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ARTICLE INFO ABSTRACT
Keywords: Background: In adolescents with non-pathological and pathological joint hypermobility, gait deviations have
Generalized joint hypermobility been associated with pain and fatigue. It remains unclear what distinguishes the non-pathological form of joint

Connective tissue disorder
Adolescents

Gait analysis

Functional disability

hypermobility (JH) from pathological forms (i.e. hypermobile Ehlers-Danlos syndrome (hEDS) or hypermobility
spectrum disorders (HSD). Our objective was to identify discriminative clinical characteristics and biomechanical
gait features between adolescents with hEDS/HSD, JH, and healthy controls (HC).

Methods: Thirty-two adolescents were classified into three subgroups (hEDS/HSD=12, JH=5, HC=15). Clinical
characteristics (e.g. pain intensity and surface, fatigue, functional disability) were inventoried.

The gait pattern was assessed using a three-dimensional, eight-camera VICON MX1.3 motion capture system,
operating at a sample rate of 100 Hz (VICON, Oxford, UK). Spatiotemporal parameters, joint angles (sagittal
plane), joint work, joint impulse, ground reaction force and gait variability expressed as percentage using
Principal Component Analysis (PCA) were assessed and analysed using multivariate analysis. Multivariate
analysis data is expressed in mean differences(MD), standard error(SE) and P-values.

Results: The hEDS/HSD-group had significantly higher fatigue score (+51.5 points, p = <0.001) and functional
disability (+1.6, p < .001) than the HC-group. Pain intensity was significantly higher in the hEDS/HSD-group
than the other subgroups (JH; +37 mm p = .004, HC; +38 mm, p = .001). The hEDS/HSD-group showed
significantly more gait variability (JH; +7.2(2.0)% p = .003, HC; + 7.8(1.4)%, p = <0.001) and lower joint work
(JH; —0.07(0.03)J/kg, p = .007, HC; — 0.06(0.03)J/kg, p = .013) than the other subgroups. The JH-group
showed significantly increased ankle dorsiflexion during terminal stance (+5.0(1.5)degree, p = .001)
compared to hEDS/HSD-group and knee flexion during loading response compared to HC-group (+5.7(1.8)
degree, p = .011).

Significance: A distinctive difference in gait pattern between adolescents with non-pathological and pathological
joint hypermobility is found in gait variability, rather than in the biomechanical features of gait. This suggests
that a specific gait variability metric is more appropriate than biomechanical individual joint patterns for
assessing gait in adolescents with hEDS/HSD.

* Corresponding author at: Center of Expertise Urban Vitality, Faculty of Health, Amsterdam University of Applied Sciences, Tafelbergweg 51, 1105 BD
Amsterdam, the Netherlands.
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1. Introduction

Joint hypermobility (JH) is present in 7-36% of youth [1-4]. Joint
hypermobility is defined as a joint range of movement exceeds the norm
for that individual, accounting for age, sex and ethnicity [5]. JH can
occur without symptoms [1-4], but may also indicate a serious pathol-
ogy. In this instance JH can represent both a variation of normality or a
symptom rather than a diagnosis [6,7].

In the spectrum of JH, non-pathological and pathological groups are
observed. In the non-pathological group, most children do not develop
severe musculoskeletal complaints [6] and some even have an advan-
tage of the increased JH [8]. In the pathological group, JH is frequently
observed in Hereditary Connective Tissue Disorders (HCTD). HCTDs are
characterized by pathological connective tissue fragility in multiple
organ systems and can be genetically confirmed, except for hypermobile
Ehlers-Danlos syndrome (hEDS) [9] and Hypermobility Spectrum Dis-
orders (HSD) [6]. HSD is the current label for adolescents with JH and
musculoskeletal complications such as pain and subluxations, who do
not fulfil the criteria for hEDS [6].

Joint pain is a major presenting complaint in adolescents with hEDS/
HSD [6,9,10]. In the earliest accounts of Hypermobility Syndrome
(HMS) and Ehlers Danlos Type III (EDSIII) (1969, 1971), it has been
speculated that joint instability or joint overload may underlie the
occurrence and persistence of pain [11]. Later on, with the evolution of
the diagnostic criteria this assumption of an intrinsic link between pain
and joint biomechanics remains highly suggested by many authors in the
field and also is often included as a rationality for treatment [12]. Still
over the years only anecdotal evidence has been presented that supports
this assumption, nor evidence that refutes.

Chronic fatigue is also frequently reported among adolescents with
hEDS/HSD which includes bodily and mental fatigue that only mini-
mally improves with rest [13,14]. Fatigue may also contribute to
musculoskeletal pain and muscle weakness and could affect gait [13,
15-18]. The relationship between fatigue and gait was previously
investigated in adolescents with symptomatic JH [18]. A reduced
ground reaction force was observed anda possible connection between
fatigue and the loss of proprioceptive acuity in lower limb muscles was
suggested [13,15-18].

When considering all of the literature regarding gait, joint biome-
chanics or motor control, a major limitation to all of these observations
is that they focus on a specific joint (for e.g. the knee) or a specific
movement of the gait cycle (for e.g. heel strike), and therefore it is not
able to regard whole chain of movements and biomechanical de-
rivatives. This is especially a limitation in most studies, as the most
striking feature of hypermobility related disorders is a high level of
clinical heterogeneity in symptoms and connective tissue laxity and the
migration of symptoms over specific joints over time that does not
follow any predictable changes [16,17].

However, the literature does not provide a clear description of
deviant gait features that are characteristic for JH, nor the consequences
of these deviations for musculoskeletal complaints. Therefore, the
objective of this exploratory study was to compare clinical features,
biomechanical gait features (spatiotemporal data, kinetics and kine-
matics, joint impulse, ground reaction force and joint work) and gait
variability between adolescents diagnosed with hEDS/HSD, those with
JH and healthy controls.

2. Materials and methods

This cross-sectional study was conducted in adherence with the
principles of the Declaration of Helsinki [21] and in accordance with the
Human Subjects act (WMO). Ethical approval was granted by the
Medical Ethical Committee of the Amsterdam University Medical Centre
(Amsterdam UMC) (2015-040). The study was conducted at the
Amsterdam UMC, location AMC, between January 2016 and December
2018.
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2.1. Participants

Adolescents were eligible for participation when they were between
12 and 18 years of age. Adolescents were divided into three subgroups
according to the 2017 classification criteria for Joint hypermobility and
Ehlers Danlos syndromes [6,9]. The criteria for hEDS/HSD consist of
three sub criteria, one of which is focused on joint hypermobility
(Beighton score >6), sub criteria two is focused on various features (e.g.
skin involvement and pain complaints) and sub criteria three consist of
features associated with other heritable disorders such as rheumato-
logical conditions. Adolescents with established hEDS or HSD according
to the 2017 criteria [6,9] were recruited and included from the outpa-
tient clinic of the Departments of Rehabilitation Medicine and Medical
Genetics from the Amsterdam UMC. A group of adolescents was also
recruited through members of the research team. The adolescents with
asymptomatic joint hypermobility including asymptomatic generalized
JH, asymptomatic peripheral JH and asymptomatic localized JH [6] and
with mild to no complaints were classified as the joint hypermobile
(JH-group) [6,9]. The remaining controls were classified as healthy
controls (HC-group). Participants were excluded in case of presence or
suspicion of HCTDs other than hEDS, recent surgery of the lower ex-
tremity or any other condition that might interfere with walking.

2.2. Demographics

Demographic data including age, sex, weight and body mass index
(BMI) were collected.

2.2.1. Pain

Painful body surface area and number of pain locations were quan-
tified by marking these on a pain manikin. The pain manikin consists of
two body outlines, front and back, on which participants were asked to
shade the body parts where they experienced pain for longer than the
previous 24 h. The shaded area’s provided a total percentage of painful
body surface area [22]. In addition, A Visual Analogue Scale (VAS) was
used to assess pain severity [23], as measured on a 0-100 scale ranging
from O (no pain) to 100 (worst possible pain). The VAS has been
demonstrated to have adequate psychometric properties [22,24].

2.2.2. Fatigue

Fatigue was measured with the multidimensional Checklist Individ-
ual Strength questionnaire (CIS20) [25]. The checklist consists of 20
items with a 7-points Likert scale scoring. Total scores are calculated
through a summation of all subscales scores resulting in a score ranging
from 20 to 140, with higher scores reflecting higher levels of fatigue and
concentration problems and lower motivation and physical activity
[25]. The CIS20 has shown to have good internal consistency, reliability
and discriminative validity [25-28].

2.2.3. Functional disability

Functional disability and independence in daily life was measured
with the Child Health Assessment Questionnaire (CHAQ-30). The 30
items of the self-administrated disability index assess eight domains of
physical function with a 4-point Likert scale (0 =able to do with no
difficulty; 3 =unable to do). The use of walking aids or assistance raised
the score for that domain to at least 2 [29]. A higher score indicates more
functional disability. The CHAQ has shown to have high reliability,
validity and responsiveness to change over time [29-32].

2.2.4. Joint hypermobility

The Beighton score [33] was used for assessing generalized joint
hypermobility [6,34] and consists of five tests including four bilateral
tests (first finger opposition, fifth finger extension, elbow extension,
knee extension) and forward bending. A score is obtained for each item
(0 =negative or 1 =positive) per side, with a total score ranging from
0 to 9. A higher score indicates more joint hypermobility. The Beighton
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score is found to be a high reliable clinical tool for measuring joint
hypermobility [35].

2.2.5. Biomechanical gait features

Gait analysis of level overground walking was performed using a 3D
8-camera (100 Hz) Vicon MX 1.3 system (VICON, Oxford, UK), and two
force plates (1000 Hz) in series (OR6-7, AMTI, Watertown, MA, USA).
Anthropometric measures required by the Nexus software (version
1.4.116) were obtained, and reflective 14 mm passive body markers
were placed on anatomical landmarks to fit the Plug-in-Gait model used.
Participants were asked to walk barefoot at their own comfortable speed
along a 12-meter walkway. Five valid trials were collected, in which (i)
each foot landed individually on a force plate without targeting, and (ii)
all markers were visible from first heel strike on the force plate to sub-
sequent ipsilateral heel strike [36]. Trials were processed with standard
Plug-In-Gait pipelines (VICON Nexus 1.8.5, Oxford, UK) [37] to obtain
joint kinematics and kinetics and then time-normalized with spline
interpolation and averaged, using a custom written Matlab script
(version R2014a, The MathWorks, Inc., Natick, MA, U.S.A.). Gait anal-
ysis was focused on the loading response ([LR] 0-10% of the gait cycle)
and terminal stance ([TS] 30-50% of the gait cycle) phase of the gait
cycle according to Perry et al. [38].

2.2.5.1. Spatiotemporal characteristics. Average data for spatiotemporal
characteristics (e.g. gait speed, step length and frequency), joint kine-
matics and kinetics and ground reaction forces were processed with
Vicon Nexus software (version 1.4.116).

2.2.5.2. Kinematics. The output angles for all joints are calculated from
the YXZ Cardan angles. The angles are derived by comparing the relative
positionings of the segments proximal (parent) and distal (child) to the
joint [37]. Based on previous conducted studies and clinical expertise
the maximal ankle angle (dorsiflexion) and knee angle (flexion) during
LR and the minimal knee angle during TS (knee extension) were assessed
[18,39-41].

2.2.5.3. Kinetics. The kinetic models apply masses and moments of
inertia to the segments, and then calculate the "reactions" that occur on
the segments. The axis in the proximal segment embedded co-ordinate
system about which each of the rotations take place given the Euler
specifications per joint: ankle (-Yl-Z-X), knee (YXZ) and hip (-YXZ) [37].

Joint impulse represents the force exerted on the joint or biome-
chanical strain during gait and was calculated over the complete lower
extremity as a single entity (through summation of individual joint
impulses using the area under the joint moment curve), and expressed in
Nms/kg. Joint work in the complete lower extremity was assessed by
calculating the area under the joint power curve, and expressed in J/kg
[42]. The ground reaction force impulse (GRF-impulse, i.e. the area
under the vertical GRF curve, not time-normalized) [43] was calculated
to determine the loading, and expressed in Ns/kg.

2.3. Gait variability

Gait variability was assessed as a means to quantify motor control
during gait for which Principle Component Analysis (PCA) was used
[44]. Gait variability was expressed as the explained variance of the first
two PCA components over five walking trials (full gait cycle). The PCA
components were based on joint angle data (frontal, transverse and
sagittal plane) for each individual joint (ankle, knee, hip) and total lower
extremity (i.e. all three joints together).

2.4. Statistical analysis

For all collected data, normality assumptions were determined and
non-parametric statistics were used in case of violation. Descriptive data
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were reported as mean and standard deviation (SD) if normally
distributed, otherwise in median and interquartile range (IQR, 25th-
75th).

To explore differences in demographics, pain, fatigue and functional
disability between three subgroups (1 hEDS/HSD-group, 2 JH-group, 3
HC-group) the One-Way ANOVA or the Kruskal Wallis test was used.
PCA analysis with varimax rotation (orthogonal) was performed to
determine inter subject variability [44] in ankle, knee, hip and total
lower extremity during gait and expressed in mean explained variance
(%), Standard Errors (SE) and 95% Confidence Intervals (95%CI).
Sampling adequacy was assessed by Kaiser-Meyer-Olkin measure
(KMO). Adequate sampling was achieved when KMO > 0.5. Factor
loadings of < 0.40 were suppressed.

To identify biomechanical gait features (spatiotemporal character-
istics, kinetics and kinematics joint impulse, GRF-Impulse, joint work)
and gait variability that discriminate between subgroups multivariate
analysis was performed using Generalized Estimating Equation (GEE)
[45]. Random effect models were constructed and corrected for gait
speed (confounder(fixed)) and other potential confounders. Potential
confounders were identified as a p-value of < 0.200 for subgroups dif-
ferences on sex, age weight and BMI. Mean group values were presented
using mean or mean differences (MD), SE and 95%CI. A p-value of <
0.05 was considered statistically significant. All analyses were per-
formed in SPSS version 26.

3. Results

Thirty-two participants were included in the study (hEDS/HSD-
group n = 12, hEDS/HSD-group n = 5, JH-group n = 15).

3.1. Demographics, pain, fatigue, functional disability, joint
hypermobility

The hEDS/HSD-group had significantly higher Beighton scores (+3
points, p = <0.001), pain intensity (+38 mm, p = <0.001), levels of
fatigue (+51.5 points, p = <0.001) and greater painful body surface
(+29.7%, p <0.001) and disability (+1.6 points, p = <0.001)
compared to HC-group (Table 1). The hEDS/HSD-group showed a
significantly higher pain intensity (+37 mm, p = <0.004, p = <0.001)
compared to the JH-group.

3.1.1. Confounder analysis
None of the anthropometric measures were identified as potential
confounder.

3.2. Multivariate analysis of biomechanical gait features and gait
variability

The JH-group showed significantly increased ankle dorsiflexion
during TS (MD(SE): + 5.0(1.5)degree, 95%CIL: — 8.0 — —2.0, p = .001)
compared to the hEDS/HSD-group, while knee flexion during LR was
significantly increased compared to HC-group.

(MD(SE): + 5.7(1.8)degree, 95%CL: — 9.4 — —2.0, p = .011)
(Table 2, Figs. 1 and 2). The hEDS/HSD-group had significantly lower
total joint work compared to the JH-group (MD(SE)= —0.07(0.03)J/Kg,
95%CI= —0.12 — 0.02, p = .007) and HC-group (MD(SE)= —0.06(0.03)
J/Kg, 95%CI= —0.07 — —0.04, p = .013) (Table 2, Figs. 1 and 2). The
hEDS/HSD-group had significantly increased variability in ankle (MD
(SE) = —9.2(1.8)%, 95%CI= —13.8 — —4.6, —p = <0.001), knee (MD
(SE) = —5.2(2.1)%, 95%CI= —10.8 — —0.27, p = .037), hip (MD(SE) =
—8.9(3.0)%, 95%CI= —16.5 — —1.4, p = .016) and lower limb (MD
(SE)= —7.8(1.4)%, 95%CI= —11.5 — —4.3, p = <0.001) compared to
the HC-group. Compared to the JH-group, the hEDS/HSD-group had
significantly increased variability in hip (MD(SE)= —11.4(4.1)%, 95%
CI= —21.8 — —1.0, p = .028) and lower limb (MD(SE) = —7.2(2.0)%,
95%CI= —12.2 — —2.2, p = <0.003) (Fig. 3).
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Table 1
Comparison of demographics, pain, fatigue, functional disability, joint hyper-
mobility between the hEDS/HSD, JH and HC groups.

hEDS/HSD JH HC p-value

Number, N 12 5 15
Sex, N (%)
Female 10 (83.3) 4 (80) 7 (46.7) 0.112
Male 2(16.7) 1 (20) 8 (53.3)

Age years, median 14.5 16.0 15.0 0.892
(IQR) (13.3-17.0) (13-17.5) (14.0-17.0)

Weight kg, mean 55.0 (13.5) 56.6 (12.3) 62.0 (14.2) 0.403
(SD)

BMI, mean (SD) 20.1(3.7) 19.5 (2.5) 20.8 (3.7) 0.772

Beighton score, 5.0 (4.0-6.0) 4.0 (4.0-5.0) 2.0 (0.0-3.0) <
median (IQR) 0.0017

VAS Pain intensity, 59.1 (20.5) 22.0 (19.8) 21.2 (20.2) < 0.001
mean (SD) *

Manikin painful 25.0 8.5 3.5 (0-5.0) <
body surface, (21.2-45.5) (5.8-21.3) 0.0017
median (IQR)

CIS 20 Fatigue, 83.5 65.0 32.0 <
median (IQR) (75.2-91.0) (39.5-86.0) (22.0-54.0) 0.001"

CHAQ 30 Disability 1.6 (1.0-2.5) 0.13 0.0 (0.0-0.0) <
index, median (0.0-1.9) 0.001"

(IQR)

hEDS/HSD: Hypermobile Ehlers Danlos syndrome and Hypermobility spectrum
disorders, participants with a confirmed diagnosis. JH= joint hypermobile
group, HC=healthy controls, BMI=Body mass index, CIS=Checklist Individual
Strength questionnaire, CHAQ=Child Health Assessment Questionnaire,
VAS=visual analogue scale, Bold printed P-value represent significant differ-
ences between three groups using the One-way ANOVA or, in case of violation of
the normality assumption, the Kruskal Wallis test. {=significant difference be-
tween JH-group and HC-group.
" —significant difference between hEDS/HSD-group and JH-group.

# —significant difference between hEDS/HSD-group and HC-group.

4. Discussion

The objective of this exploratory study was to identify discriminative
clinical and biomechanical gait features between adolescents with
hEDS/HSD, JH and HC. Adolescents with hEDS/HSD experienced
significantly more pain and disability compared to HC. Variability and
lower joint work during gait were discriminative for adolescents with
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hEDS/HSD.

Our observations are in line with previous studies in which no clear
differences in gait biomechanics or gait pattern were observed between
adolescents with JH and hEDS/HSD [18,46,47]. The only consistent
unique aspect of gait that was deviant in our adolescents with
hEDS/HSD was a higher gait variability compared to the JH-group and
HC-group. However, the absence of clear biomechanical abnormalities
in hEDS/HSD were in contrast with the general opinion that due to
connective tissue laxity, gait abnormalities are present in adolescents
with hEDS/HSD, which in turn may lead to joint damage and pain [23,
48]. Nevertheless, the observations of more gait variability and lower
joint work may indicate that the impact of hEDS/HSD is more of a
contingent nature and the lack of stability is actively compensated with
various strategies and high intra-individual variation [44]. Each indi-
vidual seems to apply a unique strategy in gait, based on individual
underlying features, such as limiting or increasing the degrees of
freedom in various joints, as compensation, resulting in a more variable
gait pattern. These observation may not infer causality and should only
be viewed as exploratory but do illustrate the importance revisiting the
general accepted assumption that local joint dysfunctions cause the
accumulation of joint damage, and thus pain. As the only consistent
observation was found the coordinative aspects of gait, a more complex
mechanism in which neurological processes in the central nervous sys-
tem (CNS) that is involved in the coordination of gait should be
considered. However this suggestion, which also proposed by other
authors [18-20,39], is an hypothesis that should warrant further sci-
entific exploration. Especially when considering that joint stability is
often considered as a target for treatment and other more systematic
observations that the observed treatment effects of such approaches are
highly variable and for some not effective. Gaining a better under-
standing on these mechanisms may prove to be vital for future treat-
ment. The observations in this study should be viewed as observational,
but does suggest that the origin of pain or the persistence may be far
more complex than merely local biomechanical defects.

Recently, the first longitudinal observation in children with hEDS/
HSD [49] showed that joint instability is an important determinant of
disability and instability and is interconnected with other musculo-
skeletal deficits like pain and fatigue. Joint instability, combined with
impaired proprioceptive in acuity, could provide an explanation for the

Table 2
Biomechanical gait features, comparison between hEDS/HSD, JH and HC groups.
hEDS/HSD Mean (SE) 95%CI JH Mean (SE) 95%CI HC Mean (SE) 95%CI P- value
Lower Upper Lower Upper Lower Upper

Spatiotemporal parameters
Gait speed, m/s 1.3 (0.05) 1.2 1.4 1.4 (0.09) 1.2 1.7 1.3 (0.05) 1.2 1.4 0.734
Cadence, steps/minute 118.7 (1.3) 116.0 121.4 114.5 (3.1) 108.6 120.8 116.4 (1.5) 113.4 119.4 0.346
Stride length, m 1.4 (0.02) 1.3 1.4 1.4 (0.04) 1.3 1.5 1.4 (0.02) 1.3 1.4 0.661
Step length, m 0.68 (0.01) 0.66 0.70 0.70 (0.02) 0.67 0.74 0.70 (0.01) 0.68 0.71 0.294
Kinetics and kinematics
Ankle angle max TS 9.1 (1.0) 7.1 11.2 14.2 (1.1) 119 16.4 11.8 (1.0) 9.8 13.7 0.005*
Knee angle max LR 16.1 (1.42) 13.3 18.9 19.9 (1.42) 17.1 22.7 141 (1.1) 11.9 16.4 0.010
Knee angle min TS -1.6 (1.1) -3.8 0.54 2.6 (2.1) -1.5 6.7 0.04 (0.92) -1.8 1.9 0.176
Joint Impulse
Lower limb impulse, Nms/kg 0.68 (0.01) 0.66 0.70 0.70 (0.02) 0.67 0.74 0.70 (0.01) 0.67 0.72 0.294
Joint work
Lower limb joint work, J/kg 0.09 (0.02) 0.06 0.12 0.16 (0.02) 0.12 0.20 0.15 (0.02) 0.11 0.19 < 0.013%7
Ground Reaction Force (GRF)
Vertical GRF Impulse, Ns/kg 11.3 (0.31) 10.7 11.9 11.2 (0.21) 10.7 11.6 10.9 (0.23) 10.4 11.3 0.501

All parameters are corrected for gait speed using GEE modelling. hEDS/HSD: Hypermobile Ehlers Danlos syndrome and Hypermobility spectrum disorders, partici-
pants with a confirmed diagnosis, JH= joint hypermobile group, HC= healthy controls, SE= standard error, 95%CI= 95% confidence interval, min= minimum, max=
maximum, knee angle max LR= maximum knee angle during loading response; values are knee flexion and negative values are knee extension, hip angle max MWS=
maximum hip angle during midswing; positive values are hip flexion and negative values are hip extension, GRF=Ground reaction force. Bold printed P-value

represent significant differences between three groups using GEE analysis.
" = significant difference between hEDS/HSD-group and JH-group.
# — significant difference between hEDS/HSD-group and HC group.

* = significant difference between JH-group and HC-group.
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Fig. 1. Joint angles. Mean joint angles in degrees for three groups in sagittal plane for the right knee hip and ankle. DF=dorsal flexion, PF=plantar flexion,
FL=flexion, EX=extension. Black lines: Children with Hypermobile Ehlers Danlos syndrome and Hypermobility spectrum disorders, confirmed diagnosis (hEDS/
HSD), blue lines: children with joint hypermobility (JH), gray lines: healthy controls (HC). The vertical lines represent the standard deviation around the mean.

observed increased gait variability in the hEDS/HSD-group. Impaired
motor control could in turn lead to biomechanical overload of individual
joints and lead to the occurrence or persistence of joint pain. This might
indicate that the origin of pain in hEDS/HSD could be more of an issue in
motor control deficiency rather than being the result of connective tissue
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fragility. Generalized hyperalgesia, potentially originating from CNS
hypersensitization, is present in adolescents and adults with hEDS/HSD
[23]. The combination of an instable musculoskeletal system and hy-
persensitization of the CNS that is highly vulnerable for nociceptive
information, could be a plausible hypothesis for the increase variability
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Fig. 2. Joint moments. Mean internal joint
moments for three groups of children, in the
sagittal plane for the right ankle, knee and hip
during gait. Moments are normalized to kg
(Nms/kg). DF=dorsal flexion, PF=plantar
flexion, FL=flexion, EX=extension. Black lines:
Children with Hypermobile Ehlers Danlos syn-
drome and Hypermobility spectrum disorders,
confirmed diagnosis (hEDS/HSD), blue lines:
children with joint hypermobility (JH), gray
lines: healthy controls (HC). The vertical lines
represent the standard deviation around the
mean.
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Fig. 3. Abbreviations: hEDS/HSD: Hypermobile Ehlers Danlos syndrome and Hypermobility spectrum disorders, participants with a confirmed diagnosis, JH= joint
hypermobile group, HC= healthy controls, SE= standard error, 95%CI= 95% confidence interval, PCA= Principal Component Analysis.

in the hEDS/HSD-group, and may serve as an alternative theory for the
biomechanical origins of pain in hEDS/HSD. The origin of pain is likely
to develop based on multiple factors that combined and even possibly in
several ways lead to disability without a single generalizable mechanism
[23,48,49].

The following limitations of our study should be considered: (1) the
biomechanics of gait in our study population is of an exploratory nature
due to the small sample size, and uneven distribution of participants
across subgroups, (2) the findings may provide an alternative view on
the biomechanical origins of pain in hEDS/HSD and cannot infer cau-
sality due to the cross-sectional study design, (3) the observations sug-
gest an impact of gait variability on pain whereas this should be studied
more in-depth in prospective analyses, (4) no sample size calculation has
been performed due to the fact that hEDS/HSD is a ‘rare-condition’.

This alternative view on the biomechanical pathway in hEDS/HSD
might have implications for clinical assessment and tailored in-
terventions. The presence of gait variability suggests that the observa-
tion of gait in adolescents with hEDS/HSD should focus on the full chain
of joints. For this, instrumented 3-D gait analysis may have limited
application in clinical practice, as it is time-consuming, costly and often
only available in academic settings. Therefore, for clinical practice, ways
to assess gait variability based on the evaluation of gait using more
straightforward clinical gait measures obtained using more observa-
tional gait assessment tools should be searched for.

5. Conclusions

This exploratory study examined clinical characteristics, biome-
chanical gait features and gait variability in adolescents with hEDS/
HSD, JH and HC. Adolescents with hEDS/HSD experienced significantly
more pain and disability compared to HC. Variability and lower joint
work during gait were distinguishes features for adolescents with hEDS/
HSD.

Our findings suggest that a specific gait variability metric is more
appropriate than biomechanical individual joint patterns for assessing
gait in adolescents with hEDS/HSD.
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