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Gait in Joint Hypermobility Syndrome
Title: Gait biomechanics in Joint Hypermobility Syndrome: a spatiotemporal, kinematic and

kinetic analysis.

ABSTRACT

Background: Joint Hypermobility Syndrome (JHS) symptoms of widespread joint
hypermobility and pain, muscle weakness and reduced muscle-tendon stiffness suggest that
there may be an impact on gait parameters. Identification of gait abnormalities may inform

assessment and management.

Objective: To explore the impact of JHS on gait parameters.

Study design: Cross-sectional design.

Methods: A JHS group of 29 participants (mean age 37.57 (S.D. 13.77) years) was compared
to a healthy control group of 30 participants (mean 39.27 (S.D. 12.59) years). Spatiotemporal
parameters, joint kinematics and joint kinetics were captured using the Qualisys motion capture

system synchronized with a Kistler force platform.

Results: Statistically significant reductions in walking speed, stride length and step length were
found in the JHS group, whilst stance and double support durations were significantly increased
(p <0.01). During the swing phase, the JHS group showed significantly less knee flexion (p <
0.01). Reductions hip extensor moment, and knee power generation and absorption were

identified in the JHS group (p < 0.01). No other gait parameters were significantly altered.

Conclusion: The JHS group walked more slowly with a kinematic ‘stiffening’ pattern.
Hypermobility was not evident during gait. The observed stiffening pattern could be a strategy
to avoid pain and improve balance. Impairments in moment and power generation could be

related to several symptomatic and aetiological factors in JHS. Clinicians should carefully
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consider gait in the assessment and management of people with JHS targeting the impairments

identified by the current study.

Key words: Joint Hypermobility Syndrome, kinematic, kinetic, gait, three-dimensional.

Word count: 4548
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1. INTRODUCTION

Joint hypermobility syndrome (JHS) is an inherited connective tissue disorder in which
multiple synovial joints demonstrate symptomatic and excessive motion in the absence of
systemic inflammation (Hakim et al., 2004; Hakim and Grahame, 2003; Simmonds and Keer,
2007). JHS is multi-systemic, adversely affecting the musculoskeletal, cardiovascular,
digestive and autonomic nervous systems due to abnormalities in the connective tissues of these
systems, which changes their physiology (Hakim and Grahame, 2003). JHS is a severe and
disabling condition found in 30% of those referred to a musculoskeletal triage service in the
United Kingdom (Connelly et al., 2014). The hypermobility type of Ehlers-Danlos Syndrome
(EDS-HT) has been accepted as an identical condition to JHS, where the two are
indistinguishable (Ainsworth and Aulicino, 1993; Fatoye et al., 2012; Hakim et al., 2004;
Hakim and Grahame, 2003; Simmonds and Keer, 2007; Tinkle et al., 2009). Although both
JHS and EDS-HT were included in the present investigation, the term JHS will be used in most
instances to encompass both diagnostic terms. Although new diagnostic criteria were recently
introduced for hypermobility-related disorders (Castori et al., 2017; Malfait et al., 2017), the

current research was conducted before those criteria were available.

Gait is an important indicator of functional capacity and general health, and reflects the
integrity of visual, vestibular, proprioceptive, neuromusculoskeletal, cognitive and
psychological systems (Allum and Adkin, 2003; Buchner et al., 1996; Foroughi et al., 2008;
Lelas et al., 2003; Lemke et al., 2000; Patla, 1998; Rigoldi et al., 2012; Riskowski et al., 2005).
Gait analysis can identify the functional impact of health conditions (Lelas et al., 2003;
Flansbjer et al., 2006). The gait of people with JHS could theoretically be altered due to laxity
in the connective tissues of their joints’ supportive structures (Hakim and Grahame, 2003;
Simmonds and Keer, 2007). Laxity is caused by mutation in the genes encoding collagen and

abnormalities in the enzymes responsible for collagen modification essential for maintaining
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the mechanical rigidity and stability of joints (Grahame, 2009; Malfait et al., 2006). JHS may
also be associated with mutation in tenascin-X, which is prevalent in musculoskeletal tissues
and bridges between collagen fibers(Malfait et al., 2006). Tenascin-X is essential for collagen
formation and regulation (Malfait et al., 2006). It is therefore hypothesized that collagen
deficiency in ligamentous and musculotendonous tissues is responsible for joint hypermobility
and instability in JHS and will impact on lower limb joint biomechanics and spatiotemporal

parameters during walking.

Symptoms such as joint pain and instability, fatigue, muscle weakness, proprioceptive
deficits, and physical and psychological decline (such as depression and anxiety) might also
have an impact on the gait of people with JHS (Fatoye et al., 2012; Hakim and Grahame, 2003;
Rombaut et al., 2010; Toker et al., 2010). For example, chronic widespread pain in JHS could
inhibit the motor system and cause muscular weakness (Le Pera et al., 2001). Knowledge of
the relationship between joint pain, insability and gait parameters has previously helped to
inform the management of patients with Anterior Cruciate Ligament (ACL) injuries and knee
osteoarthritis. For example, people with ACL injuries were found to avoid quadriceps
contraction to control tibial forward translation (Berchuck et al., 1990; Hart et al., 2009; Jensen
et al., 2013) and people with osteoarthritis reduced their joint moment as a strategy to cope
with pain (Hurwitz et al., 1997). Such symptoms of joint instability and pain are also features
of JHS and could alter gait in people with the condition. Investigating gait parameters could
therefore provide greater understanding of functional deficits in JHS and help to direct

rehabilitation interventions toward specific gait impairments that might be identified.

Few studies have previously explored gait in adults with JHS/EDS-HT (Celletti et al.,
2012; Galli et al., 2011; Rigoldi et al., 2012). All previous studies used three-dimensional
motion analysis, which is the gold standard for assessment of movement with excellent
clinimetric properties through standardized, well described and evidence-based methods

5
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(Celletti et al., 2012; Connell, et al., 2004; Ingemarsoon et al., 2003; Jensen et al., 2013).
Previous studies explored specific gait components (Celletti et al., 2012; Galli et al., 2011;
Rigoldi et al., 2012). Galli et al., (2011) examined 12 men and women with JHS/EDS-HT and
found significant reductions in step length and ankle dorsiflexion in the JHS/EDS-HT group
when compared to the control group. Rigoldi et al., (2012) compared 12 patients with EDS-HT
with 20 healthy controls and demonstrated significant reductions in step length, ankle
plantarflexion and hip power. Celletti et al., (2012) examined 21 women with JHS/EDS-HT
and used the Gait Profile Score to represent gait kinematic differences, identifying lower

physiological gait for the hip, knee and ankle overall kinematics in the JHS group.

The current study advances these reports; it provides a comprehensive three-
dimensional gait analysis, including spatiotemporal, kinematic and kinetic parameters of the
lower limb joints, uses clinically confirmed diagnostic criteria and has a justified sample size.
Such comprehensive analysis of the entire lower limb joints is important because JHS affects
the entire musculoskeletal system, rather than isolated individual joints. The findings of the
current study could identify specific gait impairments in JHS to direct the rehabilitation
programs, therefore optimizing the provided management and improving patient activity level.
Consequently, the primary objective of the current study was therefore to explore the impact
of JHS on spatiotemporal parameters and lower limb joint biomechanics (kinematics and
kinetics) in adults, through a comparison with a control group. A secondary objective was to
investigate the correlation between joint pain, as the predominant impairment in JHS, and

spatiotemporal and biomechanical parameters.

2. METHODS

2.1 Participants
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The research was approved by the East Midlands, Leicester Research Ethics Committee
(14/EM/1008) in accordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki). Informed written consent was obtained from participants and their
privacy rights was observed. Ambulatory men and women aged > 18 years were included. The
exclusion criteria were: lower back or lower limb injuries during the last three months as so to
not interrupt the healing process (Connell et al., 2004), fracture in the lower limbs during the
last 12 months as this could affect walking speed and balance (Ingemarsson et al., 2003);
pregnancy; and giving birth during the last year due to postpartum ligament laxity (Romabut et
al., 2011). Participants were excluded from the control group if they had generalized joint laxity
(= 4/9 in the Beighton score); pain (within the last three months) in the lower back or lower
limb joints (Connelly et al., 2014); or had a connective tissue disorder or other conditions which
cause weakness in the lower limbs.

People with JHS were recruited from the Hypermobility Syndromes Association
(HMSA) (a UK patient organization), and two secondary care hospitals in South West England,
UK. Participants in the control group were recruited via an email advert to staff and students
of the University of the West of England, Bristol, UK (UWE), and their relatives and friends.
Recruitment packs were sent to potential participants, and those who were willing to take part
in the study returned a reply slip to the research team. The diagnosis of JHS was initially self-
declared by patients then confirmed clinically by the chief investigator (NA) using the Brighton
criteria for JHS and the Revised Nosology of Villefranche for EDS-HT (Brighton et al., 1998;
Hakim et al., 2004; Hakim and Grahame, 2003; Simmonds and Keer, 2007). A matching pair
design for control participants with a frequency distribution control method was followed to
ensure between-group homogeneity in terms of age and sex.

Prospective sample size calculations were informed by available published data, from

which representative effect sizes could be calculated to investigate the study hypothesis of an
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impact of JHS on gait spatiotemporal parameters and biomechanics when compared to a control
group. For spatiotemporal parameters, Galli et al-(2011) found a significant reduction in step
length in JHS, with an observed effect size of 0.84. For kinematic parameters, Rigoldi et al.,
(2012) reported a significant difference for ankle dorsiflexion, with an effect size of 0.74.
Finally, for kinetic parameters, Galli et al-(2011) found a reduction in plantar flexor moment
during the terminal stance phase, with an effect size of 0.70. The smallest effect size of 0.70
was thus used as a realistic basis for the sample size calculation (corresponding to a moderate
to large SMD). Sample size was estimated to be a minimum of 26 participants per group at o

=0.05 and 80% power. A target sample of 30 per group was set to allow for up to 20% attrition.

2.2 Instrumentation

A Qualisys™ motion capture system (Qualisys, Gothenburg, Sweden) was used to
capture movement kinematics through ten infrared cameras (Oqus 3+) and Qualisys Track
Manager software (QTM). Instrument settings were checked and calibration was performed
before each session according to the manufacturer guidelines. A Kistler force platform
(Multicomponent force plate type 9281E, Kistler Group, Eulachstrasse, Swizerland) was
synchronised with the Qualisys system to identity gait events and kinetics along with the
trajectory analysis. The Qualisys™ system captures data with high validity, reliability, and
precision (Everaert et al., 1999; Yavuzer et al., 2008; Kejonen and Kauranen, 2002; Sinclair et
al., 2012). Good to excellent intra-rater reliability (ICC ranged from 0.625-0.996) of the
kinematics of lower limb joints was demonstrated in the current study for repeated marker
placement and repeating the walk test in ten participants from the control group (Alsiri, 2017).
Average pain intensity experienced over the last week was assessed using Visual Analogue
Scales (VAS) for the hip, knee and ankle joints. VAS is a simple tool with high validity and

reliability (Lara-Munoz et al., 2004; Williamson and Hoggard, 2005).
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2.3 Data collection and analysis

Data collection was conducted at the Human Analysis Laboratory, University of the
West of England (UWE), Bristol. The same researcher (NA) conducted the examination to
eliminate inter-rater variability. Infrared retro-reflective markers, and four marker clusters were
attached to the lower limb joints to define their segmental coordinate systems and track
segmental motion following the Calibrated Anatomical System Technique (CAST) (Cappozzo
et al., 1995). Joint angles were determined using the joint co-ordinate system. A static trial was
recorded, prior to the collection of dynamic trials for calculation of relevant segmental co-
ordinate systems. Each participant was then asked to walk along a 10 m walkway at self-
selected walking speed starting with three trials for familiarization. Self-selected walking speed
was examined to allow the observation of natural walking patterns of people with JHS. Five
trials of each limb were recorded with clear contacts with the force plate, which is sufficient to
obtain good reliability; ICC > 0.7 (Laroche et al., 2011). Twenty seconds rest was provided
between trials to minimise fatigue (Orendurff et al., 2008).

Data were processed using the QTM software to display and identify the markers’
trajectories and their six degrees of freedom using the Automatic Identification Model. Each
gait event was labelled, and foot contact and foot off gait events were labelled to identify
stance and swing phases. A low-pass filter was used to remove the noise without affecting the
true signals. The output was transmitted to a computer through analogue-digital converter,
then to QTM and sampled at a frequency of 100 Hz. After events processing the data were
converted to C3D files and transferred and processed in Visual 3D software to produce
kinematic and kinetic curve graphs. Data normalized to gait cycle within Visual 3D, were

exported in ASCii format to Microsoft Excel.

Statistical Package for the Social Science (SPSS version 22, IBM corp.) was used for

statistical analysis. Histograms and Shapiro-Wilk tests were used to assess data normal
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distribution (Field, 2009). Independent t-tests were used for the normally distributed data to
analyse differences between groups, and Mann-Whitney U tests were used for non-normally
distributed data (Field, 2009). Inferential statistics were used to compare the JHS group against
the control group in terms of gait spatiotemporal parameters including walking speed, stride
and step length, stance time duration, double support time, initial double support time, and
terminal double support time. The two groups were compared in terms of gait kinematics of
the pelvic, hip, knee and ankle joints in the frontal, sagittal and transverse planes. Gait kinetics,
namely moments and powers, were also compared at the hip, knee and ankle joints in the three
planes of movement. To reduce the risk of type I error due to multiple comparisons, the alpha
was reduced to 0.01 (Pallant, 2010). Therefore, statistically significant differences were

identified when p < 0.01.

Standardised mean differences (SMDs) was reported with 95% confidence interval (CI)
to quantify the size of the differences (Cohen, 1988; Samsa et al., 1999; Walker, 2007). A SMD
of 0.2 suggests a small difference, 0.5 suggests a moderate difference, and 0.8 suggests a large
difference (Cohen, 1988). SMDs of 0.5 and higher are highlighted in bold in the tables (tables
2-5). To make the data more accessible, only analyses for the right leg are presented in this
manuscript, as there were no statistically significant differences between right and left limbs.
Pearson Product Correlation Coefficients were used to correlate joint pain with gait
parameters. A confounded analysis was performed with multiple regressions to examine the
potential influence of age, body weight, and joint pain (back, hip, knee and ankle pain), with

gait parameters found to be significantly different in the JHS group.

3. RESULTS

3.1 Demographic and pain data

10
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Participant demographic characteristics, reported in table 1, indicate that the groups
were largely similar. Significant differences were found between the two groups in the
Beighton score, as would be expected. The JHS group showed statistically significant increase
in the pain intensity experienced at the hip, knee and ankle joints during both rest and

movement when compared to the control group; p = 0.001 (Table 1).

Table one will be inserted here

3.2 Spatiotemporal parameters

Statistically significant differences were found for the JHS group in walking speed,
initial double support duration and terminal double support duration (table 2). The SMDs were

moderate to large for the majority of those differences (table 2).

Table two will be inserted here

3.3 Kinematic gait analysis

No statistically significant differences were identified between the two groups for
pelvic and hip kinematics (table 3). The SMDs suggested a moderate reduction in pelvis
upward obliquity and hip abduction in the JHS group during the swing phase (table 3). A
statistically significant reduction was found in knee flexion during the swing phase in the JHS
group and the SMD suggested a moderate difference (table 4), this change was illustrated
graphically (figure 1). No graphical observations nor statistical differences were highlighted

for ankle kinematics (table 4).

Table three will be inserted here

Table four will be inserted here

Figure 1 will be inserted here

11



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

3.4 Kinetic gait analysis

The statistical analysis identified significant reductions in the JHS group when
compared to the control group in hip extensor moment, knee power generation in the sagittal
plane, and knee power absorption in the transverse plane (table 5). These changes are illustrated
graphically in figure 2. The SMDs suggested moderate differences between the two groups in
hip extensor and internal rotator moments (table 5). Moderate to large differences were
identified between the groups as suggested by the SMDs in knee extensor, internal rotator, and
external rotator moments, and knee power generation in the sagittal plane and knee power

absorption in the transverse plane (table 5).

Table 5 will be inserted here

Figure 2 will be inserted here

3.5 Joint pain

The most common painful joint in the JHS group was the knee joint (90.32% of
participants), followed by the hip joint (83.87%) and the ankle joint (77.41%). Relationships
proved to be statistically significant were only reported, where joint pain was significantly
correlated (p<0.05) to walking speed, stride length and stance duration percentage. Moderate
correlations were found between stance duration percentage and hip and ankle joint pain (r =
0.436 and 0.446 respectively). Very weak to weak correlations were found between joint pain

and gait kinematics (r-values ranged 0.005 to 0.281).

3.6 Confounded analysis:

The results of multiple regression (Table 6) showed that the established model of the

influence of age, body weight and joint pain explains 16.2% of the variance in gait speed,
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13.6% of the variance in maximum knee flexion during the swing phase, 12.3% of the variance
in hip maximum moment at the sagittal plane, 16.8% of the variance in knee maximum power
generation in the sagittal plane, and 30.4% of the variance in knee minimum power absorption
in the transverse plane (Table 6). However, none of the models reached statistical significance
except for the knee power absorption model (p = 0.003). Beta Standardized Coefficients were
the highest for joint pain but only knee pain in knee minimum power absorption model reached

statistical significance (p = 0.007).

Table 6 will be inserted here

4. DISCUSSION

A range of spatiotemporal parameters were significantly different with large effect
sizes in the JHS group compared to the control group, including walking speed, stride length,
step length, initial double support time and terminal double support time. A statistically
significant reduction with medium effect size was identified in the JHS group’s kinematics in
knee flexion during the swing phase. Simultaneously, statistically significant reductions with
medium to large effect sizes were shown in the JHS group in hip extensor moment, knee
power generation in the sagittal plane, and knee power absorption in the transverse plane.
Multiple regression analyses of the current study indicated that joint pain could be the main

influence on joint biomechanics.

Spatiotemporal parameters for adults with JHS were explored in one previous study.
Galli et al., (2011) reported a significant reduction in the EDS-HT group’s step length with
no significant difference in stance phase duration and velocity. The current investigation
contradicts Galli et al., (2011), as a significant reduction in walking speed, and a significant
increase in double support time and terminal double support time were identified. Galli et al.,

(2011) used a small sample size of 12 participants with EDS-HT versus 20 controls exposing

13
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their results to possible type II error. Galli et al., (2011) also did not clarify their patient
diagnostic criteria which may have created differences in sample characteristics between the

two studies.

The significant changes in the JHS group’s spatiotemporal parameters could be
explained by joint pain and reduced power as these factors have previously been identified as
being significantly correlated with walking speed (Chen et al., 1997; Lusa, et al., 2015; Purser
et al., 2012). Adopting a pattern of increasing the double support duration in JHS could be a
strategy to avoid joint pain, stress and load (Debi et al., 2009), where correlations were found
in the current study between stance duration percentage and hip and ankle joint pain.
Significant reductions in hip moments and knee power generation and absorption, identified in
the current study, could explain the alterations in spatiotemporal parameters. We have
previously reported (Alsiri, 2017) the predicted effect of differences in walking speed on
kinetic parameters using the regression equations of Lelas et al., (2003). All predicted
differences were less than the actual observed differences. Therefore, although speed may have
been a factor, it is insufficient to explain the differences between groups. It should be noted,
however, that regression equations were not available for all kinetic parameters investigated in

our study.

A ‘stiffening’ pattern was evident in people with JHS, identified as the stiffening of
hypermobile joints to act as normally mobile joints during the stance phase of walking. Most
of the descriptive statistics, graphical observations, and the SMDs suggested that the JHS
group’s kinematics were either comparable or reduced when compared with the control group
and provides some support for this pattern. Stiffening was also evident as a reduction in gait
kinematics during the swing phase. There was a statistically significant reduction in knee

flexion, and the SMDs suggested moderate reductions in pelvic upward obliquity and hip
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abduction. The similarities found in the graphs between the control group and the JHS group

(despite joint hypermobility) further support this stiffening pattern.

The concurrent statistical reductions in joint moments and powers, along with
kinematic stiffening, could suggest a relationship between the kinematic and kinetic
observations in JHS. Kinetic reductions in the JHS group could be related to collagen and
protein genetic abnormalities, muscle weakness, reduction in musculoskeletal stiffness and/or
pain-motor inhibition (Hakim and Grahame, 2003; O’Connell et al., 2010; Rombaut et al.,
2012; Sahin et al., 2008; Scheper et al., 2013; Syx et al., 2015; Voermans et al., 2009; Alsiri et
al., 2019). The kinetic reductions identified in the JHS group could be an avoiding behavior
employed intentionally to avoid joint hypermobility and pain, which might also explain the
stiffening observed in the kinematic analysis. The avoiding behavior theory was first described
by Berchuck et al., (1990) as “quadriceps avoidance” theory and was further supported by a
study in people with ACL injuries (Berchuck et al., 1990; Hart et al., 2009; Jensen et al., 2013).
This pattern is adopted by people with ACL injury by reducing the contraction of the
quadriceps to control tibial forward translation (Hart et al., 2009). Such a theory could be
applied to people with JHS as they may share some instability features with the ACL
population. Such behavior is also noticed in people with osteoarthritis, where moments are
reduced during walking and this has been referred to as a pain coping strategy (Hurwitz et al.,
1997). The stiffening pattern we have observed could be further explored through

electromyographic studies to understand the contribution of the lower limb musculature.

The current study analysed the gait kinematics of people with JHS in three planes of
movement. Therefore, there are several parameters that could not be compared with the existing
literature. Gait kinematics in adults with JHS were explored in two studies previously, where
mostly sagittal plane kinematics were reported. The results of the first study of Galli et al (2011)
support the stiffening pattern we observed, as functional joint hypermobility was not
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demonstrated in the EDS-HT group. Specifically, no significant differences between EDS-HT
and the control group were found for the pelvis, hip and knee kinematics during the stance
phase, except for ankle dorsiflexion which was significantly reduced. The second available
study of Celletti et (2012) further supports the stiffening pattern, as the kinematic parameters
were physiologically reduced when compared to the control group. However, comparing the
current results with those of Celletti et al (2012) might be inappropriate due to differences in

data reporting; they used the Gait Profile Score, a single index for gait alterations.

There has been no previous report exploring hip and knee moments and powers during
the gait cycle in people with JHS. Galli et al., (2011)reported significant reductions in the ankle
plantar flexors’ moment and power generation in the EDS-HT group. The reductions observed
in the current study failed to reach statistical significance. The contrast in findings might be
related to the heterogeneous age of the groups investigated by Galli ef al. (2011) (mean + SD
age of the EDS-HT group was 43.08 + 6.78 and in the control group was 37.23 + 8.91 years)
(Galli et al., 2011), with the reduced moment and power generation in the JHS group being
related to their older age. However, our study also observed reduced ankle plantar flexors
moment and ankle power generation in the JHS group that did not reach statistical significance.
The associated SMDs suggested small to medium differences which may indicate type II error

1n our results.

Previous biomechanical explorations in JHS were limited, therefore, the findings of
reduced kinetic values have been compared against other musculoskeletal conditions. Analysis
has previously revealed moment reductions in people with osteoarthritis, with the exception of
a significant increase in knee adductor moment, and ACL injuries like JHS (Hurwitz et al.,
1997; Hart et al., 2009; Toker et al., 2010). ACL injuries may be more comparable with JHS
due to sharing the instability feature. People with JHS might adopt stiffening as a pain-avoiding
behavior to avoid over-stressing the joints and inducing pain. Joint laxity and hypermobility
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are major contributors to the pathogenesis of pain (Acasuso-Diaz and Collantes-Esteez, 1998).
Overstretching the joint structures could induce micro-trauma, inflammation and pain, which
can be complicated with repetitive over-stretching causing overuse injuries and a vicious cycle
of pain (McMaster, 1996; Smith, 2005). Stiffening could be adopted to control the
hypermobility-pain cycle. People with JHS might adopt stiffening during walking due to their
fear of falling, as controlling their walking kinematics could improve their balance, where 95%
of the participants in the EDS-HT group in Rombaut et al.’s (2011) study had fallen during the
previous year. Kinematic reduction in the swing limb could be adopted as a load reduction
strategy employed to reduce joint stress and pain and improve equilibrium (Mundermann et
al., 2005; Simic et al., 2011). Balance is a critical problem in people with JHS, and it is
associated with increased falling frequency (Rombaut et al., 2011). Such a strategy of reducing
the leg opening by reducing pelvic upward obliquity and hip abduction maintains the center of
mass within the base of support, could maintain equilibrium (Cappozzo et al., 1995; Lee and
Farley, 1998). Moreover, medio-lateral trajectory of the center of mass is influenced by hip

abduction/adduction to control medio-lateral equilibrium (Winter, 1995).

The current study has comprehensively explored gait parameters in people with JHS,
including spatiotemporal, kinematic and kinetic parameters for the entire lower limbs. The
study used a gold standard three-dimensional motion analysis, valid diagnostic criteria and a
standardized protocol. In addition, a conservative alpha level of 0.01 was employed for
statistical significance to reduce the risk of type I error due to multiple comparisons. However,
the study is limited by several factors. The cross-sectional design employed in the current study
can be used to examine relationships and associations, however, this design is unable to
determine cause and effect relationships (Hennekens and Buring, 1987). It was not practical to
blind the lead researcher, which might risk exposing the results to expectation bias (Bailey,

1997; Bowling, 2009), and gait kinematics were not normalised to speed (Lelas et al., 2003;
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Kwon et al., 2015). The sample was based on a priori sample size calculations, however the
medium to large effect size of 0.70 used in the calculation, in conjunction with the use of a
conservative alpha level, may have exposed the study to type II errors. A study with a larger
sample size would be needed to explore any observations that failed to reach statistical
significance. The reduced kinetics observed in the JHS group might be related to the fact that
the JHS group walked more slowly than the control group (Ardestani et al., 2016). This factor

has not been corrected for and this should be considered when interpreting the kinetics findings.

Clinicians should carefully consider gait in the assessment and management of people
with JHS, particularly understanding and improving the relationships between joint pain and
the stiffening gait pattern. Rehabilitation programs could be directed towards improving joint
control through specific and functional strength training for dynamic stabilizer muscles and
gradually increasing walking speed. The success of gait training should be assessed via effects
on pain and reducing the dependency on the stiffening pattern. Future studies are needed to
understand the long-term effects of the stiffening pattern on potential muscle weakness,

instability and pain and to evaluate the effectiveness of gait training.

5. CONCLUSION

Multiple gait impairments were revealed in people with JHS, including reduced
walking speed, altered spatiotemporal parameters, stiffened kinematics and reduced moments
and powers. Future research is needed to determine the effects of the observed stiffening pattern
on the long-term symptoms and progression of the condition. The identified impairments could

be targeted during gait rehabilitation to improve activity and participation.
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665 8. TABLES

Table 1: The demographic characteristics of the JHS and the control group and pain
intensity experienced during the last week at the lower limb joints.

Demographic JHS group Control group p-value
characteristics n=29 n =230
Sex 27 women 2 men 28 2 men 0.94
women
Mean SD Mean SD p-value

Age (years) 37.57 13.77 39.27 12.59 0.62
BMI 27.27 6.12 25.45 3.08 0.15
Height (cm) 164.45 7.89 162.73 8.07 0.41
Weight (kg) 73.84 17.44 67.44 10.36 0.29
Beighton score 6.24 1.57 1.10 0.75 <0.001*
Hip pain during rest 3.54 2.85 0.06 0.32 0.001*
Hip pain during 3.97 2.97 0.05 0.20 0.001*
movement
Knee pain during rest 2.62 2.51 0.09 0.38 0.001*
Knee pain during 3.27 2.73 0.05 0.22 0.001*
movement
Ankle pain during rest 2.07 2.38 0.00 0.00 0.001*
Ankle pain during 2.89 2.61 0.00 0.00 0.001*
movement
Key: BMI = body mass index; SD = standard deviation,; * = statistically significant difference.
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Table 2: The descriptive statistics and comparisons of gait spatiotemporal parameters of the JHS

and the control group.

Spatiotemporal JHS
Parameters group
n=29

Speed (m/s) 1.14
(0.23)

Stride length (m) 1.18
(0.25)

Step length (m) 0.61
(0.07)

Stance duration % 60.30
(2.88)

Double support 20.49
duration % (3.26)
Initial double support 10.44
duration % (1.78)
Terminal double limb 10.26
support duration % (1.77)

Control

group
n=230

1.33 (0.16)

p-value

0.001*

Spatial parameters

1.34 (0.12)

0.67 (0.06)

0.004*

0.004*

Temporal parameters

58.71 (2.03)
18.09 (4.97)
8.57 (1.06)

8.75(1.26)

0.018

0.034

0.001*

0.001*

SMD (95% CI)

-0.96 (-1.49, -0.41)

-0.82 (-1.34, -0.28)

-0.92 (-1.45, -0.37)

0.64 (0.11, 1.15)
0.57 (0.04, 1.08)
1.28 (0.71, 1.82)

0.99 (0.43, 1.51)

Key: Values are reported in mean (standard deviation). * Indicates statistically significant difference. SMD:
standardised mean difference, CI: confidence interval. SMD of 0.5 and higher are highlighted in bold suggesting at

least moderate differences [Cohen, 1988].
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Table 3: Gait kinematics for the pelvis and hip joint during the stance, swing and initial contact
(IC) phases for the JHS and control group.

Kinematic parameters JHS Control p- SMD (95% CI)
(degrees) group group value
n=29 n=30
Maximum kinematics (Stance phase) (Degrees)
Anterior pelvic tilt 8.46 6.97 0.30 0.27 (-0.24, 0.78)
(5.45) (5.53)
Upward pelvic obliquity 2.92 3.52 0.26 -0.30 (-0.80, 0.22)
(2.04) (2.02)
Internal pelvic rotation 6.46 7.25 0.40 -0.22 (-0.73, 0.30)
(4.12) (3.09)
Hip flexion 26.41 28.46 0.24 -0.31 (-0.82, 0.21)
(6.83) (6.45)
Hip adduction 9.81 (3.88) 10.15 0.73 -0.09 (-0.60, 0.42)
(3.67)
Hip internal rotation 6.19 (6.67)  6.74(9.54) = 0.80 -0.07 (-0.58, 0.44)
Maximum kinematics (Swing phase) (Degrees)
Anterior pelvic tilt 8.14 6.97 0.39 0.23 (-0.29, 0.73)
(4.98) (5.39)
Upward pelvic obliquity 3.62 4.88 0.03 -0.57 (-1.08, -0.04)
(2.28) (2.13)
Internal pelvic rotation 6.25 7.03 0.39 -0.22 (-0.73, 0.29)
(4.21) (2.65)
Hip flexion 27.42 28.77 0.43 -0.21 (-0.71, 0.31)
(6.59) (6.58)
Hip adduction 5.51(3.27) | 4.77 (2.93) 0.36 0.24 (-0.28, 0.75)
Hip internal rotation 1.20 (6.81) | 2.78 (5.25) 0.32 -0.26 (-0.77, 0.26)
Minimum Kinematics (Stance phase) (Degrees)
Posterior pelvic tilt 4.88 4.15 0.59 0.14 (-0.37, 0.65)
(5.16) (5.12)
Downward pelvic -3.96 -4.99 0.07 0.48 (-0.04, 0.99)
obliquity (2.27) (2.01)
External pelvic rotation -6.48 -6.78 0.70 0.10 (-0.41, 0.61)
(2.68) (3.23)
Hip extension -8.54 -11.89 0.10 0.43 (-0.10, 0.94)
(7.91) (7.81)
Hip abduction -0.58 (3.81)  -2.09 (3.42)  0.11 0.42 (-0.10, 0.93)
Hip external rotation -7.04 (7.34) | -7.89 (8.00)  0.67 0.11 (-0.40, 0.62)
Minimum kinematics (swing phase) (Degrees)
Posterior pelvic tilt 5.20 4.26 0.47 0.19 (-0.33, 0.70)
(4.93) (5.10)
Downward pelvic -1.98 -1.77 0.65 -0.12 (-0.63, 0.39)
obliquity (1.60) (1.95)
External pelvic rotation -4.59 -4.61 0.98 0.01 (-0.50, 0.52)
(2.79) (3.02)
Hip extension -1.71 (8.12)  -4.61(7.03)  0.14 0.38 (-0.14, 0.89)
Hip abduction 291 (3.49) -4.73(2.71)  0.02 0.58 (0.06, 1.10)
Hip external rotation -8.38 (7.09)  -8.25(5.66)  0.93 -0.02 (-0.53, 0.49)
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Kinematics (initial contact) (Degrees)

Pelvic tilt 6.72 5.86 0.53 0.16 (-0.35, 0.67)
(5.21) (5.44)

Pelvic obliquity -0.69 -0.04 0.17 -0.36 (-0.87, 0.15)
(1.71) (1.85)

Pelvic rotation 5.76 6.79 0.32 -0.26 (-0.77, 0.26)
(4.51) (3.42)

Hip flexion/extension 25.64 27.03 0.44 -0.20 (-0.71, 0.32)
(6.84) (7.12)

Hip abduction/adduction 2.81(4.08) 1.45(3.70) 0.18 0.35(-0.17, 0.86)

Hip internal/external -4.60 (8.47) -5.53(7.92) 0.66 0.11 (-0.40, 0.62)

rotation

Key: Values are reported in mean (standard deviation). SMD: standardised mean difference, CI: confidence
interval. SMD of 0.5 and higher are highlighted in bold suggesting at least differences [Cohen, 1988]. When
values are positive, the knee in flexion/valgus position.
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Table 4: Gait kinematics for the knee and ankle joints during the stance, swing and initial contact
phases for the JHS and control group.

Knee kinematic parameters JHS group Control p- SMD (95% CI)
(degrees) n=29 group value
n =30
Maximum kinematics (stance phase) (Degrees)
Knee flexion 34.27 (7.76) 34.73 0.81 -0.06 (-0.57, 0.45)
(7.04)
Knee valgus 6.77 (3.73)  5.59(3.17) 0.19 0.34 (-0.18, 0.85)
Ankle dorsiflexion 8.24(4.49) 8.26(2.73) 0.98 -0.01 (-0.52, 0.51)
Foot internal progression 8.23 (6.34)  7.58(5.02) 0.66 0.11 (-0.40, 0.62)
Ankle internal rotation 9.00 (6.45)  9.52 (4.63) 0.72 -0.09 (-0.60, 0.42)
Maximum kinematics (swing phase) (Degrees)
Knee flexion 55.04 (7.68) 59.19 0.01* -0.64 (-1.15,-0.11)
(5.15)
Knee valgus 8.51(3.23)  8.08 (3.30) 0.62 0.13 (-0.38, 0.64)
Ankle dorsiflexion 2.14(4.71)  0.83 (4.60) 0.28 0.28 (-0.42, 0.79)
Foot internal progression 0.77 (6.68)  0.27(5.38) 0.51 0.08 (-0.43, 0.59)
Ankle internal rotation 3.21(5.23) 3.31(4.69) 094 -0.02 (-0.53, 0.49)

Minimum Kinematics (stance phase) (Degrees)
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Knee extension 1.32(4.34) 0.49(3.62) 0.42 0.21 (-0.31, 0.72)

Knee varus 0.71(3.70) = 0.25(3.05) 0.60 0.14 (-0.38, 0.65)

Ankle plantar flexion -17.09 (8.40) -16.98 0.61 -0.02 (-0.53, 0.49)
(4.92)

Foot external progression -6.77 (5.54) -5.90 0.46 -0.19 (-0.70, 0.32)
(3.24)

Ankle external rotation -6.56 (6.27) -5.92 0.63 -0.13 (-0.63, 0.39)
(3.68)

Minimum kinematics (swing phase) (Degrees)

Knee extension -1.94 (5.10) -2.62 0.60 0.13 (-0.38, 0.64)
(5.04)

Knee varus -0.36 (3.71) -0.52 0.85 0.05 (-0.46, 0.56)
(2.77)

Ankle plantar flexion -21.66 (8.20) -21.44 0.90 -0.03 (-0.54, 0.48)
(6.26)

Foot external progression -8.25 (5.95) -8.66 0.78 0.07 (-0.44, 0.58)
(5.24)

Ankle external rotation -9.02 (5.63) -10.51 0.34 0.25 (-0.27, 0.76)
(6.28)

Kinematics (initial contact) (Degrees)

Knee flexion/extension 2.73 (4.02)  3.25(3.39) 0.59 -0.14 (-0.65, 0.37)

Knee valgus/varus 5.16 (4.17)  3.96 (3.21) 0.22 0.32 (-0.19, 0.83)

Ankle dorsi/plantar flexion -5.03 (8.07) -3.31 0.27 -0.29 (-0.80, 0.23)
(2.75)

Foot progression -4.31 (5.46) -4.28 0.98 -0.01 (-0.52, 0.50)
(5.21)

Ankle internal/external -0.12 (4.68)  0.25(3.58) 0.72 -0.09 (-0.60, 0.42)

rotation

Key: Values are reported in mean (standard deviation). * Indicates statistically significant difference. SMD: standardised
mean difference, CI: confidence interval. SMD of 0.5 and higher are highlighted in bold suggesting at least moderate
differences [Cohen, 1988].
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Table 5: Gait moment and power generated and absorbed at the hip, knee and ankle joints in the sagittal,
frontal and transverse planes for the JHS and control group.

Moment (Nm/kg) and power JHS group Control group p- value SMD (95% CI)
(Watts/kg) parameters n=29 n=230
Maximum moment (Nm/kg)
Hip flexion/extension 0.50 (0.20) 0.65 (0.22) 0.01* -0.71 (-1.23, -0.18)
Hip abduction/adduction 0.92 (0.25) 0.95 (0.14) 0.42 -0.15 (-0.66, 0.36)
Hip internal/external rotation 0.07 (0.03) 0.09 (0.04) 0.07 -0.56 (-1.08, -0.04)
Maximum power generation (Watts/kg)
Hip flexion/extension 0.70 (0.30) 0.84 (0.28) 0.08 -0.48 (-0.99, 0.04)
Hip abduction/adduction 0.59 (0.24) 0.65 (0.17) 0.06 -0.29 (-0.80, -0.23)
Hip internal/external rotation 0.14 (0.14) 0.12 (0.16) 0.66 0.13 (-0.38, 0.64)
Minimum moment (Nm/kg)
Hip flexion/extension -0.57 (0.23) -0.66 (0.16) 0.09 0.46 (-0.07, 0.97)
Hip abduction/adduction -0.13 (0.08) -0.13 (0.06) 0.66 0.00 (-0.51, 0.51)

Hip internal to external rotation -0.19 (0.08) -0.20 (0.09) 0.80 0.12 (-0.40, 0.63)
Minimum power absorption (Watts/kg)

Hip flexion/extension -0.61 (0.69) -0.56 (0.26) 0.23 -0.10 (-0.61, 0.42)

Hip abduction/adduction -0.53 (0.30) -0.54 (0.29) 0.66 0.03 (-0.48, 0.54)

Hip internal/external rotation -0.26 (0.17) -0.33 (0.18) 0.12 0.40 (-0.12, 0.91)
Maximum moment (Nm/kg)

Knee flexion/extension 0.41 (0.15) 0.51 (0.22) 0.04 -0.53 (-1.04, 0.00)

Knee valgus/varus 0.12 (0.05) 0.11 (0.06) 0.07 0.18 (-0.33, 0.69)

Knee internal/external rotation 0.09 (0.05) 0.12 (0.04) 0.02 -0.66 (-1.18, -0.13)

Maximum power generation (Watts/kg)
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Knee flexion/extension 0.54 (0.29) 0.71 (0.31) 0.01* -0.57 (-1.08, 0.04)

Knee valgus/varus 0.08 (0.04) 0.10 (0.06) 0.32 -0.39 (-0.90, 0.13)
Knee internal/external rotation 0.11 (0.12) 0.27 (0.89) 0.45 -0.25 (-0.76, 0.27)
Minimum moment (Nm/kg)

Knee flexion/extension -0.32 (0.15) -0.38 (0.13) 0.06 0.43 (-0.09, 0.94)
Knee valgus/varus -0.27 (0.14) -0.31 (0.11) 0.56 0.32 (-0.20, 0.83)
Knee internal/external rotation -0.10 (0.04) -0.12 (0.04) 0.04 0.50 (-0.02, 1.01)
Minimum power absorption (Watts/kg)

Knee flexion/extension -0.77 (0.39) -0.95 (0.48) 0.11 0.41 (-0.11, 0.92)
Knee valgus/varus -0.14 (0.09) -0.15 (0.10) 0.62 0.11 (-0.41, 0.61)
Knee internal/external rotation -0.10 (0.04) -0.14 (0.05) 0.001* 0.88 (0.34, 1.40)
Maximum moment (Nm/kg)

Ankle dorsi/plantar flexion 1.24 (0.18) 1.33 (0.12) 0.05 -0.59 (-1.10, -0.06)
Foot progression 0.28 (0.11) 0.26 (0.10) 0.36 0.19 (-0.32, 0.70)
Ankle internal/external rotation 0.02 (0.01) 0.02 (0.03) 0.51 0.00 (-0.51, 0.51)
Maximum power generation (Watts/kg)

Ankle dorsi/plantar flexion 2.68 (0.86) 3.08 (0.82) 0.08 -0.48 (-0.99, 0.05)
Foot progression 0.38 (0.29) 0.28 (0.23) 0.13 0.38 (-0.14, 0.89)
Ankle internal/external rotation 0.09 (0.21) 0.02 (0.02) 0.27 0.47 (-0.05, 0.98)
Minimum moment (Nm/kg)

Ankle dorsi/plantar flexion -0.11 (0.05) -0.13 (0.03) 0.17 0.49 (-0.04, 1.00)
Foot progression -0.05 (0.06) -0.05 (0.03) 0.39 0.00 (-0.51, 0.51)

Ankle internal/external rotation -0.10 (0.04) -0.13 (0.05) 0.10 0.66 (0.13, 1.18)
Minimum power absorption (Watts/kg)

Ankle dorsi/plantar flexion -0.81 (0.67) -0.67 (0.25) 0.64 -0.28 (-0.79, 0.24)

Foot progression -0.17 (0.10) -0.15 (0.08) 0.58 -0.22 (-0.73, 0.29)

Ankle internal/external rotation -0.36 (1.01) -0.12 (0.06) 0.06 -0.34 (-0.85, 0.18)

Keys: Values are reported in mean (standard deviation). * Indicates statistically significant difference. SMD: standardised
mean difference, CI: confidence interval. SMD of 0.5 and higher are highlighted in bold suggesting at least moderate
differences [Cohen, 1988].
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Table 6: Multiple regression between gait parameters found to be significantly reduced in the JHS
group with age, body weight, back pain, hip pain, knee pain and ankle pain.
R Percentage | ANOVA Beta Coefficient
Square P value | standardized P value
coefficient
Speed 0.162 16.2% 0.155 Knee pain = 0.230
-0.241
Maximum knee flexion during 0.136 13.6% 0.245 Ankle pain = 0.187
the swing phase -0.326
Hip maximum moment in the 0.123 12.3% 0.315 Back pain = 0.110
sagittal plane -0.236
Knee maximum power 0.168 16.8% 0.127 Knee pain = 0.047
generation in the sagittal plane -0.397
Knee minimum power absorption | 0.304 30.4% 0.003* Knee pain = 0.007*
in the transverse plane 0.661
Keys: *Indicates statistically significant difference at p < 0.01.
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773 9. FIGURES LEGENDS

774  Figure 1: Curve graphs showing the kinematics of the lower limb joints during the gait cycle at sagittal, frontal,
775 and transverse planes for the JHS group, n = 29, the control group; n = 30. The solid line displays the mean and
776 the semi-transparent line displays the standard deviation. The vertical line separate between the stance and swing
777  phase in gait graphs. JHS group graphs were compared against the control group graph. | indicates statistically
778 significant reduction in kinetics in the JHS group when compared to the control group.

779 Figure 2: Curve graphs showing the kinetics acting at the lower limb joints during the gait cycle for the JHS; n
780 =29, and control group; n = 30. The solid line illustrates the mean and the semi-transparent line illustrates the
781 standard deviation. The vertical line separate between the stance and swing phase in gait graphs. JHS group
782 graphs were compared against the control group graph. | indicates statistically significant reduction in

783 kinetics in the JHS group when compared to the control group.

784 FIGURES

Gait kinematics
Figure 1: Curve graphs showing the kinematics of the lower limb joints during the gait cycle at sagittal,
frontal, and transverse planes for the JHS group, n = 29, the control group,; n = 30. The solid line displays
the mean and the semi-transparent line displays the standard deviation. The vertical line separate between
the stance and swing phase in gait graphs. JHS group graphs were compared against the control group
graph. ¥ Indicates statistically significant reduction in kinetics in the JHS group when compared to the control

group.
Joint Plane of
movement Sagittal plane Frontal plane Transverse plane
PelViS JHS 20,0+ Pelvic tilt (ANT +ve) 30.0- Pelvic obliquity (Up = +ve) 50.0- Pelvic rotation (Internal rotation = +ve)
g 8 i
group ;g; 125 ;g): 1 ;%1 004
a [=] a
3.0 30.0 -50.0 +

T T T K ] 1
0.0 o 100.0 0.0 wo 100.0 0.0 oo 100.0
% gait cycle : % gait cycle % gait cycle .

32



Control
Group

JHS
group

Control
group

JHS
group

Knee

Control
group

Ankle JHS

group

Control
group

785

786

Pelvic tilt (ANT +ve)
30.07

Degrees

500 c
oo % gait cycle 1000

900 Hip flexion and extension (FLEX +ve)

80

Degrees

P

T T
00
1
% gait cycle oo

-200| T
0.0

g0, P fMlexion and extension (FLEX +ve)

Degrees

~.

S —
-20.0 T

T |
500 100,
00 % gait cycle 000

Knee flexion and extension (FLEX +ve)

L4

Degrees
S

-20.0 | T T {

500 ;
% gait cycle 1000

20.0 Knee flexion and extension (FLEX +ve)

500 )
1000
% gait cycle

0 Ankle dorsi and plantarflexion (DFLEX +ve)

Degrees
g

50.0 P 1
1
00 % gait cycle 00.0
20 u7Ank\e dorsi and plantarflexion (DFLEX +ve)
2 ]
p—
I} —
TN\
50.0 T 1
500
oo % gait cycle 1000

Pelvic obliquity (Up = +ve)

-30.0 . - . )
0.0 0o 100.0
% gait cycle
30.0- Hip abd and adduction (+ve = adduction)
8
2
g
Q 4
2300 T T T ]
0.0 %00 100.0
% gait cycle
300+ Hip abd and adduction (+ve = adduction)
o
@
B ——
=3
8 4
-30.0 T T v
0.0 500 100.0
% gait cycle
150 Knee joint valgus and varus (+ valgus)
PR
B —
= X
a
-15.0 T T 1
500
100.0
% gait cycle
150 Knee joint valgus and varus (+ valgus)
o
8 N
O ———
% o
a 4
-15.0 T - T 1
0.0 oo 100.0
% gait cycle

N/

33

A

Pelvic rotation (Intemal rotation = +ve)

50.0
o
@
o 4
-50.0+ p T 1
0.0 oo 100.0
% gait cycle

Hip internal and external rotation (Internal

=+

40.07
o
@
@
=3
@
o
-40.0 T T T
500 1
00 % gait cycle 000
Hip internal and external rotation (Internal
= +ve)
4007
2
<
=1
@
o
_40.0 T T T
500 1
oo % gait cycle o0

N/A

Foot progression (+ve - Internal -foot to
lab)

30.0
= ‘\._/
-30.0+ T T T 1
0.0 e 100.0
Foot progression (+ve - Intemal -foot to
lab
30.0 )
1)
-30.0 T T T 1
0.0 wo 100.0



Gait kinetics

Figure 2: Curve graphs showing the kinetics acting at the lower limb joints during the gait cycle for the JHS; n = 29,
and control group; n = 30. The solid line illustrates the mean and the semi-transparent line illustrates the standard
deviation. The vertical line separate between the stance and swing phase in gait graphs. JHS group graphs were
compared against the control group graph. ¥ indicates statistically significant reduction in kinetics in the JHS group
when compared to the control group.
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