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Highlights

e An exoskeleton was used to emulate knee flexion gait pattern.

e lliopsoas, hamstring and gastrocnemius were limited to 3 contracture severities.
o Different gait kinematics was found for each muscle contracture.

¢ Contractures’ responsible can be highlighted based on kinematic compensations

e These findings support CGA interpretation.


mailto:Michael.attias@hcuge.ch

Abstract

Background: Excessive Knee Flexion Gait Pattern (KFGP) is a common gait deviation in
many pathological conditions. The contractures of the muscles that have been identified as

being responsible of KFGP are: iliopsoas, hamstring and gastrocnemius.

Research question: How do isolated contractures of the iliopsoas, hamstrings and

gastrocnemius impact knee flexion during gait?

Methods: Three levels of contracture (mild, moderate and severe) were simulated bilaterally
using an exoskeleton on 10 healthy participants for iliopsoas, hamstring and gastrocnemius
muscles. A gait analysis session was performed to evaluate the joint kinematics according to
the different simulated contractures. Thirty one parameters were chosen to analyze the
kinematics of the thorax, pelvis, hip, knee and ankle. A principal component analysis (PCA)

was used to determine the kinematic parameters influenced by contractures.

Results: In addition to a permanent knee flexion observed for the three muscles with
contracture: the contracture of the iliopsoas induces a large hip flexion with pronounced
anterior pelvis tilt; the contracture of the hamstrings induces an ankle dorsiflexion during the
support phase with a posterior pelvis tilt; the contracture of the gastrocnemius induces an
absence of first and second rocker of the ankle with a slight flexion of hip and a slight anterior

pelvis tilt.
Significance: These results support the identification of the muscles responsible for a KFGP.

A better knowledge of the interactions between contractures and associated joint kinematics
of the same and adjacent joints will support the interpretation of gait analyses by more

precisely and faster targeting the concerned muscle.

Keywords: Kinematics; Contractures; Gait; Knee flexion; Exoskeleton; Simulation



Introduction

Knee flexion gait pattern (KFGP) is a frequent gait deviation [1, 2] observed in many
pathological conditions (e.g. cerebral palsy). It [KFGP] is defined by an excessive knee
flexion during the stance phase greater than normally expected [3]. Svehlik et al. defined
KFGP more specifically as a value superior to 20° for the minimum knee flexion in single
limb support [4]. Other authors defined KFGP by a knee flexion at initial contact superior
t015° [5] or 17° [6] corresponding to one standard deviation (SD) above the mean flexion at

initial contact for a typically developing children.

KFGP impairs gait performance by decreasing velocity, stride and step length and by
increasing walking effort [7, 8]. Physical consequence can be pain at the joint, degenerative
arthritis, bony deformities and increased risk for falls due to inadequate foot clearance [9]. To
reduce the consequences of a KFGP, treatment of the cause of this pattern is needed. To
support the therapeutic choice, a clinical gait analysis (CGA) is generally performed helping
to identify and to understand gait deviations. However, interpretation of CGA is complex
because gait deviations can be caused by different clinical impairments such as contractures,

spasticity, muscle weakness, reduced muscle selectivity or pain [10, 11].

Gait can be altered by the primary causes of gait deviations (impairments) or by secondary
compensatory strategies [12, 13]. It is important to distinguish between these aspects because only
impairments need to be treated [14]. Secondary, compensatory strategies should disappear once
these primary impairments have been treated [15]. Therefore, an original approach to establish an
association between primary impairments and gait deviation is to investigate the impact of one

isolated impairment on gait deviations [16].

Among impairments that can lead to a KFGP, contractures of iliopsoas (PSO), hamstring

(HAM) and gastrocnemius (GAS) muscles are possible causes [1, 8, 16-18].

HAM and GAS cross the knee joint and are both biarticular muscles. Indeed, the HAM also
affects the hip joint whereas the GAS affects the ankle joint [3]. Concerning the PSO, it is the
main muscle involved in a hip flexion contracture and also lead to a KFGP [1]. Even, if KFGP
can be caused by different impairments, we hypothesize that different impairments will lead
to different gait deviations at other joints/segments. Therefore, identifying associated gait
deviations with possible causes of KFGP will support the interpretation of CGA when a
KFGP occurs.



Hence, the aim of this study was to compare the kinematics associated with a KFGP among

isolated PSO (referring to a hip flexion contracture), HAM and GAS contractures.

Methods
Participants:

Ten participants were included in this prospective study with no known neurologic or
orthopaedic problems. They had the following characteristics [mean (SD)]: 5 females/5
males; age: 25.7 years (3.6); height: 1.71 m (0.1); weight 64.4 kg (11.4).

Ethical approval and participant informed consent were obtained prior the beginning of data

collection.
Gait evaluation

To simulate PSO (referring to a hip flexion contracture)), HAM and GAS bilateral
contractures, participants wore the passive exoskeleton MIKE (Figure 1) and walked along a
10-meter walkway at a spontaneous self-selected speed [9]. The exoskeleton was designed to
bilaterally embrace the pelvis, the thigh, and the shank with plastic cuffs and with modified
shoes that included attachment points. A particular cut was made on the plastic cuffs to enable
reflective markers to be placed directly on the skin as requested for CGA. Each participant
walked also with the exoskeleton without simulated contracture for the control condition
(CC). The participants were equipped with 34 reflective markers aligned to anatomical and
technical landmarks on the head, trunk and pelvis and bilaterally on the arms, thighs, shanks
and feet according to the full-body Plug-in-Gait model [19]. Marker trajectories were
recorded with a twelve-camera motion analysis system (Oqus 7+, Qualisys, Goteborg,
Sweden). Kinematic computation was performed with a minimum of five gait cycles averaged
to produce a single angular displacement of the thorax, pelvis and foot segments, and spine,

hip, knee and ankle joints.

The level of contracture was selected as mild, moderate and severe contracture according our
clinical experience and the literature [16, 20, 21]. Hence, PSO was limited at 0°, -20° and -40°
of hip extension angle (knee in extension), HAM was limited at 40°, 70° and 100° of
unilateral popliteal angle and GAS was limited at 10°, 20° and 30° of ankle plantarflexion. To
set the contractures, the experimenter adjusted the rope length of the exoskeleton in the

position used for standard physical examination [22] and controlled it with a manual



goniometer (Figure 1). Thus, nine conditions were performed including three levels of
contracture severities for each type of muscle (PSO, HAM and GAS). Before recording the
data, each participant walked two to five minutes in each experimental condition. Once the
participant was comfortable when walking in the experimental condition, we evaluated his/her
gait (two tests of 10 meters each). After each experimental condition, a rest period of two
minutes was completed to avoid a possible fatigue effect. The participants were asked to walk
at comfortable self-selected speed without other indication. The same day, PSO conditions
were performed before HAM conditions with a rest period in between both conditions. GAS

conditions were performed another day to avoid fatigue.
Data analysis and statistics
Two steps were performed to analyse the data.

Firstly, in order to evaluate the kinematic parameters influenced by the contracture during
walking, a principal component analysis (PCA) was performed on each muscle (PSO, HAM
and GAS). The PCA was used to identify the parameters influenced by the degree of

contracture for each muscle.

For the thorax, pelvis and spine (defined by the relative movement between thorax and pelvis)
the parameters were range of motion (RoM) and mean position during gait cycle for each

plane.

For the hip, knee and ankle joints only those parameters in the sagittal plane were analysed.
Thus, for the hip joint, the parameters were: RoM, maximum, minimum and mean position
during the gait cycle. For the knee joint, the parameters were: angle at initial contact (IC),
maximum extension and mean position in stance phase and RoM during gait cycle. For the
ankle joint, parameters were: angle at initial contact (1C), maximum plantar flexion and mean
position in stance phase and RoM during gait cycle. Finally, for the foot progression angle,
only the mean angle during the gait cycle was analysed. These parameters were considered as
relevant in a clinical context and reliable according to literature [1, 13, 23, 24]. Indeed, thorax
and pelvis obliquity and rotation can influence the gait pattern in many pathologies so that it
seems important to consider these specific parameters [25-27]. In addition, hip and knee
adduction-abduction and rotation were not selected in the PCA because only the sagittal plane
was investigated for these joints. Indeed, the sagittal plane is the plane the most analyzed in
clinical gait analysis. Moreover, the adduction-abduction and rotation angles of hip, knee and
ankle were not considered in this study due to concerns about the accuracy of this data in our



data collection procedures of the hip center and the unreliable identification of knee axis, the
poor reliability caused by the soft tissue artifacts [28] and the exoskeleton installation and

configuration [9].

A minimum of four parameters was selected based on the value of the squared cosines matrix
of PCA. If the values was higher than 0.85 for more than four parameters, all the parameters
were selected. If the values was lower than 0.85, the four parameters with the highest values
were selected. More the value is close to 1, more the parameters explain the variability of gait

due to the level of simulated contracture.

Secondly, considering all the conditions, three groups were created based on mean knee
position in stance: Group 1: 20-30°; Group 2: 30-40°; Group 3: 40° and more. The differences
between the groups and the muscles (PSO, HAM and GAS) on the parameters selected by
PCA were analysed by a Kruskal Wallis test with post hoc. Boneferroni’s correction was used
to limit the problem of multiple comparisons. Walking speed was also compared in the same

analysis.

Results

Firstly, the selection of kinematic parameters using PCA was presented in Figure 2. First and
second factor of PCA were chosen for all muscles. For PSO with a total inertia (proportion
explained by the first and second factor) of 46%; for HAM with a total inertia of 43% and for
GAS with a total inertia of 46%. The selected parameters were in the sagittal plane: mean
pelvic tilt position,, hip mean flexion position, hip minimum flexion position, hip maximum
flexion position and hip flexion at initial contact, knee mean flexion during stance phase,
ankle flexion at initial contact, mean ankle flexion position during stance phase and maximal
ankle flexion position during stance phase; in the frontal plane, only the range of motion of

pelvic obliquity was selected; no parameter was selected on the transverse plane.

Secondly, the selected parameters were compared between the three simulated muscle
contractures (PSO, GAS and HAM) for each group of KFGP. The results are presented in
Table 1 and illustrated in Figure 3. At the pelvis level, PSO and GAS contractures induced an
anterior tilt whereas the HAM contracture induced a posterior tilt. PSO induced a more
important anterior tilt than GAS. PSO showed more pelvis RoM obliquity than other muscles.
At the hip level, PSO contracture induced a permanent flexion followed by the GAS with a
moderate but permanent flexion whereas the hip flexion was close to that of CC for HAM
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contracture. At the knee level, GAS and HAM contractures induced a more important flexion
at IC than PSO that showed only a moderate flexion at IC. At the ankle level, HAM
contracture induced a permanent dorsiflexion during stance; GAS contracture induced a
plantarflexion during the complete gait cycle and PSO contracture showed a kinematics close

to the normal.

Discussion

The objective of this study was to compare kinematics associated with a KFGP among

isolated PSO, HAM and GAS contractures, simulated using a passive exoskeleton.

Results of this study support that KFGP, can be caused by contracture of different muscles
and induce different gait adaptations. The main kinematic associations for each of the three
simulated muscles contractures were: 1) PSO contracture induces an important hip flexion
with a pronounced anterior pelvis tilt (it should be noted that if the pelvis presents an anterior
pelvis tilt, the hips will be naturally in flexion); 2) HAM contracture induces an ankle
dorsiflexion during stance phase with a posterior pelvis tilt; 3) GAS contracture induces an

ankle plantarflexion (with a moderate hip flexion and a moderate anterior pelvis tilt).

It is important to identify the primary impairment of a KFGP to choose the best treatment
strategy. Lengthening of the HAM is often used to treat a KFGP if the popliteal angle is
increased. This surgery is often performed in patients with cerebral palsy with a crouch gait
pattern in order to improve both knee extension in stance and range of motion [29]. However,
it has been demonstrated that CGA is a relevant tool to support clinical decision-making with
regards to HAM lengthening. Indeed, in 54% of cases, clinicians change their initial treatment
plan based on the CGA results [29]. Thus, the surgery should be indicated when HAM is the
cause of joint limitation and the clinician needs to verify and to consider that other
impairments may cause a KFGP. Goodman et al. highlighted that limitations in both hip and
knee extension of persons with hemiplegia are not necessarily caused by limited length of
HAM and/or hip flexors (PSO), but rather as the result of an ankle plantarflexor contracture
alone [30]. Rodda et al. showed a reduction of crouch gait in ten patients with cerebral palsy
after HAM lengthening at one year and five year post-surgery. An increase of mean anterior
pelvic tilt angle was related to HAM lengthening. They explained that they performed too few
PSO lengthenings and too many HAM procedures [31]. It can be speculated that a PSO



contracture could be the cause of crouch gait in some of these patients and that a PSO

lengthening would have also reduced crouch gait with no increase of pelvic tilt angle.

The reliability and the limitations of the simulated contractures with the exoskeleton were
showed in a previous study [9]. The first important limitation concerns the short adaptation
time to contracture emulations. Indeed, adaptation time can play an important role in gait
strategies adopted by the participant and dependent on the respective type of gait. GAS can
act on ankle plantarflexion or on knee flexion/extension, or a combination of both [32]. HAM
can influence hip flexion/extension, knee flexion/extension, or both [1]. So there are endless
possible combinations of adaptation strategies although most participants choose similar gait
adaptations for each condition. The (strategy) choice of the participants (probably also valid
for the patients), is certainly guided to optimize their walk by preserving energy [33], to
optimize forward progression [20], to assure balance and their stability [34]. The second
limitation concerns the walking speed that was not controlled between the different conditions
of this study. We know that gait parameters vary due to walking speed [35] and can influence
the results of this study. However during the CGA, with patients, we encounter the same
problems of different walking speeds according to the impairments. The third limitation is
related to the simulation of muscle contracture: the attachment points on the exoskeleton can
differ from human morphology, we have considered only the main muscular action line; only
a passive limitation of movement was investigated (by imposing an increase of passive
constraints after a certain length) without considering the modification of higher passive
constraints for all muscle lengths (e.g. length-tension curve) related to spastic muscles and
tendons [36] and without considering the complex muscle function modifications that occurs
in patients (e.g. cerebral palsy [37]).

In addition, contractures are very often associated with other deficits such as paresis or
muscular hyperactivities [10, 11]. These deficits can be combined and create complex gait
deviations. However, isolating a clinical impairment (e.g. contracture, weakness, spasticity) is
an appropriate and relevant approach to investigate its influence on walking [1, 8, 9, 12, 13,
17, 30, 38-40]. Indeed, it is a good starting point to identify the effects of isolated contractures

before understanding the effects of combined clinical impairments.
Clinical contribution

Understanding the mechanisms that affect walking and identifying motor impairments is
important to target and to develop treatment strategies. However, the link between motor



impairments assessed by clinical examination and the alterations of walking are not obvious

and lack scientific evidence [41-44].

The findings of this study prove that KFGP can be caused by either PSO, HAM or GAS
contractures. The clinicians should consider all three contracture types during the
interpretation of clinical gait analysis and the choice of treatment. In addition, gait deviations
associated with a KFGP can support the clinician to better understand the underlying causes
of KFGP (e.g. KFGP associated with ankle plantarflexion and anterior pelvis tilt s indicates a
gastrocnemius contracture) that should be verified in clinical examinations (e.g. limitation of
ankle dorsiflexion knee extended). Therefore, these findings support the understanding and
the interpretation of clinical gait analysis by better targeting the altered muscle due to
contractures causing KFGP.

Conclusion

This study discriminates kinematic factors associated with a KFGP according to muscle
contractures in the perspective of supporting the interpretation of CGA. To resume, the results
highlight that for a given level of KFGP 1) PSO contracture induces an important hip flexion
with a pronounced anterior pelvis tilt; 2) HAM contracture induces an ankle dorsiflexion
during stance phase with a posterior pelvis tilt; 3) GAS contracture induces ankle
plantarflexion with a small hip flexion and a small anterior pelvis tilt. This knowledge
together with other clinical information (physical examination, imaging) will help to identify
the impairment(s) responsible of a knee flexion gait pattern. By improving the understanding
of the possible cause of gait deviations, treatment decision can be improved with the final
objective to enhance gait quality and, finally, their functional performance in daily life.
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Figures

Figure 1
Setting up the exoskeleton « MIKE » (Muscle contracture Induced by an Exoskeleton) to
simulate different degrees of contracture at the gastrocnemius, hamstring and iliopsoas

muscles during walking.
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Iliopsoas

Figure 2

Illustration of principal component analysis correlation coefficient matrix performed for each
muscle (iliopsoas, hamstring and gastrocnemius) including all gait parameters: If the values
were higher than 0.85 for more than four parameters, all the parameters were selected. If the
values was lower than 0.85, the four parameters with the highest values were selected.

Selected Parameters are highlighted in grey.

MP = mean position ; Min = minimum ; Max = maximum ; IC = initial contact ; PCA =

principal component analysis ; Flex = Flexion ; Dors = Dorsiflexion; Stance = Stance phase;

IC = Initial contact phase.

Setting up of the exoskeleton

The exoskeleton, “MIKE ~ Muscle
contracture Induuced by an
Exoskeleton (Attiaset al. 2016)

Example of adjustment of
desired limitation of movement
with a goniometer

Emulation of
gastrocnemius, hamstring
and iliopsoas contractures
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Figure 3

Mean kinematics for the pelvis, hip, knee, and ankle in the sagittal plane according to the
simulated contracture (iliopsoas, hamstring and gastrocnemius) and to the group of knee mean
position in stance (“Group 1: 20-30°”, “Group 2: 30-40°” and “Group 3: 40° and more”).
Mean (and standard deviation) kinematics; blue line: iliopsoas contracture; red line: hamstring

contracture; green line: gastrocnemius contracture
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Table 1 : Median angular value (°) or speed (m.s?) [1st/3rd quartite (°/m.s%)] for the different emulated contractures (gastrocnemius, hamstring and
iliopsoas) according to group of knee flexion in stance ("Group 1: 0-20°”, “Group 2: 20-40°” and “Group 3: 40° and more”) for the parameters
determined by PCA. Comparisons between conditions for each group were performed with Kruskal-Wallis test and Post-Hoc.

CC(°) GAS (°) HAM (°) PSO (°) p-value (Post-Hoc)
1st/ 3rd N st/ 3rd N 1st/ 3rd N 1st/ 3rd GAS- GAS- HAM-
Parameters Med quartile Med quartile Med quartile Med quartile HAM PSO PSO
. Tilt MP 101 48 125 8 158 129 196 7 41 11 73 10 260 174 292 | 0014* 0129 <0.001*
o o PelVis  opiquiyRoM |67 53 90 87 64 113 50 44 52 117 96 147 | 0017 0471  <0.001*
8 8 Flex MP 8.6 5.8 13.0 19.6 5, 22.9 6.9 5.2 8.9 36.4 235 42.4 0.024 0.046  <0.001*
S S Hip Flex Min 91 -129 -7.0 4.2 0.3 7.3 -7.8  -11.0 -6.0 26.1 111 36.2 0.042 0.018 <0.001*
(.\f g Flex Max 351 307 371 39.7 38.1 44.5 28.9 27.0 31.0 51.7 41.6 57.6 0.014* 0.107  <0.001*
‘;_' GC) Knee Flex IC 07 -28 3.0 20.9 12.8 2515 23.2 20.7 26.2 7.3 51 10.1 0.445 0.003* <0.001*
S Y Flex MP Stance |11.3 7.7 154 26.0 241 288 250 211 255 250 229 293 Grouping parameter
e (al Dors IC 4.6 1.9 7.0 -12.1 -204 98 8.3 7.6 11.6 5.0 1.7 6.2 | <0.001* 0.006* 0.052
O = Ankle DorsMax Stance |168 143 184 46 -0.9 9.0 178 164 226 204 186 214 | 0.005* <0.001* 0.422
Dors MP Stance 6.6 55 7.7 -4.5 -9.6 0.4 114 9.8 15.2 10.0 8.9 10.8 | <0.001* 0.003* 0.181
Walking speed 12 11 13 1.1 1.0 11 0.8 0.8 1.0 0.9 0.7 11 0.011 0.019 0.676
q Tilt MP 10.1 438 125 | 14 13.0 115 17.6 9 5.7 -1.3 8.1 9 23.7 20.9 29.9 0.017*  0.004* <0.001*
o 8 Pelvis  opiquityRoM | 67 53 90 75 51 116 60 38 68 102 78 120 | 0049 0086  0001*
< C Flex MP 8.6 5.8 13.0 25.4 20.5 21.7 15.2 7.6 17.8 43.2 38.9 47.5 0.016 0.002  <0.001*
8I (% Hip Flex Min 9.1 -129 -7.0 105 59 13.9 -0.4 -5.3 2.7 36.1 29.8 40.1 0.016 0.002  <0.001*
- © Flex Max 351 307 371 43.6 416 471 30.6 235 40.1 55.3 51.7 59.1 | 0.014* 0.008* <0.001*
(;_ GC') Knee Flex IC 0.7 -28 3.0 28.6 24.2 29.2 39.2 31.2 40.7 115 8.9 16.9 0.017 0.003* <0.001*
S Y Flex MP Stance |11.3 7.7 154 35.1 340 370 355 345 368 358 312 381 Grouping parameter
8 o Dors IC 4.6 19 7.0 -11.6 -24.2 -8.7 10.3 5.7 10.7 7.6 1.7 9.3 <0.001* <0.001*  0.466
O 2 Ankle Dors Max Stance |16.8 143 184 5.8 -6.7 9.4 22.1 16.7 23.9 195 17.2 219 | <0.001* <0.001* 0.763
Dors MP Stance 6.6 5.5 7.7 -0.3 -13.0 1.6 15.9 11.0 18.1 10.0 8.1 11.7 | <0.001* 0.002* 0.269
Walking speed 1.2 1.1 1.3 0.9 0.9 1.0 0.8 0.5 1.0 0.9 0.8 11 No difference
Vi Tilt MP 101 48 125 4 18.8 9.6 21.2 12 -1.8 -8.1 12 7 334 319 35.7 0.041 0.196  <0.001*
8 Pelvis Obliquity RoM 6.7 5.3 9.0 9.4 6.3 14.9 5.4 4.6 6.2 11.2 9.7 14.0 0.028 0.450  <0.001*
-g % Flex MP 8.6 58 13.0 31.8 225 36.6 9.0 23 13.9 55.9 53.5 60.0 0.050 0.176  <0.001*
(3 (",-') Hip Flex Min 91 -129 -7.0 16.9 9.7 255 -2.0 -11.2 0.1 49.2 45.5 53.4 0.050 0.176  <0.001*
OCD feh) Flex Max 351 307 371 50.2 374 52.8 25.9 211 32.8 684  65.2 725 0.050 0.176  <0.001*
T': 8 Knee Flex IC 0.7 -28 3.0 35.7 31.3 37.6 50.1 45.1 54.4 19.0 16.2 23.0 0.230 0.035 <0.001*
™ A4 Flex MP Stance |113 7.7 154 42.7 405 479 449 429 524 459 413 505 Grouping parameter
% @ o Dors IC 4.6 19 7.0 -7.9 -10.9 -6.0 11.3 4.6 174 6.8 45 9.2 0.002* 0.047 0.226
E S E Ankle Dors Max Stance |16.8 143 184 8.4 3.6 11.0 25.1 15.6 28.8 21.6 19.6 23.0 0.003* 0.034 0.445
O & Dors MP Stance 6.6 5.5 7.7 0.5 -2.8 1.7 16.3 10.4 23.6 10.4 9.1 129 | 0.002* 0.068 0.163
Walking speed 1.2 1.1 1.3 0.9 0.9 1.0 0.6 0.6 0.7 1.0 1.0 1.1 0.008* 0.762  <0.001*

*= p<0.017 (Bonferroni’s correction) Significant differences

GAS = gastrocnemius ; HAM = hamstring ; PSO = iliopsoas ; CC = control condition; Med = median ; MP = mean position ; Min = minimum ; Max = maximum ; IC = initial contact ; PCA =
principal component analysis ; Flex = Flexion ; Ext = extension; Dors = Dorsiflexion; Stance = Stance phase; IC = Initial contact phase; Med = Median; N = number

Flex = positive value ; Ext = negative value ; Dorsiflexion = positive value ; Plantarflexion = negative value ; Pelvis MP anteversion = positive value
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