (AMTI, Or-6,
Watertown, MA, United States) hidden in the middle section
of a 12-meter walkway and a synchronic video system to
assist clinical interpretation of data. The sampling rate was
set at 200 Hz for the motion capture system and at 1,000 Hz
for the two force plates. The kinematic and kinetic full-body
models were reconstructed using the plug-in gait protocol
(Davis et al., 1991; Benedetti et al., 2017; Schirinzi et al.,
2018). We asked three subjects to perform the experiment.
An experienced clinician verified the feasibility and solidity of
the responses before increasing the study sample. Participants
were asked to walk barefoot at their natural cadence and
self-selected comfortable speed. The pelvic angle was controlled
ongoing using the real-time tilt plotting guaranteed by our
3D gait analysis system. The participants didn’t receive any
feedback or further instructions. Only when the participants
reached a stable behavior we became the acquisition. Ten
trials were collected after two or more familiarization tests
for each of the three conditions (natural gait and gait with
pelvis in anteversion and in posteroversion in a random
distribution between the participants). Participants performed
the test without compensation of the trunk and the upper
body as shown in Figure 1. The analysis involved kinematic,
kinetic and spatio-temporal parameters. We looked at the
sagittal, frontal, and transversal plane of each lower limb
joint. We extracted clinical parameters: Range of Motion
(RoM), mean, Initial Contact (IC), and peak values of the
angle joints, moments and powers. Furthermore, we studied
the foot progress angle (FPA), i.e., the angle of the foot in
respect to the direction of progression. Kinematic and kinetic
temporal series were normalized to the stride duration. Kinetic
data were normalized to subject’s weight. Average values of
three consistent trials were analyzed for each condition and
each participant. The consistent trials were determined by
expert operators with over 30 years of experience in clinical
instrumented gait analysis. The trials were selected by watching
videos and choosing the tests in which the subject was more

natural in performing the motor task. All parameters were
evaluated separately for the two limbs. Given the non-variability
between the two body sides, we calculated the average between
the two contests.

Data analysis

The extraction of clinical parameters and the determination
of the significant differences between the three conditions
were performed. Shapiro-Wilk and Bartlett tests were used to
verify, respectively, if the parameters were normally distributed
and if the variance was uniform. If the assumptions of
normality and of homogeneity of variances were verified, one-
way ANOVA was performed. If these assumptions were not
verified, we ran the Kruskal-Wallis test. The Bonferroni post-
hoc analysis was applied to verify which pairs of groups
differ significantly. A p < 0.05 was considered to indicate
statistical significance.

Results

Descriptive statistics for all the spatio-temporal, kinematic,
and kinetic parameters for the three different evaluations
and comparisons between the three walking conditions
are reported in Supplementary Table 1. Kinematic graphs
are shown in Figure 2. Kinetic graphs are illustrated in
Figure 3.

Pelvic anteversion gait vs. pelvic
normal gait

Walking in pelvic anteversion, subjects showed a significant
decrease of the step length (p = 0.019), stride time (p = 0.042),
and stride length (p = 0.014) compared with PN; there
were no significant differences in walking velocity and
double support time.

The kinematics of the lower limbs in PA showed a significant
increase in the mean value of pelvic movement on the sagittal
plane (p = 0.001) and a significant increase of pelvic tilt RoM
(p< 0.0001). The pelvic obliquity RoM was reduced (p = 0.009).
The hip showed a significant increase of flexion (p < 0.001)
throughout the gait cycle. At knee level, we observed a reduction
of flexion-extension RoM (p = 0.005) and increased maximum
knee flexion during stance (p = 0.02). The ankle showed a
decrease of flexion-extension RoM (p = 0.009) compared to
PN. In PA, kinetic data showed a significant reduction of hip
maximum extension moment (p = 0.007), an increase of hip
maximum flexion moment (p < 0.001) and an increase of hip
positive work (p = 0.008).
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FIGURE 1

Full body reconstruction 3D gait analysis of the three conditions of experiment.

Pelvic posteroversion gait vs. pelvic
normal gait

Walking in pelvic posteroversion, subjects showed a
significant decrease of velocity (p = 0.032), step length
(p < 0.001), and stride length (p < 0.0001) compared
with PN; there were no significant differences in double
support time.

With respect to the kinematic lower limb values, in PP
we found a significant increase of pelvic tilt RoM (p = 0.004)
with reduction of the mean value (p = 0.013). At hip level, we
observed a significant decrease of flexion at the initial contact
(p = 0.001) and during the entire gait cycle (p < 0.0001),
and a reduction of flexion-extension RoM (p < 0.01). The
knee showed a significant decrease of the maximum extension
in stance (p = 0.033), which is also anticipated (p = 0.002)
compared to PN. At ankle level, we observed an increase of
the maximum dorsiflexion in stance (p = 0.002). The kinetic
data in PP showed a reduction of knee extension moment value
(p = 0.001) and an increase of ankle positive work (p < 0.001;
p < 0.05) compared with PN.

Pelvic anteversion gait vs. pelvic
posteroversion gait

For subjects simulating pelvic anteversion we observed:
a decrease of the stance time percentage in the gait cycle
(p = 0.025), a higher gait velocity (p = 0.033), and a decrease
of the double support (p = 0.006) compared to PP. There were
no significant changes in the step and stride length.

With respect to the kinematic lower limb values, in PA
we found: an increase of the pelvic tilt mean (p < 0.0001), a

decrease of pelvis obliquity at IC (p = 0.047), an increase of
hip flexion during the gait cycle (p < 0.0001) and also at the
IC (p < 0.0001), a reduction of hip abduction/adduction RoM
(p < 0.001), an increase of hip maximum flexion (p < 0.0001), a
decrease of hip maximum extension (p< 0.0001), and a decrease
of maximum abduction (p = 0.01) compared with PP. There
were no significant differences in knee kinematics between the
two walking conditions. The ankle in PA showed a reduction
of ankle flexion-extension RoM (p < 0.001) and a reduction
of the ankle maximum dorsiflexion in stance (p < 0.01)
compared to PP. Finally, PA is characterized by a greater
intrarotation of foot progression angle (FPA) (p < 0.001),
while in PP we observed a greater extrarotation. The kinetic
data in PA showed a decrease of hip maximum extension
moment in stance (p < 0.0001), an increase of hip maximum
flexion moment (p < 0.001), an increase of hip positive work
(p < 0.01), and a decrease of the ankle peak value of power
generated (p < 0.01) with the reduction of ankle positive work
(p < 0.01) compared to PP.

Discussion

Pelvic anteversion

The results reveal that the configuration of gait pattern
induced by mimicking pelvic anteversion contains certain
gait similarities and differences when compared with the
pathological gait seen in children with Cerebral Palsy (Johnson
et al., 1997; Bell et al., 2002; Petrarca et al., 2006; Armand
et al., 2016) or with Duchenne Muscular Dystrophy (D’Angelo
et al., 2009; Sienko Thomas et al., 2010; Goudriaan et al.,
2018).
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FIGURE 2

Means and standard deviation of kinematics angles of lower limb joint movements on the sagittal plane of the whole sample; the angles of the
pelvic tilt, rotation and obliquity; the angles on frontal plane of hip and ankle. The angles of joint rotation in degrees are reported on the vertical
axis, the time of the gait cycle in percentage is reported on the horizontal axis. Continuous lines represent averaged group value of Normal gait
(PN), dashed lines represent averaged group value of Pelvic Anteversion gait (PA), dotted lines represent averaged group value of Pelvic
Posteroversion gait (PP). The shaded areas denote the standard deviation (SD), dark gray, normal gray, and light gray stand respectively for
Normal, Anteversion, and Posteroversion. The three lines separate the first double support phase (first line), the single support phase (second
line), and the second double support phase (third line). Dashed arrows represent statistical differences between PA and PN, dotted arrows
represent statistical differences between PP and PN. A (Pelvis tilt mean), B (Pelvis obliquity RoM), C (Hip flexion/extension mean), D (Hip
flexion/extension IC), E (Knee max flexion in stance), F (Knee flexion/extension RoM), G (Knee max extension in stance), H (Ankle max
dorsiflexion instance), I (Ankle flexion/extension RoM).
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FIGURE 3

Means and standard deviation of kinetics of lower limbs joints of the whole sample (on the left panel: hip, knee, ankle moments; on the right
panel: hip, knee, and ankle powers). The units of measure are reported on vertical axis, the time of gait cycle in percentage on the horizontal
axis. Continuous lines represent averaged group value of Normal gait, dashed lines represent averaged group value of Pelvic Anteversion gait,
and dotted lines represent averaged group value of Pelvic Posteroversion gait. The shaded areas denote the standard deviation (SD), dark gray,
normal gray, and light gray stand respectively for Normal, Anteversion, and Posteroversion. The three lines separate the first double support
phase (first line), the single support phase (second line), and the second double support phase (third line). Dashed arrows represent statistical
differences between PA and PN, dotted arrows represent statistical differences between PP and PN. L (Hip maximum flexion moment), M (Hip
max extension moment), N (Knee extension moment).

Cerebral palsy gait vs. pelvic anteversion gait
Similarities: shorter stride and step length (Johnson et al.,

1997), increase of anterior pelvic tilt, increase of hip flexion,

increase of knee flexion during stance (Armand et al., 2016),
reduction of knee sagittal RoM, reduction of ankle sagittal RoM
(Bell et al., 2002).
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Differences: in healthy subjects mimicking gait with
anteversion we did not find: reduction of gait velocity (Johnson
et al., 1997), decrease of knee flexion during swing phase, loss of
the first heel rocker at initial contact, increased plantarflexion
in stance and swing (Bell et al., 2002; Armand et al., 2016).
However, even if these parameters differ from those of subjects
with CP, it is interesting to observe that they show a tendency,
not statistically significant, toward the pathologic gait. Similarly,
the PA shows a tendency to increased ankle dorsiflexion
moment and to decreased ankle dorsiflexion in late stance.

Duchenne muscular dystrophy gait vs. pelvic
anteversion gait

Similarities: decrease of walking speed, reduction of step and
stride length, and more evident hip flexion in terminal swing
(D’Angelo et al., 2009).

Differences: the gait of patients with DMD also presents
increased knee extension in stance, absence of extensor knee
moment (D’Angelo et al., 2009), increased knee flexion in
swing. This variability of movement in the kinematics of
the knee contributed to the increase in total knee range of
motion (Goudriaan et al., 2018). There is an increase in ankle
dorsiflexion during early stance, a decrease in dorsiflexion
during late stance, and an increase in plantarflexion during
swing. The kinetics of the DMD gait shows a lower power
generation at the hip (Goudriaan et al., 2018).

Pelvic posteroversion

Similarly, the gait pattern induced by mimicking pelvic
posteroversion presented gait similarities and differences when
compared with the gait of patients exhibiting posteroversion
as seen in children with Charcot-Marie-Tooth Syndrome
(Don et al., 2007; Newman et al., 2007; Ferrarin et al.,
2012) or in children who have undergone pelvic osteotomy
(Petrarca et al., 2014).

Charcot-marie-tooth gait vs. pelvic
posteroversion gait

Similarities: lower gait velocity, decrease of step length,
increased hip extension during stance, reduction of hip flexion
during swing, increased knee flexion during stance, and greater
ankle dorsiflexion during stance (Don et al., 2007). The increase
in ankle dorsiflexion needs to be coordinated with a greater hip
extension in order to preserve progression and balance.

Differences: CMT gait also presents an increase of hip RoM
(Ferrarin et al., 2012), while an increase of the peak knee flexion
in swing is only seen in some sub-clusters of CMT. Moreover,
there is usually greater ankle plantar flexion at initial contact, a
foot drop in swing phase (Ferrarin et al., 2012) and a low value
of the ankle plantar flexion during final stance (Don et al., 2007);
our sample however showed only a tendency of no statistical

significance. Ankle power production is higher at mid-stance,
and again intriguingly, our sample showed a tendency of no
statistical significance. The hip extensor moment and power
production during stance are increased (Ferrarin et al., 2012).

Pelvic osteotomy vs. pelvic posteroversion gait
Similarities: reduced gait velocity, reduced pelvic

anteversion, increased knee flexion during stance phase,
and reduction of knee extensor moment during stance
(Petrarca et al., 2014).

Differences: reduced dorsal moment at the ankle (Petrarca
et al., 2014), although, in our sample, it is only a tendency with
no statistical significance.

Assessing pathological behavior
through dynamic biomechanical
constraints

We can hypothesize that the similarities found between
CP/PA-DMD/PA and CMT/PP-PO/PP are due to the
biomechanical constraints of the body, while the differences are
related to the pathological condition. Indeed, in CP excessive
plantar flexion is caused by spasticity or deficits in selective
motor control (Johnson et al., 1997; Crenna, 1998). In DMD
the knee extension in stance compensates for the weakness of
the quadriceps in order to improve balance and maintain body
stability, the increased knee flexion in swing is required for the
clearance of the foot to avoid tripping or falling due to excessive
plantar flexion during swing (D’Angelo et al., 2009; Goudriaan
et al., 2018). Muscle weakness of the dorsiflexors could cause the
ankle kinematics described (Goudriaan et al., 2018). Weakness
of the hip extensor could explain the lower power generation
at the hip, resulting in a pelvic anterior tilt and a more flexed
position of the hip (Goudriaan et al., 2018).

In CMT gait, the hip extensor moment and power
production during stance are related to a greater activation of
hip extensor muscles (Ferrarin et al., 2012). The mechanism
used to prevent tripping is increased hip abduction and pelvic
elevation at the swing time which prolongs activation of the
gluteus medium muscle (Don et al., 2007).

Previous studies evaluated toe walker patients affected
by CP and healthy subjects simulating toe walking (Davids
et al., 1999; Romkes and Brunner, 2007; Rezgui et al.,
2013). These researchers focused on examining descriptors
of CP gait deviations that may be considered as primary or
compensatory deviations.

The results of our study would seem to indicate an
inseparable link between the kinematic gait deviations
and the underlying neuromuscular pathology, which
needs to be considered in a framework of continuous
interactions. These interactions seem to induce a central
nervous system reorganization producing new strategies
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during a process of searching for the best adaptive solution.
The tools at our disposal do not allow us to distinguish
the impact of damage to the nervous system from the
contribution of biomechanical adaptations (Crenna,
1998; Holt et al., 2000). In addition to this limitation
of our knowledge, there is also the lack of a universally
accepted theoretical framework concerning bipedal gait
(Vaughan, 2003).

This study could support the hypothesis that the pelvis
plays a key role in linking the locomotor system and the
upper body (Amori et al., 2015). Furthermore, it is also
known that the pelvis attitude can play a role in the foot-
terrain coupling, especially in pathological condition when
the control on the foot is limited by the neurological lesion.
In that case, a little adjustment in retroversion of the pelvis
can compensate a reduced dorsiflexion of the foot allowing
the recovery of the three rockers of the foot during the
stance phase (Petrarca et al., 2011). Exploiting the reciprocal
influence described, seems to face new clinical opportunities
during assessment and training of the function. Changing its
attitude in the sagittal plane, we modified the biomechanical
configuration of the body, stopping the exploitation of the
body’s degree of freedom in an interaction between the
biomechanical configurations and the solutions of motor
control. In fact, although the pathological conditions open a
process of function redefinition, it is clear from this study that
PA leads toward an increase of hip work and PP toward an
increase of ankle work.

These two gait conditions showed some motor behaviors
that resemble some characteristics of the pathological gait,
even if they were not statistically significant. We speculated
that specific configurations need time to emerge. Therefore, a
possible limitation of this paper is the sudden collection of gait
data, not giving the subject enough time to adapt to the new
motor configuration; with time and training the tendency could
become a new stable solution. Furthermore, these findings can
be considered as preliminary data resulting from limited size
of participants.

Finally, we can hypothesize that the pathological condition
stops the full exploitation of the body’s degrees of freedom
that contribute to limit the process of research of adaptive
solutions. The process of recovering the function could reopen
the exploitation of new adaptive solutions by including new
biomechanical configurations in a personalized trial-and-error
learning method.
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Development of a core set of
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Medical Center, Vrije Universiteit Amsterdam, Amsterdam, Netherlands

Background: The interpretation of clinical gait data in children with cerebral

palsy (CP) is time-consuming, requires extensive expertise and often lacks

transparency. Here we aimed to develop a set of look-up tables to support

this process, linking typical gait features as present in CP to their potential

underlying impairments.

Methods: We developed an initial core set of gait features and their potential

underlying impairments based on biomechanical reasoning, literature and

clinical experience. This core set was further specified through a Delphi

process in a multidisciplinary group of experts in gait analysis of children

with CP and evaluated on 20 patient cases. The likelihood of the listed

gait feature–impairment relationships was scored by the expert panel on a

five-point scale.

Results: The final core set included 120 relevant gait feature–impairment

relations including likelihood scores. This set was presented in the form of

look-up tables in both directions, i.e., sorted by gait features with potential

underlying impairment, and sorted by impairments with potential related

gait features. The average likelihood score for the relations was 3.5 ± 0.6

(range 2.1–4.6).
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Conclusion: The developed set of look-up tables linking gait features

and impairments, can assist gait analysts and clinicians in standardized

biomechanical reasoning, to support treatment decision-making for gait

impairments in children with CP.

KEYWORDS

clinical gait analysis, gait interpretation, impairment focused interpretation, clinical
reasoning, interpretation tool, cerebral palsy, rehabilitation, biomechanics

Introduction

Gait analysis is often performed in children with cerebral
palsy (CP) to diagnose gait problems, assist in treatment
decision making, and to evaluate treatment outcomes, with
the goal to improve walking function in daily life. Walking
problems occur frequently in children with CP, and gait can be
affected in various ways by a multitude of underlying neural and
mechanical impairments such as spasticity, muscle weakness,
joint or muscle contractures, or bony deformities.

The interpretation of gait analysis data is complex, as it
comprises a large amount of information, including qualitative
information from videos, quantitative data on kinematics,
kinetics and electromyography (EMG), and complimentary data
from physical exam and imaging. Gait analysis is a multifaceted
and multidisciplinary process, in which all available elements are
taken into account and interrelated to understand the origin of
the gait problems and decide on the targets for treatment. In
literature, there is much focus on gait data acquisition methods
such as marker models (Leardini et al., 2017) and reproducibility
(McGinley et al., 2009), but the process of interpretation of
gait data has deserved far less attention. It has been shown
that interpretation can differ substantially between centers,
leading to inconsistent treatment recommendations for the
same subject (Skaggs et al., 2000; Wright, 2003). Therefore,
using standardized methods for data interpretation is important
to ensure complete, consistent, transparent and reproducible
conclusions from gait analysis (Simon, 2004).

“Impairment focused interpretation” is one standardized
way of gait data interpretation (Baker, 2013). This method
focuses on identifying neuromechanical impairments
underlying gait deviations, which, combined with
environmental and personal factors as well as other aspects
that may affect walking, are used by the clinician to come
to a treatment decision. The suggested process starts with
making a complete list of deviating kinematic gait features in
a systematic manner, typically done for each leg separately.
The next step is to relate these features to each other and to
underlying neural or mechanical impairments that explain the
gait deviations present. Although this method standardizes
the process of neuromechanical reasoning, the second step
of combining gait features and linking these to underlying

impairments is challenging. Gait features can be related to
multiple impairments and the selection of relevant underlying
impairments by the assessor is often not explicit, making
interpretation subjective and not transparent.

Nevertheless, it is evident that with experience, it becomes
easier to identity patterns of gait features that can be caused by
a certain impairment, and to identify different potential causes
for certain gait deviations. It would be worthwhile to make this
expert knowledge more explicit and, combined with literature
data, explicitly formulate the potential relationships between
gait features and potential impairments. This would not only
help novices in acquiring the skill of gait data interpretation, but
also allow for better standardization, more transparency, and
validation of this process. Therefore, the aim of this study was
to develop an explicit core set of gait features and their potential
underlying impairments as present in CP, based on literature,
biomechanical reasoning and clinical expertise, to support an
impairment-focused interpretation approach.

Methods

For this study we chose a modified Delphi approach
(Boulkedid et al., 2011), to systematically seek consensus on
potential relations between gait features and their possible
underlying impairments. The whole process is shown in
Figure 1.

First, an initial set of gait features and potential underlying
impairments was created, based on a combination of literature,
own clinical expertise (i.e., a preliminary set drafted for clinical
use within Amsterdam UMC) and biomechanical reasoning.
Literature was searched for publications that included lists of
gait feature–impairment relations, which yielded two papers
that contained a substantial number of relations (Armand et al.,
2016, Zhou et al., 2017). Furthermore, unpublished course
material was used that included a number of possible relations.
The gait features included were restricted to kinematic data
typically collected in gait laboratories, including 3D motion
capture and video gait data of trunk, pelvis, hip, knee and
ankle joint and basic foot motion, excluding for instance
head and arm motions and more detailed (internal) foot
motions. Possible underlying impairments were restricted to
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FIGURE 1

Flow chart of the process of questionnaires (Q2-4) and expert meetings. Q1 is not included, as this questionnaire only asked for background
and expertise of the panelists. 1All items with low likelihood scores (< 2, likely not relevant), a large difference between panelists (range > 3,
possibly unclear), or that received many comments were discussed. 2In the list of gait deviations with potential underlying causes, several
“indirect causes” were also added, such as secondary effects or compensations (see Supplementary Appendix A).

neural and musculoskeletal impairments as often present in
CP (i.e., spasticity, contracture, weakness, limited selective
motor control, and bony deformities), excluding aspects such
as pain, sensory deficits and motivational or psychological
factors. Spasticity and contracture of the same muscle were
combined into one item, as their effect on gait is difficult
to distinguish based on kinematics alone. Feature–impairment

relations were mostly defined within the ipsilateral leg, as gait
analysis interpretation is typically done for each leg individually.
However, clear causes of gait features related to the contralateral
leg were included as well. Gait phases were defined following
Harlaar (2014), as these include systematic phases and events
(instances) in the gait cycle and are most commonly used
throughout the Netherlands (see Supplementary Appendix A).
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Next, a Dutch expert panel was formed for the Delphi
process, in which the initial set of gait feature–impairment
relations was evaluated and further specified. A total of 24
(pediatric) physiatrists, human movement scientists, physical
therapists and gait analysts, with extensive knowledge and
experience in pediatric clinical gait analysis, were asked to
participate. They came from 10 different centers all experienced
in clinical gait analysis. Panelists were selected for being
renowned in the field, and/or member of the Dutch/Belgian
Society for Movement Analysis Laboratories in the Low Lands
(SMALLL) and/or the Netherlands Society of Rehabilitation
Medicine (NSRM). For practical reasons, and to ensure
all participants were familiar with the impairment focused
interpretation approach, all experts were recruited from Dutch
clinical centers.

All experts that were willing to participate filled in five digital
questionnaires (Q1-5) and participated in three expert meetings
(see Figure 1). In Q1, experts were asked about their background
and experience in clinical gait analysis. In Q2, experts indicated
on a 5-point scale how often they thought each impairment
from the preliminary set would be present in children with CP
(1 = almost never, 5 = very often). In Q3, experts indicated,
using the same scale, how often each impairment would coincide
with each possible related gait feature from the preliminary gait
feature–impairment list. Furthermore, experts could comment
in free-text comment fields on the wording or other aspects
of each impairment, gait feature and their relation. In expert
meeting 1, the results of Q1-3 were discussed, and items were
either removed, reworded, or added, based on the consensus
(> 70%) of the group.

A few weeks later, experts filled in Q4, in which they were
again asked to score the likelihood of the updated gait feature–
impairment relations, but now with the order reversed, i.e.,
grouped by feature. In expert meeting 2, the results of Q4
were discussed, and items removed, reworded or added based
on consensus. In case large changes were made in meeting
2, the panelists were asked to score the likelihood of these
updated relations.

The resulting set of gait feature–impairment relations
was then evaluated for clarity and completeness, using a
retrospective data set of 20 children with spastic CP. The
children were aged 8.9 ± 3.2 years (range 5–14) and classified
as gross motor function classification system (GMFCS) level
I (N = 5), II (N = 12), or III (N = 3). For each child, the
most affected leg was analyzed. 2D video recordings and 3D
gait report were available for all children, as well as EMG and
physical examination data. Children had not undergone an
orthopedic or neurosurgical procedure in the year before the
gait analysis. Written permission for the use of their data for
scientific research was given. All cases were interpreted using the
developed set of gait features and underlying impairments by an
expert pediatric physiatrist and two students educated in clinical
movement analysis.

All missing or unclear relations as gathered in this
evaluation were discussed with the expert panel in expert
meeting 3, held online. Finally, the resulting additional relations
were presented to the panel in online questionnaire Q5 to be
scored for their likelihood. This procedure resulted in a final set
of gait feature–impairment relations, including their likelihood
scores based on expert opinions. For each gait feature–
impairment relation, the mean, standard deviation, median and
range of the likelihood scores were calculated and presented.

Results

Seventeen experts filled in all questionnaires. The final
panel consisted of seven physicians, five researchers, and five
therapists/gait analysts. Their average age was 48.8 ± 9.0 years
(range 32–60), and their experience in clinical gait analysis was
12.4 ± 4.7 years (range 4–18). Nine panelists had experience
in performing gait analysis measurements (12.1 ± 4.6 years),
while all panelists had experience in gait analysis interpretation
(11.8 ± 4.8 years). Fourteen panelists participated in expert
meeting 1, 13 in expert meeting 2, and 16 in expert meeting 3.

Figure 1 shows the flow chart describing how items were
discussed, reworded, excluded, or added in the expert meetings.
Figure 2 lists the likelihood of all impairments presented in
Q2. For the 123 impairment-gait feature relations in Q3, the
average likelihood was 3.6 ± 0.8 (median 3.6). The final set as
based on Q4 and Q5 consisted of 120 gait feature–impairment
relations. These items received an average likelihood score of
3.5 ± 0.6 points (median 3.6, range 2.1–4.6). This final set of
all relevant gait feature–impairment relations is presented in
Supplementary Appendix A, while Supplementary Appendix
B contains the reversed set with impairment gait feature
relations.

Discussion

This study presents the development of a core set of
gait features and potential underlying impairments to assist
gait analysts and clinicians in standardized clinical reasoning
in gait analysis for children with CP. A total of 120 gait
feature–impairment relations received consensus on being likely
in CP and were included. A unique aspect is that the tables
are presented in both directions, e.g., to assist in searching for
possible causes for a gait deviation (Supplementary Appendix
A), or to help find potential gait features related to a specific
impairment (Supplementary Appendix B).

The developed look-up tables can be used to assist the
clinical reasoning process, following the impairment focused
interpretation approach (Baker, 2013). After systematically
listing all relevant kinematic gait features, the process of
relating features to each other and linking these to underlying
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FIGURE 2

Likelihood of impairments being present in CP, as judged by the expert panel in questionnaire 2. ∗Reworded in final list to “Leg length
discrepancy, shortest/longest leg.” ∗∗Excluded in final list, as too general to be coupled with specific gait features. ∗∗∗Reworded/combined in
final list, to “Foot deformity” only. ∗∗∗∗Excluded in final list, as very unlikely in CP.

impairments could take the following stepwise approach, as
exemplified in Figure 3:

1) From the list of kinematic gait features, one feature is
chosen, preferably related to the clinical problem of the
patient;

2) Potential underlying impairments for this feature are
identified using the table in Supplementary Appendix A.
One of these is chosen for further consideration (the choice

of which is trivial, as all potential impairments will be
checked throughout the process);

3) Physical exam data is checked to see whether this
impairment was observed in clinical testing;

4) All other gait features that are related to this impairment
are looked up using the table in Supplementary Appendix
B; the more of these features are present in the patient’s gait,
the likelier it is that the impairment has a large and relevant
effect on gait;
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FIGURE 3

Stepwise process of clinical reasoning using the developed look-up tables in Supplementary Appendixes A, B: (1) One kinematic gait feature is
chosen, preferably related to the clinical problem of the patient; (2) A potential underlying impairment is identified using the table in
Supplementary Appendix A; (3) Physical exam data is checked to see whether this impairment was observed in clinical testing; (4) All other
related gait features for this impairment are looked up using the table in Supplementary Appendix B; the more of these features are present in
the patient’s gait, the likelier it is that the impairment has a large and relevant effect on gait; (5) Additional evidence for the role of the impairment
during gait is searched in EMG, kinetics, etc. (6) If, based on steps 3–5, the impairment is considered likely, it can be added to the list of
impairments affecting gait for the gait report; (7) The process is repeated in an iterative process from step (2) until all possible likely impairments
for the selected gait feature are identified. After this, the process is repeated from step (1) for other relevant gait features, until all are solved.

5) Additional evidence for the role of the impairment during
gait is searched in EMG data, kinetics, etc.;

6) If, based on steps 3–5 (i.e., the combination of gait features,
physical exam data, EMG, kinetics and other supporting
data), the impairment is considered likely, it can be added
to the list of impairments affecting gait for the gait report.

7) This process is repeated in an iterative process from step
(2) until all possible likely impairments for the selected gait
feature are identified.

After this, the process can be repeated from step (1) for other
relevant gait features, until all are solved. This process results in
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an overview of the most likely underlying impairments related
to the patient’s walking problem, and how these impairments
explain the combined features of the abnormal gait pattern.

Clearly, this suggested process is restricted to the
neuromechanical approach of gait analysis interpretation.
It aims to disentangle potential underlying neuromechanical
impairments using a combination of biomechanical gait
data with clinical findings, to arrive at potential targets for
intervention to enhance walking ability. The initial evaluation
on 20 patient cases indicated that the main features and
impairments as present in CP were included, helping to
perform the impairment-focused interpretation approach in
a more systematic manner. Nevertheless, medical decision
making can never be fully based on such an interpretation
tool only. The decision on which identified underlying
impairments are most relevant for the patient’s functional
walking problems, and which should be treated, is still up
to the expert clinician. Moreover other factors beyond the
neuromechanical domain should be considered, including
environmental and personal factors, as well as factors such
as musculoskeletal pain, cognitive impairments, and visual
or sensory deficits, that may also play an important role in
walking problems.

This proposed process to identify all relevant impairments
is intended to improve standardization and transparency of
gait analysis interpretation. This opens up possibilities for more
automated, computerized identification of features, and the
development of software tools that can help to automatically
relate these features to all potential underlying impairments. It is
an explicit way of reasoning, where all decisions are consciously
made by the clinician based on suggestions from the presented
core set. This is in contrast to several more “black-box” machine
learning approaches as recently proposed (e.g., Lai et al., 2009,
Chia et al., 2020; Kidzinski et al., 2020). In future research,
it would be interesting to compare the flow of reasoning and
outcome of these different approaches, and potentially combine
both approaches taking the user decisions into account when
training a decision support system using artificial intelligence
systems.

Although the look-up tables in this study were developed
through a careful systematic process, several specific
assumptions and simplifications had to be made throughout.
First, it was chosen to combine the impairments spasticity and
contractures into one item, as their effect on gait is difficult
to disentangle based on kinematics alone. Hence, describing
their related gait features separately would merely double
the length of the tables with many repetitions. The clinically
important distinction which of the two is most prevalent,
should be made based on physical examination and/or EMG
data. Nevertheless, subtle differences in effects on kinematics
may exist between spasticity or contracture of the same muscle,
which could be further specified in future studies. Second,
although clinically important, more detailed (within-)foot

and ankle deviations were not included in the present list to
limit the scope, as they can be quite diverse and complex.
An extension of the same approach, focusing specifically
on foot and ankle deviations, would be a relevant future
addition to this core set. Third, gait features were described in
a qualitative manner, sometimes with quite broad phases of gait
(e.g., all of stance or swing), in order to include all potential
deviations over this period. Whether or not a gait feature
should be considered abnormal and incorporated in the clinical
reasoning process, is still up to the subjective expert view of
the assessor. Finally, specific to the Delphi approach taken,
the validity of the individual feature–impairment relationship
was supported in this study by expert group consensus. For
practical reasons and to ensure a somewhat similar tradition
of gait data interpretation, it was chosen to perform the Delphi
process with a national expert group. Next steps therefore
include extension of the expert panel to international experts
and include their views on data interpretation, as well as
assessing the reliability of the proposed approach, and further
validation of individual relationships based on experimental or
simulation-based studies.

Conclusion

This study was one of the first that aimed specifically
to standardize and support the interpretation process
of gait data in children with CP. The developed look-
up tables, linking a core set of gait features and
impairments based on literature, biomechanical reasoning
and expert consensus, supports an impairment focused
interpretation approach in a systematic and transparent
manner. Future study can build on the developed set
of look-up tables, by further assessing their validity
and reliability, and by automating the process of gait
feature selection and of linking these features to potential
underlying impairments.
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