
HAL Id: hal-04530870
https://ut3-toulouseinp.hal.science/hal-04530870v1

Submitted on 4 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

ToulGaitViz: a tool for the systematic description of
lower limb clearance during the swing phase of
hemiparetic gait after stroke. A cohort study

Emmeline Montané, Camille Cormier, Marino Scandella, Adrian Cangelosi,
Philippe Marque, Florent Moissenet, D. Gasq

To cite this version:
Emmeline Montané, Camille Cormier, Marino Scandella, Adrian Cangelosi, Philippe Marque, et al..
ToulGaitViz: a tool for the systematic description of lower limb clearance during the swing phase
of hemiparetic gait after stroke. A cohort study. European Journal of Physical and Rehabilitation
Medicine, 2024, 59 (6), pp.669-681. �10.23736/S1973-9087.23.07979-0�. �hal-04530870�

https://ut3-toulouseinp.hal.science/hal-04530870v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Vol. 59 - No. 6	 European Journal of Physical and Rehabilitation Medicine	 669

European Journal of Physical and Rehabilitation 
Medicine
December 2023
Vol. 59 - No. 6

O R I G I N A L  A R T I C L E

ToulGaitViz: a tool for the systematic description 
of lower limb clearance during the swing phase 

of hemiparetic gait after stroke
A cohort study

Emmeline MONTANÉ 1, Camille CORMIER 1, 2, Marino SCANDELLA 3, 
Adrian CANGELOSI 1, Philippe MARQUE 2, 4, Florent MOISSENET 5, David GASQ 1, 2 *

1Toulouse University Hospital Center, Department of Physiological Explorations, Toulouse, France; 2Toulouse NeuroImaging Center 
(ToNIC), Inserm, Toulouse University 3, Toulouse III - Paul Sabatier University, Toulouse, France; 3Gait Analysis Laboratory, Toulouse 
University Hospital, Toulouse, France; 4Department of Physical and Rehabilitation Medicine, Toulouse University Hospital, Toulouse, 
France; 5Kinesiology Laboratory, Geneva University Hospitals, Geneva University, Geneva, Switzerland
*Corresponding author: David Gasq, Department of Physiological Explorations, Rangueil Hospital, 1 avenue du Pr Poulhès, 31059 Toulouse, France. 
E-mail: gasq.d@chu-toulouse.fr

This is an open access article distributed under the terms of the Creative Commons CC BY-NC-ND license which allows users to copy and 
distribute the manuscript, as long as this is not done for commercial purposes and further does not permit distribution of the manuscript if 
it is changed or edited in any way, and as long as the user gives appropriate credits to the original author(s) and the source (with a link to 
the formal publication through the relevant DOI) and provides a link to the license. Full details on the CC BY-NC-ND 4.0 are available at 
https://creativecommons.org/licenses/by-nc-nd/4.0/.

ABSTRACT      
BACKGROUND: In post-stroke hemiparetic subjects, a systematic and quantified description of the shortening default and compensatory 
movements during the swing phase of gait is essential to guide treatments and assess the impact of therapeutic interventions. However, such a 
systematic approach does not exist in the current clinical practice.
AIM: The aim of this study was to present a method improving the quantification and visualization of the kinematics of both lower limbs dur-
ing the swing phase of gait, more specifically the origin of shortening default and the weight of compensations, based on a tool specifically 
developed: ToulGaitViz.
DESIGN: Observational cohort study.
SETTING: Three-dimensional kinematic gait analyses of outpatients evaluated in Toulouse university hospital.
POPULATION: ToulGaitViz was applied to 151 post-stroke hemiparetic participants and 48 healthy control participants.
METHODS: ToulGaitViz is a standalone software allowing to compute 1) limb clearance as the sum of the shortening related to hip, knee and 
ankle flexion in the sagittal plane; 2) compensations related to the abduction of the limb and hip hiking at mid-swing. Both centimetric and 
angular values of the clearance were reported as well as their correlations with walking speed.
RESULTS: Overall, the contribution of compensations in clearance was higher in post-stroke hemiparetic subjects than in healthy control partici-
pants with both centimetric (130% vs. 33%; P<0.001) and angular methods (23% vs. 1.4%; P<0.001). The centimetric method better represents 
the specific contribution of each segment to the clearance than the angular method. Symbolically, mean kinematic data from the cohort supports 
the claim that 2° of pelvic obliquity is equivalent to 10° of knee flexion to increase clearance by 1 cm, emphasizing the non-proportionality be-
tween the angular values and the actual contribution to the shortening. ToulGaitViz allows visualization of clearance, segmental shortening and 
compensation evolution before and after any therapeutic intervention with quantitative and comprehensive data.
CONCLUSIONS: The ToulGaitViz could be systematically used in clinical practice to extract relevant kinematic data from the origin of shorten-
ing default and the weight of compensations.
CLINICAL REHABILITATION IMPACT: This tool allows better understanding of the mechanisms of action of treatments to better link them 
to the subjects’ needs.
(Cite this article as: Montané E, Cormier C, Scandella M, Cangelosi A, Marque P, Moissenet F, et al. ToulGaitViz: a tool for the systematic descrip-
tion of lower limb clearance during the swing phase of hemiparetic gait after stroke. A cohort study. Eur J Phys Rehabil Med 2023;59:669-81. DOI: 
10.23736/S1973-9087.23.07979-0)
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•  to incorporate this method into a standalone software, 
ToulGaitViz (https://tinyurl.com/ToulGaitViz), that allows 
the community to easily reproduce the method on research 
or clinical datasets;

•  to evaluate the method on a dataset established from 
healthy control participants and post-stroke hemiparetic 
participants’ recordings: 1) by comparing the lower limb 
kinematic characteristics of these populations; 2) by as-
sessing the ratio between the clearance computed using the 
angular and centimetric methods; 3) by assessing the rela-
tionship between walking speed, raw limb clearance and 
kinematic; 4) by assessing the bias of the model.

Materials and methods

Study design

A retrospective and observational monocentric study 
based on the analysis of routine care data was conducted 
at a French University Hospital. Subjects who had expe-
rienced a stroke received information about anonymized 
data collection and the study was registered (registration 
number: RnIPH 2020-47) and covered by MR-004 (CNIL 
number: 2206723 v0) in accordance with French Ethics 
and Regulatory Law (Public Health Code).

Data of healthy control participants were extracted from 
an opensource dataset of 3D Gait Analyses (3DGAs) con-
ducted in Rehazenter, Luxembourg and previously pub-
lished.14 Healthy control participants were recruited on 
a voluntary basis. The study was approved by the Reha-
zenter Institutional Medical Ethics Committee and follows 
the recommendations of the Declaration of Helsinki.

Participants

Population and sample size

Adults with hemiparesis following stroke were recruited 
at Toulouse University Hospital during their routine care 
pathway for neuro-orthopedic management. Based on 
sample size formulas of cross-sectional studies15 and the 
standard deviation of toe clearance proposed by Pong-
pipatpaiboon et al.,16 we estimated that, for an alpha value 
of 0.05 and a risk of error of 3%, the number of partici-
pants needed to be representative of the population was 
136.17

A sample of 48 healthy control participants was extract-
ed from the Schreiber 2019 opensource dataset which was 
sufficient to consider data and its 95% confidence interval 
as a normative basis.18

Following stroke, two out of three people experience 
difficulties in achieving gait1 which is often represent-

ed by a default in paretic lower limb shortening. This im-
pairment can result in difficulty moving the limb forward 
and a lack of limb clearance favoring falls.2 It can be partly 
related to muscle paresis and/or overactivity3, 4 and is the 
target of many treatments such as orthopedic surgery, neu-
rosurgery, botulinum toxin, orthotics or rehabilitation.5, 6

Physiologically, limb clearance during swing results 
from hip flexion, knee flexion and ankle dorsiflexion.7 
In post-stroke subjects with hemiplegia, clearance of the 
paretic limb results from a combination of impaired limb 
shortening movements and compensatory movements.8 
Several compensation strategies are commonly observed 
such as increased knee or hip and knee flexion (i.e., a step-
page gait), elevation of the pelvis on the paretic side (i.e., 
hip hiking), overall elevation of the pelvis secondary to 
contralateral vaulting, circumduction movement of the 
lower limb allowed by a hip abduction or increased foot 
progression angle.9

In previous studies and in usual clinical practice, limb 
clearance is described by hip, knee and ankle sagittal joint 
angles for limb shortening movements and compensatory 
movements by pelvic obliquity and hip abduction.10 In 
particular, the angular method for computing clearance is 
convenient to measure the decrease (i.e., the impairment) 
or the increase (i.e., the compensation) of the range of mo-
tion of the joints during swing compared to healthy sub-
jects. However, as joint kinematics is dependent on speed, 
gender, age and body mass index,11 the direct comparison 
of joint angles obtained from post-stroke and healthy sub-
jects is not relevant. Moreover, the sum of joint flexions 
in the sagittal plane (shortening) is not comparable to the 
sum of joint abductions in the frontal plane (compensation) 
and cannot be cumulated.12 However, despite its potential 
clinical interest, the lack of proportionality between the 
degrees of shortening in the sagittal plane and in the fron-
tal plane is not known. Another approach is to define limb 
clearance with a centimetric method, e.g. using the hip-toe 
distance13 or the pelvis-toe distance.12 However, these val-
ues do not enable us to evaluate the role of compensation 
nor the contribution of each segment in limb clearance. Yet 
the knowledge of this contribution could allow us to better 
target and follow-up the neuro-orthopedic intervention.

The objectives of this study were:
•  to propose a new method of centimetric quantifica-

tion for lower limb clearance related to pelvis, hip, knee 
and ankle kinematics as well as associated compensatory 
movements;
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of height (corresponding to a maximum of 0.03 m) were 
included in this study to avoid leg length discrepancy af-
fecting the dataset.14

Dataset

Procedure

The 3DGA of post-stroke participants was performed at 
the Gait Analysis Laboratory in Toulouse University Hos-
pital. Participants walked at a self-selected speed along a 
10 m walkway and completed 14 recorded trials. Fifty sub-
jects (Table I) used a cane during 3DGA because they were 
unable to walk safely without.

Data records

The 3D trajectories of a set of reflective cutaneous markers 
were recorded using 8 optoelectronic cameras sampled at 
60 Hz from 2011 until March 2017 (Vicon MCam-2, Vi-
con Oxford Metrics, UK) and at 100 Hz after (Vicon Van-
tage V5, Vicon Oxford Metrics, Oxford, UK). This marker 
set followed the lower limb Vicon Plug-in Gait model 
(Vicon Oxford Metrics).19 Three-dimensional ground re-
action forces and moments were recorded using 2 force 
plates embedded into the walkway (OR6-7, AMTI, USA) 

Inclusion/exclusion criteria

Inclusion criteria for post-stroke participants were: 1) to 
have hemiparesis following ischemic or hemorrhagic 
stroke; 2) to have carried out a 3DGA at Toulouse Uni-
versity Hospital between November 2011 and June 2022; 
3) to be at least 18 years old at the time of the 3DGA; 
4) not to be opposed to the data collection. Only the first 
3DGA was kept for participants who performed several 
3DGAs during this period except if it was performed af-
ter a neuro-orthopedic intervention. However, to illustrate 
the significance of ToulGaitViz tool in clinical practice, an 
example of a second 3DGA performed after a neuro-or-
thopedic intervention has been included for 1 post-stroke 
participant. Exclusion criteria were: 1) to have cerebellar 
or proprioceptive ataxia with a gait impact; 2) to have a 
history of orthopedic surgery of the lower limb with a gait 
impact; 3) to have performed the 3DGA with orthopedic 
shoes or apparatus that did not allow ankle or knee move-
ment analysis; or 4) to have bilateral paresis.

Healthy control participants were asymptomatic and 
injury-free for both lower and upper extremities in the 
most recent six months with no lower or upper extrem-
ity surgery within the last two years. Furthermore, only 
participants with a leg length difference lower than 1.5% 

Table I.—��Clinical and spatiotemporal gait characteristics of post-stroke participants (N.=151) and healthy control participants (N.=48).
Characteristics Post-stroke (N.=151) Healthy controls (N.=48)
Clinical characteristics

Male gender 78 (51.7%) 25 (52%)
Age (years), mean (SD) 50.4 (14.3%) 36.6 (13.2%)
Height (cm), mean (SD) 167.7 (9.7%) 173.9 (9.4%)
Weight (kg), median (min to max) 73.3 (39.4 to 132.0) 72.1 (50.0 to 98.0)
Stroke delay (months), median (min to max) 52 (3 to 495) NA
Stroke type (N.=151)

Ischemic 89 (58.9%) NA
Hemorrhagic 62 (41.1%) NA

Left hemiparesis 76 (50.3) NA
FAC (/8; N.=120), median (min to max) 6 (4 to 8) NA
Paretic side EVGS (/34; N.=145), median (min to max) 9 (1 to 23) NA
Non-paretic side EVGS (/34; N.=145), median (min to max) 3 (0 to 15) NA
Use of a cane during 3DGA 50 (33.1) NA

Single cane 34 (22.5) NA
Elbow crutch 9 (6.0) NA
Tripod cane 7 (4.6) NA

Spatiotemporal gait characteristics, mean [95% CI]
Walking speed (m/s) 0.55 [0.50;0.59] 1.16 [1.12;1.20]
Spatial asymmetry 6.0 [3.1;10.1] -0.67 [-1.38;0.03]
Temporal asymmetry -18.6 [-20.2;-17.0] 0.44 [0.15;0.73]
Stride length (cm) 0.79 [0.75;0.84] 1.28 [1.24;1.31]
Cadence (steps/min) 78.9 [75.7;82.1] 108.5 [105.9;111.0]
Stride width (cm) 14.9 [14.0;15.8] 9.0 [8.3;9.7]

FAC: functional ambulation classification; EVGS: Edinburgh Visual Gait Score; 3DGA: 3D kinematic gait analysis; NA: not applicable.
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non-paretic side values have been replaced by left and 
right side values respectively.

Kinematic data of each gait cycle was interpolated over 
1000 points. Outliers were identified by the interquar-
tile range (IQR) method (i.e., data outside the first quar-
tile minus 1.5×IQR and the third quartile plus 1.5×IQR 
were excluded)26 from the following data: maximal hip, 
knee and ankle flexion angles during the swing phase. All 
the kinematic and spatiotemporal variables in relation to 
these outlier cycles were removed from analysis. All other 
variables (i.e., walking speed, step length, stride width, 
cadence, duration of single limb stance) were stored, aver-
aged and checked by two independent investigators (EM 
and DG) to avoid discrepancies.

ToulGaitViz

Presentation

ToulGaitViz is a standalone software created with MAT-
LAB (version R2019a, MathWorks) (download here: 
https://tinyurl.com/ToulGaitViz). It provides a synthetic 
two-part graphical representation of the kinematic data 
from a 3DGA (Figure 1). The first part is related to the 
quantification of limb clearance using the angular and 
centimetric methods at mid-swing, including a representa-
tion of the respective contributions of the pelvis, hip, knee 
and ankle to shortening and compensation strategies. The 
second part is related to a synthetic visualization of key 
shortening and compensation biomarkers in comparison 
to a participant-adjusted norm obtained from previously 
published regressors.11

Quantification of limb clearance at mid-swing

Paretic limb clearance was assessed at mid-swing when 
the paretic toe marker was under the hip joint center during 
the swing phase16 which is defined as the critical moment 
of limb clearance during this phase.7 Three biomarkers of 
limb clearance were computed (Figure 1A, 2):

•  raw limb clearance (expressed in centimeters) was 
defined as the vertical position of the toe marker at mid-
swing. As the toe marker indirectly represents the actual 
raw limb clearance, the raw limb clearance was corrected 
by removing the offset corresponding to the minimal dis-
tance between the toe marker and the floor during the pre-
vious stance phase;

•  angular limb clearance index (ClearanceDEG, expressed 
in degrees) was defined as the sum of an angular shorten-
ing index (ShortDEG) and an angular compensation index 
(CompDEG). The angular shortening index was determined 

and sampled at 2000 Hz with no filtering. This dataset was 
completed with sagittal and frontal videos, clinical data 
(i.e., age, gender, stroke etiology, elapsed time from stroke 
onset, use of a cane during 3DGA, modified Functional 
Ambulation Classification20 and Edinburgh Visual Gait 
Score)21 and anthropometric data (i.e., body mass, height 
and bilateral knee and ankle width as well as leg length). 
All data was collected by the same operator (MS).

Data pre-processing

Marker trajectories were gap-filled using the Woltring 
method22 and filtered using a Bezier spline interpolation 
filter.23 If force place data were available, gait events (i.e., 
foot strike and foot off) were defined automatically with 
operator verification. Conversely, in the absence of data 
from the force plate (use of a cane, length of steps too 
short), gait events were defined manually by the opera-
tor using marker trajectory and video data. Spatiotempo-
ral parameters as well as bilateral lower limb joint centers 
and kinematics were computed through the Vicon Plug-
in Gait pipeline. All data were finally exported, for each 
participant’s trial, in the standard c3d file format (https://
www.c3d.org). All data pre-processing was performed us-
ing Workstation software before March 2017 (v.4.7, Vicon 
Oxford Metrics) and Nexus software afterwards (v.2.9.3, 
Vicon Oxford Metrics).

Data reduction

Gait cycle data for each trial was imported and processed 
with a custom-made MATLAB (version R2021a, Math-
Works, Natick, MA, USA) script using the Biomechanical 
ToolKit (BTK).24 Ankle, knee, hip and pelvis kinematics 
were extracted as well as the coordinates of the hip, knee 
and ankle joint centers and spatiotemporal parameters 
(i.e., walking speed, step length, stride width, cadence and 
duration of single limb stance). Temporal (from unipedal 
stance relative duration) and spatial (from step length) 
asymmetries were then computed with the following for-
mula:

( )Asymmetry Index 100
( )

Paretic NonParetic

Paretic NonParetic

V V
V V

=
+
−×

where VParetic and VNonParetic were the value of a gait vari-
able recorded for the paretic and non-paretic limb respec-
tively. Asymmetry indexes ranged from -100 to 100, a 
value of zero indicating perfect symmetry and a positive 
(negative) index indicating a larger value of the gait vari-
able for the paretic (non-paretic) leg.25 For asymmetry in-
dexes in healthy control participants, the paretic side and 
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timetric shortening index (ShortCM) and a centimetric 
compensation index (CompCM). The centimetric shorten-
ing index was determined in the sagittal plane and cor-
responds to the sum of thigh, shank and foot shortening. 
The centimetric compensation index was determined in 
the frontal plane and corresponds to the sum of hip hiking 
and thigh and shank shortening. Details related to segment 

in the sagittal plane and corresponds to the sum of hip 
flexion, knee flexion and ankle dorsiflexion/plantarflexion 
angles at mid-swing. The angular compensation index was 
determined in frontal plane and corresponds to the sum of 
pelvic obliquity and thigh abduction angles at mid-swing;

•  centimetric limb clearance index (ClearanceCM, ex-
pressed in centimeters) was defined as the sum of a cen-

Figure 1.—ToulGaitViz of P118 participant for two 3DGAs performed before and after a neurotomy of the soleus nerve, lengthening of the gas-
trocnemius muscle and toe claw surgery. Only the right limb is represented. A) Quantification of limb clearance at mid-swing represented by his-
tograms and table of corresponding data (including the respective contribution of each component expressed in percentage of limb clearance). A1) 
ClearanceCM: positive values correspond to increasing clearance; negative values correspond to decreasing clearance. The left part of the histogram 
shows the index of ShortCM and CompCM while the right part shows the segmental clearance taking part into the limb clearance. A2) ClearanceDEG: 
positive values correspond to increasing clearance in relation to upward obliquity for pelvis/hip abduction (from frontal thigh angle to the vertical), 
hip and knee flexion and ankle dorsiflexion; negative values correspond to decreasing clearance in relation to pelvis downward obliquity, hip adduc-
tion, knee recurvatum and ankle plantarflexion. The left part of the histogram shows the index of ShortDEG and CompDEG while the right part shows 
the joint clearance taking part into the limb clearance. B) Description of limb clearance in comparison to the participant-adjusted norm. The bold 
lines represent the difference to the norm of the corresponding peak joint angle during swing for the first 3DGA (dark green in the online version) 
and the second one (light green in the online version). The dashed bold line represents the participant-adjusted expected norm. The green interval 
corresponds to 2 standard deviations of the participant-adjusted expected norm (cf. methods for details on the custom expected norm). The peak 
angle during swing (difference to the norm) is detailed for each movement description. A value in the center of the graph (blue in the online version) 
represents a lack of joint amplitude. A value at the edge of the graph (red in the online version) is a movement carried out over its norm (compensa-
tory movement). The movements of the joints that are written in blue in the online version are expected to be limb shortening movements and the 
ones written in orange are expected to be compensatory movements.
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Identification: P118
Age: 38
Paretic side: Right

Number of analyzed cycles (Left/Right):
3DGA 19/03/2018 - First: 9/11
3DGA 09/11/2020 - Second: 13/13

Maximum angle during swing (difference to the norm)
n° 1 - Right - 3DGA 19/03/2018 - First 
n° 2 - Right - 3DGA 09/11/2020 - Second 
Norm = 0° 

Two standard deviations from the norm
Lack of amplitude
Too much amplitude

Walking speed:
3DGA 19/03/2018 - First: 0.6 m/s
3DGA 09/11/2020 - Second: 0.81 m/s

CompDEG 
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Data (% clear.)	 First R	 Second R	 Data (% clear. )	 First R	 Second R
ClearanceCM 	 3.8 cm (100%)	  3.1cm (100%) 	 ClearanceDEG 	 33.9° (100%) 	 53.4° (100%)
ShortCM 	 -0.4 cm (-9.7%) 	 0 cm (-1%) 	 ShortDEG 	 14° (41.4%) 	 36.5° (68.4%)
Thigh clear. 	 1.4 cm (37.5%) 	 0.9 cm (28.1%) 	 Hip flex/ext 	 11.7° (34.6%) 	 11.5° (21.5%)
Shank clear. 	 0.5 cm (13%) 	 1.5 cm (48.1%) 	 Knee flex/ext 	 6.3° (18.7%)	 17.4° (32.6%)
Foot clear. 	 -2.3 cm (-60.2%)	 -2.4 cm (-77.2%) 	 Ankle DF/PF 	 -4.1° (12%) 	 7.7° (14.4%)
CompCM 	 4.1 cm (109. 7%) 	 3.2 cm (101%) 	 CompDEG 	 19.9° (58.6%) 	 16.8° (31.6%)
Hip motion 	 3.5 cm (93.7%) 	 3.1 cm (97.8%) 	 Pelvis obliquity 	 4.8° (14.2%) 	 5.1° (9.6%)
Limb front. 	 0.6 cm (16%) 	 0.1 cm (3.2%) 	 Thigh abd/add 	 15.1° (44.5%) 	 11.7° (22%)
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Description of limb clearance in comparison to the partici-
pant-adjusted norm

To describe paretic limb progression during the swing 
phase, 10 biomarkers were presented on the same radar 
chart in relation to their normative value. The difference 
between the actual and normative values was expressed 
in degrees. A negative value represents a default of move-
ment and a positive value an excess of movement.

Limb shortening default is represented by a negative 
difference to the norm of the hip, the knee or ankle flexion.

Compensatory movements are defined as a positive dif-
ference to the corresponding norm and were defined as: 
stepping in case of increased flexion of the hip or knee, hip 

shortening are given in the Supplementary Digital Mate-
rial 1 (Supplementary Text File 1);

•  the respective contribution of the compensation 
(CompCM and CompDEG) and the shortening (ShortCM and 
ShortDEG) indexes were defined as a percentage of angular 
(ClearanceDEG) or centimetric (ClearanceCM) limb clear-
ance (%Comp and %Short). Values of %Short and %Comp 
were between -∞ and +∞ (high values especially when the 
clearance values were close to 0).

The same methodology was applied to the dataset of 
healthy control participants on both legs.

Five ratios of segment clearance over respective joint 
clearance (cm/°) were computed to describe proportional-
ity between the centimetric and the angular clearance.

Figure 2.—Quantification of 
limb clearance at mid-swing 
in the cohort of post-stroke 
(N.=151) and control (N.=48) 
subjects. A) ClearanceCM: 
positive values correspond to 
increasing clearance; negative 
values correspond to decreas-
ing clearance. The left part of 
the histogram shows the in-
dex of ShortCM and CompCM 
while the right part shows the 
segmental clearance taking 
part into the limb clearance. 
B) ClearanceDEG: positive 
values correspond to increas-
ing clearance in relation to 
upward obliquity for pelvis/
hip abduction (from frontal 
thigh angle to the vertical), 
hip and knee flexion and 
ankle dorsiflexion; negative 
values correspond to decreas-
ing clearance in relation to 
pelvis downward obliquity, 
hip adduction, knee recurva-
tum and ankle plantarflexion. 
The left part of the histogram 
shows the index of ShortDEG 
and CompDEG while the right 
part shows the joint clearance 
taking part into the limb clear-
ance.
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well as raw limb clearance on the other hand. Correlations 
were considered very strong if r≥0.8, strong if 0.6≤ r <0.8, 
moderate if 0.4≤ r <0.6, and weak if r<0.4.27

To avoid family-wise type I error inflation due to rep-
etition of statistical tests, a Bonferroni procedure was 
used to set the level of significance at P<0.005 for two-
sample t-test (N.=10) and Friedman post-hoc Wilcoxon 
tests (N.=10) and at P<0.004 for Spearman correlations 
(N.=12).

Raw limb clearance was compared to the ClearanceCM 
with a Bland-Altman graph to investigate the bias between 
these two outcomes. A significant bias was retained if the 
confidence interval of the mean difference did not include 
zero.

Statistical analysis and graphical representations were 
performed with MATLAB (version R2021a, MathWorks).

Data availability statement

Data are available on reasonable request from the corre-
sponding author (Supplementary Digital Material 2: Sup-
plementary Table I).

Results

Participants

One hundred and fifty-one 3DGAs of post-stroke partici-
pants and 48 3DGAs of healthy control participants were 
included in this study (Supplementary Digital Material 3: 
Supplementary Figure 1). The mean and range number of 
cycles analyzed for each participant was 11.4 (3 to 19) af-
ter excluding a mean (min. to max.) of 10.5% (0% to 40%) 
cycles per participant. The clinical and spatiotemporal gait 
characteristics of post-stroke and healthy control partici-
pants are reported in Table I.

ToulGaitViz

The use of ToulGaitViz on one post-stroke participant 
(Figure 1) illustrates the quantification of limb clearance 
at mid-swing in centimeters and in degrees (part A). It also 
shows the description of limb clearance in comparison to 
the participant-adjusted norm (part B) based on ten bio-
markers of limb shortening or compensatory movements. 
Important characteristics such as participant identifica-
tion, age, paretic side and date of 3DGA are presented in 
the upper part. This information is required by the Matlab 
ToulGaitViz code to run the script. The other required in-
formation are height, weight and gender in order to adapt 
the norm with relevant regressors.11 The software then 

hiking in case of pelvis upward obliquity, a pelvis poste-
rior rotation, a pelvis anterior tilt, a thigh abduction from 
a vertical reference, a hip external rotation, an external 
rotation of foot progression angle and vaulting in case of 
contralateral default of ankle dorsiflexion at mid-stance.

Walking speed, body mass index, age and gender were 
used to predict subject-specific and velocity-specific nor-
mative angular values for hip, knee and ankle sagittal flex-
ion.11 Standard deviation values for hip, knee and ankle 
peak flexion were obtained from data published by Sch-
reiber et al.14 For other kinematic parameters not veloc-
ity dependent (pelvic upward obliquity, pelvic posterior 
rotation, pelvic anterior tilt, thigh abduction, hip external 
rotation and foot progression angle), normative data were 
also obtained from data published by Schreiber et al.14 For 
each dataset, a difference greater than ±2 SD compared to 
the mean norm (negative if shortening default and positive 
if compensation were present) was considered relevant 
(Figure 2B). For multiple 3DGA representation, the larg-
est standard deviation of each biomarker was represented.

Statistical analysis

Data normality was verified by employing the Kolmogo-
rov-Smirnov Test using the Lilliefors correction (P>0.05 if 
normal distribution), Kurtosis and Skewness tests. Quan-
titative participant characteristics were described by mean 
and standard deviation (SD). Ordinal parameters were de-
scribed by median, minimal and maximal values. Qualita-
tive parameters were described by number (n) and percent-
age (%). Kinematic and spatiotemporal parameters were 
described by the mean and its 95% confidence interval. If 
kinematic data were missing, the participant was not in-
cluded in the analysis. Missing clinical data were reported 
in the results tables and analyses were performed on avail-
able data.

The median, first and third quartiles of ClearanceCM, 
ShortCM, CompCM, %CompCM, ClearanceDEG, ShortDEG, 
CompDEG and %CompDEG were described and graphically 
illustrated, highlighting segmental and joint contributions 
for both post-stroke and healthy control participants. Some 
of these parameters did not have a normal distribution so 
the non-parametric Wilcoxon Rank Test was used.

The five ratios of joint clearance over respective seg-
ment clearance were compared using the Friedman test as 
their distribution was not normal. The Wilcoxon Test for 
paired data was used for post-hoc tests.

Spearman correlations (r) were computed between 
ClearanceCM, ClearanceDEG, CompCM, CompDEG, %Comp-
CM and %CompDEG on the one hand and walking speed as 
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difference between the variance of ratios per joint. Signifi-
cant differences (P<0.005) between group are summarized 
in Table II. It underlines the non-proportionality of clear-
ance comparison between joints and planes when using the 
angular method.

Application of ToulGaitViz in a post-stroke population 
compared to healthy controls

Quantification of limb clearance at mid-swing in a post-
stroke population

Figure 2 shows the ClearanceCM, the ClearanceDEG, the 
Short and the Comp index details applied to a post-stroke 
population and compared to a healthy control population. 
Data from the indexes are presented and compared be-
tween populations in Table III. Each post-stroke partici-
pant’s data as compared to the data of the healthy control 
participants are presented in Supplementary Digital Mate-
rial 5 (Supplementary Figure 2).

requires the .c3d files of each 3DGA needed to analyze 
and asks the user which side to display. ToulGaitViz can 
display both limbs of up to three different 3DGAs, mak-
ing it possible to compare evolution over time or before/
after any therapeutic intervention. As an example, Figure 
1 illustrates the significance of ToulGaitViz applied to a 
participant who performed two 3DGAs before and after a 
neurotomy of the soleus nerve, lengthening of the gastroc-
nemius muscle and toe claw surgery. It is noticeable that 
walking speed after the surgery had increased by 0.21 m/s 
(Supplementary Digital Material 4: Supplementary Text 
File 2).

Ratios between centimetric and angular methods for limb 
clearance computation

Ratios between centimetric and angular methods for limb 
clearance computation are presented in Table II. Ratios 
have been calculated from the data of both limbs in both 
groups (N.=398). The Friedman test showed a significant 

Table II.—��Ratio between limb clearance computed using the centimetric and the angular methods and comparison between groups by 
post-hoc Wilcoxon Rank Test.

Segment/ joint Ratio cm/°, 
mean±SD

Hip hiking/ 
pelvis obliquity

Limb/ thigh 
abduction 

clearance in 
frontal plane

Thigh/ hip 
clearance in 

sagittal plane

Shank/ knee 
clearance in 

sagittal plane

Foot/ ankle 
clearance in 

sagittal plane

Hip hiking/pelvis obliquity 0.57±5.17 - <0.001* <0.001* <0.001* <0.001*
Limb/thigh abduction clearance in frontal plane 0.1±0.13 - - <0.001* <0.001* <0.001*
Thigh/hip clearance in sagittal plane 0.07±0.05 - - - 0.013 <0.001*
Shank/knee clearance in sagittal plane 0.11±0.04 - - - - <0.001*
Foot/ankle clearance in sagittal plane -0.38±7.46 - - - - -
Data are mean±SD in cm/deg for N.=398, including both limbs of post-stroke participants and healthy control participants. The value represents the amount of 
clearance in centimeters corresponding to a degree of clearance. These results show the non-proportionality of the angular limb clearance between joints/segments and 
planes of analysis. For example, a gain of 10 degrees in pelvic obliquity provides 5.7 cm of shortening whereas 10 degrees of knee flexion provides 1.1 cm of clearance.
*Statistically significant if P<0.005.

Table III.—��Index of clearance, shortening and compensation by centimetric method and angular method in post-stroke participants and 
healthy control participants.
Median [Q1;Q3] Post-stroke (N.=151) Controls (N.=48) P value*
CM

ClearanceCM (cm) 2.65 [1.65;3.58] 3.02 [2.64;3.75] <0.001
ShortCM (cm) -0.83 [-1.65;0.15] 2.07 [1.59;2.73] <0.001
%ShortCM (%) -29.77 [-79.44;7.52] 66.92 [55.23;76.48] <0.001
CompCM (cm) 3.44 [2.13;4.52] 1.03 [0.73;1.39] <0.001
%CompCM (%) 129.77 [92.48;179.44] 33.08 [23.52;44.77] <0.001

DEG
ClearanceDEG (deg) 62.95 [44.01;77.57] 77.57 [73.57;82.76] <0.001
ShortDEG (deg) 45.86 [31.28;63.81] 76.59 [71.45;81.55] <0.001
%ShortDEG (%) 76.59 [63.3;85.85] 98.57 [96.47;100.23] <0.001
CompDEG (deg) 13.9 [8.41;19.6] 1.07 [-0.17;2.7] <0.001
%CompDEG (%) 23.41 [14.15;36.7] 1.43 [-0.23;3.53] <0.001

*Significant threshold after Bonferroni correction is P<0.005.
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Figure 3.—Spearman’s correlation between walking speed, toe clearance and kinematic outcomes. Black dots represent the post-stroke participants 
and the red dots are the median of the healthy control participants. Panels A, C, and E relate to the centimetric method of limb clearance description. 
Panels B, D and F relate to the angular method of limb clearance description. Walking speed is correlated to the centimetric limb clearance (Clear-
anceCM) in A, to the angular global limb clearance (ClearanceDEG) in B, to the participation of CompCM to ClearanceCM (expressed in percentage) in 
C and to the participation of CompDEG to ClearanceDEG (expressed in percentage) in D. Toe clearance at mid-swing is correlated to the participation 
of CompCM to ClearanceCM (expressed in percentage) in E and to the participation of CompDEG to ClearanceDEG (expressed in percentage) in F. 
Spearman’s correlation coefficient r appears on each graph with its P value (significant if <0.004).
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participants. The participation in percentage of compen-
sation (%Comp) within clearance highlights the impor-
tance of compensations to achieve clearance. Indeed, the 
contribution of compensation is higher in post-stroke par-
ticipants than in healthy control participants: 130% ver-
sus 33% (P<0.001) and 23% versus 1.4% (P<0.001) with 
centimetric and angular methods respectively. In 2018, 
Pongpipatpaiboon did not express the contribution of 
compensation to limb clearance in percentage terms but 
the authors showed that clearance was achieved in post-
stroke participants for 3.3 cm of compensatory movement 
and 0.2 cm of limb shortening movement, i.e., by 94.3% 
of compensatory movement.16 In the post-stroke popula-
tion, participation of compensation is over 100% because 
the centimetric shortening index is negative and therefore 
to achieve clearance the amount of the centimetric com-
pensation index is greater than the clearance index. The 
negative shortening index refers to the difficulty of post-
stroke subjects to shorten their limbs. Little in 2014 and 
Haruyama in 2021 showed that with max hip-toe distance 
and the pelvic-toe distance respectively, shortening was 
about 1% of the leg length during the swing phase.12, 13 As 
the centimetric clearance in this study is measured at mid-
swing and not at maximum limb shortening, we expected 
to observe a limb shortening of around 100% or more (i.e., 
a negative centimetric shortening index).

In 2021, Haruyama quantified clearance with an an-
gular method when the pelvis-toe distance was minimal 
during swing.12 The sagittal clearance peak was 65.9° in 
post-stroke participants and 84.9° in healthy control par-
ticipants whereas the frontal clearance peak was 10.6° and 
1.4° respectively. Even though the computation method 
is not the same, our data support these previous results. 
Hence, some participants within the post-stroke popula-
tion have a negative shortening index and therefore have to 
apply compensation strategies to overcome negative short-
ening (lengthening) of the limb. In this case, ToulGaitViz 
highlights the importance of the lack of limb shortening in 
post-stroke participants and the importance of compensa-
tory movements, allowing us to compare both.

Non-proportionality of clearance between centimetric and 
angular methods

ToulGaitViz provides two ways of computing limb clear-
ance (centimetric and angular methods). The present re-
sults highlight the fact that the angular method overes-
timated the sagittal contribution of hip, knee and ankle 
flexion relative to pelvic compensations and lower limb 
abduction. For example, a clearance of 2 degrees of pel-

Correlations between walking speed and kinematic outcomes

Correlations between walking speed, raw limb clearance 
and kinematic outcomes are illustrated in Figure 3. Walking 
speed was weakly correlated to ClearanceCM (Figure 3A) 
and moderately correlated with ClearanceDEG (Figure 3B). 
The %CompCM and %CompDEG participation to the clear-
ance were both moderately and negatively correlated with 
walking speed (Figure 3C, D). The %CompCM and %Comp-
DEG were moderately and weakly correlated respectively to 
the raw limb clearance at mid-swing (Figure 3E, F).

Other correlations between the kinematic outcomes, 
walking speed and raw limb clearance were explored in Sup-
plementary Digital Material 6 (Supplementary Figure 3).

Measurement bias between ClearanceCM and raw limb 
clearance

The mean difference between ClearanceCM and raw limb 
clearance was found to be -0.15 cm (P=0.016, 95% CI 
-2.64 to 2.33) in favor of raw limb clearance compared to 
ClearanceCM (Supplementary Digital Material 7: Supple-
mentary Figure 4).

Discussion

The potential of ToulGaitViz has been presented in this 
study. It allows for a quantitative and comprehensive 
graphical way of describing global limb clearance and 
its shortening and compensation components. The sig-
nificance of each component of ToulGaitViz is discussed 
hereafter.

Part A of ToulGaitViz report: limb clearance at mid-swing

The quantification of limb clearance at mid-swing (Figure 
1A) is graphically represented by bar graphs in centime-
ters and in degrees. It shows the details of clearance, posi-
tive or negative, the shortening and compensation index 
and each segment or joint. A change in the size of a bar is 
easily seen between two 3DGAs and allows the identifica-
tion of the segment or joint at the origin of the change. 
This quantification has been applied to 3DGAs made by 
one examinator in a standardized way in a cohort of 151 
post-stroke participants undergoing routine care in a de-
partment specializing in Neuro-Orthopedics.

Participation of compensation to achieve clearance

Mean data shows that post-stroke participants achieve 
clearance with more compensations than healthy control 
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no compensation. However, centimetric clearance being 
equal to 3 cm is achieved by 2 cm of shortening and 
1 cm of compensation with respective participations to 
clearance of 67% and 33%. This result shows that even 
though frontal angular clearance is very low, part of the 
physiological clearance of the limb is physiologically 
allowed by pelvic movement and discrete limb abduc-
tion. These pelvic movements and discrete limb abduc-
tion cannot be considered as compensatory movements 
because they do not compensate for any lack of limb 
shortening but highlight that part of the physiological 
clearance is allowed by frontal movement of the limb 
and hip hiking.

Part B of ToulGaitViz tool report: description of limb 
clearance movements in comparison to a participant-ad-
justed norm

Each movement of limb clearance is graphically compared 
to the norm on the graph in part B of Figure 1 which is not 
usual practice in clinical research where studies compare 
the effect of an intervention from angular raw data.16, 32-34 
The definition of the norm in sagittal plane was partici-
pant-adjusted according to speed, body mass index, age 
and gender and other information was defined from the 
laboratory norms. The graphical report allows the clini-
cian to see the segment or the joint that is the source of the 
clearance default on part A.

Understanding the origin of the shortening default al-
lows us to discuss the most relevant therapeutic interven-
tions (orthoses, botulinum toxin, surgery).6, 35

Usability of ToulGaitViz in clinical and research practice

Individual clinical considerations

The cohort analysis (Supplementary Figure 2) shows that 
there is an important inter-individual variability. ToulGait-
Viz is useful for bringing a detailed and global analysis 
of one subject. Firstly, it identifies if there is a shorten-
ing default and an overuse of compensation. Secondly, the 
repartition of clearance between segments or joints and its 
comparison to the healthy control population allows us to 
make an initial definition of the origin of abnormalities. 
The description of the ten movements of limb clearance in 
comparison to the norm enables identification of the default 
movements or compensatory movements. This knowledge 
contributes towards global clinical consideration around a 
subject and his\her gait discomfort. ToulGaitViz is there-
fore a complement to clinical examinations, videos, kinet-
ic and electromyography 3DGA reports.

vic obliquity brings about 1 cm of clearance while 10° of 
knee flexion also brings about 1 cm of clearance. Con-
sequently, although commonly used in clinical practice, 
this angular method is likely to mask the importance of 
considering the compensations and their implication in 
the energy cost of walking.12 The centimetric method 
(ClearanceCM) better highlights the importance of com-
pensations in paretic limb clearance because it considers 
the real contribution of each segment to the shortening 
movements.

Relation between clearance index and walking speed

Walking speed and raw limb clearance are key factors 
for correlating kinematic outcomes. Indeed, comfortable 
walking speed is a good reflection of the functional abili-
ties of post-stroke subjects28 and is a determinant of gait 
kinematics.11, 29 Furthermore, raw limb clearance is direct-
ly influenced by lower limb shortening and compensatory 
movements.30

The present results support the hypothesis that joint ki-
nematics are dependent on walking speed because walk-
ing speed was moderately positively correlated to the limb 
clearance computed by the angular method11 whereas it 
was weakly correlated to the limb clearance computed by 
the centimetric method. Increased walking speed induces 
increased limb flexion but does not increase limb clear-
ance (Figure 3A, B). The contribution of compensations to 
limb clearance (%CompCM and %CompDEG) was mod-
erately negatively correlated to walking speed (Figure 3C, 
D) which is in line with the hypothesis that compensatory 
movements require greater effort and therefore greater 
energy expenditure to achieve gait.31 Raw limb clear-
ance default was moderately and weakly correlated to the 
participation of compensation to centimetric and angular 
clearance respectively. The participation of compensation 
seems to better reflect raw limb clearance default when it 
is measured by the centimetric method than by the angular 
method (Figure 3E, F).

Physiological clearance index from healthy control partici-
pants

The data of 48 healthy control participants can be used 
as physiological data for the definition of limb clearance, 
shortening and compensation as well as participation of 
shortening and compensation to limb clearance. Healthy 
control participants achieved an angular clearance of 78° 
from 77° of shortening and 1° of compensation with a 
respective participation of 98.6% and 1.4%. This result 
confirms that healthy control participants have almost 
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(Supplementary Figure 4) shows that clearance estimation 
from segments in centimeters is very close to raw limb 
clearance with a large confidence interval. This may be 
due to the variability of the Plug-In Gait modeling.40

Conclusions

ToulGaitViz is a new tool for quantifying and interpreting 
clearance of the lower limb. It should be used in clinical 
practice to improve understanding of this clearance and to 
guide neuro-orthopedic treatments. This tool could allow 
further studies to focus on the understanding of gait modi-
fication after a treatment and to clarify the link between 
gait energy cost as well as subjects’ needs on the one hand 
and the level of compensatory movements during gait on 
the other hand. ToulGaitViz encourages the use of 3DGA 
by all and may improve the relevance of kinematics data 
interpretation.
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