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Background: Lateral hip pain during walking is a feature of gluteal tendinopathy but little is known howwalking
biomechanics differ in individuals with gluteal tendinopathy. This study aimed to compare walking kinematics
and kinetics between individuals with and without gluteal tendinopathy.
Methods: Three-dimensionalwalking-gait analysiswas conducted on 40 individuals aged35 to 70 yearswith uni-
lateral gluteal tendinopathy and 40 pain-free controls. An analysis of covariance was used to compare kinematic
and kinetic variables between groups. Linear regression was performed to investigate the relationship between
kinematics and external hip adduction moment in the gluteal tendinopathy group.
Findings: Individuals with gluteal tendinopathy demonstrated a greater hip adduction moment throughout
stance than controls (standardized mean difference ranging from 0.60 (first peak moment) to 0.90 (second
peak moment)). Contralateral trunk lean at the time of the first peak hip adduction moment was 1.2 degrees
greater (P = 0.04), and pelvic drop at the second peak hip adduction moment 1.4 degrees greater (P = 0.04),
in individuals with gluteal tendinopathy. Two opposite trunk and pelvic strategies were also identified within
the gluteal tendinopathy group. Contralateral pelvic drop was significantly correlated with the first (R = 0.35)
and second peak (R=0.57) hip adductionmoment, and hip adduction anglewith the second peak hip adduction
moment (R = −0.36) in those with gluteal tendinopathy.
Interpretation: Individuals with gluteal tendinopathy exhibit greater hip adduction moments and alterations in
trunk and pelvic kinematics during walking. Findings provide a basis to consider frontal plane pelvic control in
the management of gluteal tendinopathy.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Gluteal tendinopathy (GT) is a prevalent, recalcitrant cause of hip
pain (Fearon et al., 2010; Woodley et al., 2008) and disability (Fearon
et al., 2014) most frequently affecting women aged 40–60 years
(Fearon et al., 2014). Individuals with GT frequently report lateral hip
pain during walking (Bewyer and Bewyer, 2003; Fearon et al., 2010),
which can lead to a reduction in activity levels and subsequent detri-
mental effect on health and well-being (Fearon et al., 2010). Although
it is postulated that GT involves abnormal biomechanics during walking
(Bewyer andBewyer, 2003; Grimaldi et al., 2015; Ho andHoward, 2012;
Segal et al., 2007), there has been little formal investigation to confirm
or characterize abnormalities. Identification of biomechanics associated
with GT may guide effective treatment of this chronic condition.
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GT involves tendinopathic change of the gluteus medius and/or glu-
teus minimus tendons (Bird et al., 2001; Kong et al., 2007; Oakley et al.,
1999), two primary hip abductors (Al-Hayani, 2009; Retchford et al.,
2013). Previous research has identified hip abductor weakness in indi-
viduals with GT (Allison et al., 2015; Woodley et al., 2008), which may
have relevance for walking. Force from the hip abductor muscles is re-
quired to control the position of the pelvis in the frontal plane on the
stance leg during walking (Al-Hayani, 2009; Gottschalk, 1989; Yoon
and Mansour, 1982). This is particularly needed in order to balance
the external hip adduction moment caused primarily by the path of
the external ground reaction vector medial to the hip (Winter, 1995;
Yoon and Mansour, 1982). The medio-lateral position of the trunk,
and to a lesser extent the pelvis, directly influences the medio-lateral
position of the centre of mass in the frontal plane and the magnitude
of the external hip adduction moment (Fig. 1); thus trunk kinematics
are an important variable for investigation duringwalking in individuals
with GT. Pelvic position duringwalking in GT has been studied by visual
observation in two studies with conflicting findings (Bird et al., 2001;
Woodley et al., 2008). During the stance phase of walking, hip abductor
muscle weakness has been shown to be associated with contralateral
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Fig. 1. The external hip adduction moment represented as the resultant force derived from the distance (D) of the centre of mass from the hip joint centre and the ground reaction force
vector. Increasingpelvic obliquity is associatedwith an increased distance of the centre ofmass from thehip joint centre,which can be compensated by ipsilateral trunk lean (compensated
Trendelenburg). Contralateral trunk lean should be accompanied by greater pelvic obliquity (uncompensated Trendelenburg).
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pelvic drop and lateral pelvic translation in the frontal plane (Zeni et al.,
2015), likely resulting in a shift of the body's centre of mass away from
the stance limb and a greater external hip adductionmoment. The likely
net effect of these biomechanical patterns is greater loads through the
gluteal tendons on the weight-bearing limb, which may contribute to
the development or persistence of GT.

The primary aim of this study was to compare trunk, pelvis and hip
kinematics and kinetics during walking using three-dimensional mo-
tion analysis in individuals with GT and controls with no history of GT,
lumbar spine or lower limb pain. We hypothesized that individuals
with GT would demonstrate a greater external hip adduction moment,
hip adduction angle, contralateral pelvic drop and lateral pelvic transla-
tion than controls during the stance phase of walking.

2. Methods

2.1. Participants

Forty individuals aged 35–70 years with clinical and radiological di-
agnosed GT, and 40 age- and sex-comparable controls were recruited
Table 1
Participant characteristics (mean (SD) unless otherwise stated).

Gluteal tendinopathy
(n = 40)

Age, years‡ 54 (9)

Height, m 1.67 (0.09)

Mass, kg 74 (14)

Body mass index, kg/m2 26.3 (4.2)

Inter ASIS width, mm 263 (25)

Sex, n (%)
Female 31 (78%)
Male 9 (22%)

Symptomatic (test) hip* Left = 26,
Right = 14

Symptom duration, months‡, median (IQR) 28 (28)
Lateral hip pain severity, (0–10), median (IQR)

Average over past week‡ 5 (1)
Worst over past week‡ 7 (1)
During normal paced walking‡ 3 (3.5)
During fast paced walking‡ 4 (4)

‡ Data not normally distributed, * Test hip for controls designated using a coin toss.
via online and local newspaper advertising. The GT and control groups
were comparable in age, height and number ofmales and females; how-
ever the GT group was significantly heavier, had greater BMI and inter-
ASIS distances (i.e. greater pelvic width) (all P b 0.05) (Table 1), consis-
tent with previous descriptive studies. The median (interquartile range
(IQR)) duration of lateral hip pain symptoms for GT participants was 28
(28) months. The median (IQR) values of average and worst pain expe-
rienced over the past week reported on the NRS were 5 (1) and 7 (1),
respectively.

Inclusion criteria for GT participants were a primary report of unilat-
eral hip pain at the greater trochanter (Fearon et al., 2013; Segal et al.,
2007; Woodley et al., 2008) for ≥3 months with an average intensity
of ≥4 on an 11-point numeric pain rating scale (NRS) (‘0’ no pain’; ‘10’
worst pain imaginable). Physical assessment was performed by a qual-
ified physiotherapist to confirm the clinical diagnosis of GT and exclude
a clinical diagnosis of intra-articular hip pathology; the latter defined by
reproduction of groin pain during a passive hip quadrant test (Martin
et al., 2008). Clinical diagnosis of GT was defined as reproduction of lat-
eral hip pain ≥4/10 on the NRS with palpation of the greater trochanter
(Fearon et al., 2013; Woodley et al., 2008) plus at least one pain-
Control
(n = 40)

Mean difference (95% CI) P value

54 (9) −0.3
(−4.3, 3.8)

0.97

1.66 (0.09) 0.00
(−0.04, 0.04)

0.83

67 (12) 6.4
(0.6, 12.3)

0.03*

24.0 (2.6) 2.3
(0.7, 3.8)

0.01*

230 (21) 33
(22, 44)

b0.001*

31 (78%) - -
9 (22%) - -
Left = 17,
Right = 23

- -

0 (0) - −

- -
- - -
- - -
- - -
- - -
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provocative clinical test for GT (Bird et al., 2001; Fearon et al., 2013;
Grimaldi et al., 2014; Lequesne et al., 2008): (1) Hip FADER (Cook and
Purdam, 2014), (2) Hip FADER static de-rotation test (Lequesne et al.,
2008), (3) Hip FABER (September et al., 2007), (4) Modified Ober's
test (Kendall et al., 1993), (5) Static hip abduction at end range Ober's
test position (September et al., 2007) or (6) 30-s single-leg-stance test
(Lequesne et al., 2008). Radiological inclusion criterion was a primary
MRI diagnosis of GT defined as per Blankenbaker et al. (2008). Exclusion
criteria included radiological evidence of hip osteoarthritis (Kellegren–
Lawrence grade ≥2 on plain X-ray (Kellgren and Lawrence, 1957)),
BMI N36 kg/m2 (due to difficulties with skin marker placement for 3D
gait analysis), previous lower limb surgery, and any neurological or sys-
temic diseases affecting the musculoskeletal system. Control partici-
pants underwent phone screening to ensure they met the following
inclusion criteria: aged 35–70 years, BMI ≤36 kg/m2, absence of any
musculoskeletal injury, lower limb surgery, neurological or systemic
diseases affecting the musculoskeletal system. Ethics approval was ob-
tained from the institutional Human Research Ethics Committee and
all participants provided written informed consent.

2.2. GT related lateral hip pain history

In the GT group, lateral hip pain severity was measured using the
NRS and reported as average and worst pain experienced over the
past week.

2.3. Walking analysis

Participants underwent three-dimensional gait analysis while walk-
ing barefoot along a ten-metre walkway (such that each consecutive
trial was in the opposite direction along the walkway), at their self-
selected comfortable walking speed rating any pain experienced on
the NRS.

Twenty seven spherical retro-reflective markers were placed on the
trunk (C7, T1, T12), pelvis (ASIS, PSIS), and lower limb (3-marker triad
over the lateral thigh, 3-marker triad over the lateral tibial shank, lateral
femoral condyles, lateralmalleoli, calcaneus, secondandfifthmetatarsal
bases, first and fifth metatarsal heads) in accordance with Besier et al.
(2003). Kinematic data were recorded at 120 Hz using a twelve-
camera (MX F20/F40) Vicon motion capture system (Vicon, Oxford,
UK). Ground reaction force data were collected at 1200 Hz using two
force plates (Advanced Mechanical Technology Inc., Watertown, MA)
embedded in the movement laboratory floor. Walking speed was de-
rived from photoelectric timing gates 4 m apart. Each participant per-
formed 6–15 walking trials in order to collect six trials (three in each
direction) with single full contact foot strikes on the force plate (20 N
threshold) for the study limb. Knee joint centre locations were derived
frommeanhelical axes calculated from five consecutive squats to 45 de-
grees knee flexion (Besier et al., 2003). Hip joint centres were deter-
mined using regression equations by Harrington et al. (2007).

Marker trajectory data and ground reaction force data were low-
pass filtered at 6 Hz with a dual-pass 2nd order Butterworth filter. Hip
joint, pelvis and trunk angles were calculated from the walking trials
using Vicon BodyBuilder software (Besier et al., 2003). Pelvic angles
were extracted using a rotation-obliquity-tilt Cardan angle sequence
(Baker, 2001). Lateral pelvic translation in the frontal plane was repre-
sented by the distance of the calcaneal marker relative to the floor-
projectedmidline, defined by a vertical line from themidpoint between
the ASIS markers. This value was normalized to half the distance be-
tween the ASIS markers (to account for the likely wider base of support
with greater pelvic width (Winter, 1995)) and expressed as a percent-
age, to provide simple relative quantification of the position of the calca-
neus to themidline of the participant (0% representing a position of the
calcaneus directly under the midline and 100% under the ASIS). Lateral
trunk lean was expressed by the frontal plane angle of the trunk seg-
ment (defined by the sternum, C7 and T10 markers) in relation to the
laboratory coordinate system. Maximum values of hip adduction, con-
tralateral pelvic drop (obliquity), contralateral trunk lean, and lateral
pelvic translation,were determined at the timeof thefirst hip adduction
moment peak, minimum moment in mid-stance, and second moment
peak for each of the six walking trials and averaged.

Joint moments were calculated from thewalking trials using inverse
dynamics in Vicon BodyBuilder software (UWA model (Besier et al.,
2003)) and normalized to body weight times height (Nm/BW.Ht%) to
account for body size. The maximum external hip adduction moments
for each trial were determined during 0–50% and 50–100% of stance,
representing the first and second hip adduction moment peaks respec-
tively, and the minimum value between the two peaks to represent the
mid-stance moment. The values of the six trials were then averaged.

2.4. Data analysis

For control participants, a “test hip” was designated in a random
manner using a coin toss. Data analyses were performed using Statisti-
cal Package for the Social Sciences (SPSS), version 22 (IBM, New York,
USA). Data were explored for normality and homogeneity of variance
prior to analysis. Independent t-tests were used to compare descriptive
data and spatiotemporal variables of walking between groups when
normally distributed, and Mann–Whitney U tests for non-normal data.
Given the potential effect of speed onwalking biomechanics, an analysis
of co-variance (ANCOVA)withwalking speed (velocity, m/s) as a covar-
iate, was used to compare kinematic and kinetic variables between the
two groups. Linear regression was performed to investigate the rela-
tionship between kinematics and the magnitude of the hip adduction
moment in theGT group. Alphawas set at 0.05 for all analyses. The stan-
dardized mean difference (SMD) was calculated to estimate the effect
sizes for statistically significant outcomes (Cohen, 1988).

Given that individuals can use different trunk andpelvic strategies to
compensate for hip abductor muscle dysfunction, we performed addi-
tional exploratory analysis to elucidate subgroups within the GT
group. We tested the hypothesis that different strategies were repre-
sented in the GT group (high contralateral trunk lean and high pelvic
tilt; high ipsilateral trunk lean and reduced pelvic tilt (as recognized in
hip osteoarthritis (Thurston, 1985; Watelain et al., 2001; Zeni et al.,
2015))) by identification of participants with largest and smallest
trunk lean (greater or less than one SD from themean) at the threemo-
ment time points and investigated the relationship between trunk and
pelvic position with linear regression for these individuals.

3. Results

Significant between-group differences were identified in all spatio-
temporal variables of walking. Participants with GT had a shorter step
length (mean difference −0.04 m; 95% CI −0.08, −0.01, P = 0.01,
SMD = 0.67) and walked at a slower velocity (mean difference
−0.1 m/s; 95% CI−0.2,−0.05, P= 0.001, SMD= 0.75) than controls.
Median (IQR) pain intensity reported during walking in the GT group
was 2 (1) on the NRS.

During the stance phase of walking, significant between-group dif-
ferences were evident in both kinetic (Table 2 and Fig. 2) and kinematic
variables (Table 2 and Fig. 2), with between group differences consis-
tent if sexes were analysed separately. Individuals with GT demonstrat-
ed a greater first peak (0–50% stance) hip adduction moment (mean
difference 0.56 Nm/BW.Ht%; 95%CI 0.1, 1.1, P = 0.02, SMD = 0.60),
mid-stance (minimum between peaks) hip adduction moment (mean
difference 1.3 Nm/BW.Ht%; 95% CI 0.4, 1.7, P = 0.002, SMD = 0.69)
and second peak (50–100% stance) hip adduction moment (mean
difference 1.8 Nm/BW.Ht%; 95% CI 0.8, 2.7, P b 0.001, SMD = 0.90).

With respect to walking kinematics (Table 2 and Fig. 2), individuals
with GT demonstrated greater contralateral trunk lean at the time of the
first peak hip adduction moment (mean difference 1.2 degrees; 95% CI
0.04, 2.4, P = 0.04, SMD = 0.49) and greater contralateral pelvic drop



Table 2
Group biomechanical data (mean (SD)).

Gluteal
tendinopathy
(n = 40)

Controls
(n = 40)

Mean difference
(95% CI)

P value

Spatiotemporal variables
Velocity (m/s) 1.3 (0.16) 1.4 (0.16) −0.12

(−0.19, −0.05)
0.001⁎

Step length (m) 0.66 (0.08) 0.71 (0.07) −0.04
(−0.07, −0.01)

0.01⁎

External hip adduction moment (Nm/BW.Ht (%))
1st peak 6.2 (1.0) 5.6 (1.0) 0.56 (0.1, 1.1) 0.02⁎

Mid-stance dip 4.0 (1.6) 2.9 (1.6) 1.3 (0.4, 1.7) 0.002⁎

2nd peak 7.1 (2.0) 5.3 (2.1) 1.8 (0.8, 2.7) b0.001⁎

Hip adduction angle, degrees
At 1st peak HAM 7.9 (4.0) 7.4 (4.2) 0.5 (−1.4, 2.5) 0.60
At Mid-stance HAM 9.0 (3.8) 8.3 (3.8) 0.7 (−1.1, 2.4) 0.46
At 2nd peak HAM 6.0 (3.8) 6.4 (4.0) −0.4 (−1.9, 1.5) 0.64

Hip internal rotation angle, degrees
At 1st peak HAM −1.3 (8.6) −1.2 (8.6) 0.06 (−3.9, 4.3) 0.97
At Mid-stance HAM −2.0 (8.4) −2.5 (8.7) 0.5 (−3.3, 4.4) 0.78
At 2nd peak HAM 4.7 (9.1) 4.1 (9.0) 0.6 (−3.3, 4.5) 0.78

Contralateral pelvic drop (pelvic obliquity) angle a, degrees
At 1st peak HAM 4.0 (2.3) 4.2 (2.3) −0.3 (−1.3, 0.8) 0.59
At Mid-stance HAM 3.5 (2.5) 3.7 (2.5) −0.2 (−1.3, 0.9) 0.71
At 2nd peak HAM 4.2 (3.0) 2.8 (3.0) 1.4 (0.04, 2.8) 0.04⁎

Lateral translation of pelvis (%Inter ASIS distance/2)b

At 1st peak HAM 21.7 (7.2) 21.6 (7.6) 0.04 (−3.4, 3.3) 0.98
At Mid-stance HAM 15.6 (8.0) 13.5 (8.5) 2.1 (−1.6, 5.9) 0.26
At 2nd peak HAM 16.6 (8.6) 14.2 (9.1) 2.3 (−1.7, 6.4) 0.25

Trunk angle c, degrees
At 1st peak HAM 0.50 (2.4) 1.7 (2.5) −1.2 (−2.4, −0.04) 0.04⁎

At Mid-stance HAM 0.83 (2.5) 1.8 (2.4) −0.90 (−2.0,−0.24) 0.12
At 2nd peak HAM −1.0 (2.7) 0.16 (2.6) −1.3 (−2.4, −0.2) 0.06

Kinematic values denote angles at the time of the external hip adduction moment (HAM)
first peak, mid-stance minimum and second peak.

a Positive pelvic obliquity indicates the contralateral pelvis is dropped relative to
the stance limb.

b 0%= position of the calcaneus directly under the midline, 100%= position of the
calcaneus directly under the ASIS.

c Ipsilateral trunk lean is positive,
⁎ significant between group difference.
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at the time of the second peak hip adduction moment (mean difference
1.4 degrees; 95%CI 0.04, 2.8, P = 0.04, SMD = 0.47). No significant
between-group differences were identified with respect to hip adduc-
tion angle, internal rotation angle, or lateral translation of the pelvis.

Relationships between the magnitude of the external hip adduction
moment and kinematic and spatiotemporal variables in the GT group
are presented in Table 3. There was a small but significant positive cor-
relation between the first peak hip adduction moment and both pelvic
drop (R = 0.354, R2 = 0.126, P = 0.03) and step length (R = 0.362,
R2 = 0.063, P = 0.03). Although no kinematic variables were signifi-
cantly correlatedwith themagnitude of themid-stancemoment, veloc-
ity (R=0.145, R2 = 0.104, P=0.04) and step length (R= 0.250, R2 =
0.063, P=0.03) explained 10.4% and 6.3% of the variation, respectively.
Contralateral pelvic drop was positively correlated, and hip adduction
negatively correlated, with the magnitude of the second peak hip ad-
duction moment; pelvic obliquity explained 32.8% (R = 0.573, R2 =
0.328, P = 0.000) and hip adduction explained 13.1% (R = 0.362,
R2 = 0.131, P = 0.02) of the variation.

As it was expected that individuals may present with several differ-
ent strategies of interaction between pelvic and trunk motion, data
were also considered with respect to possible subgroups planned a
priori. Individuals with contralateral and ipsilateral trunk lean greater
than 1 SD from the mean were identified in the GT group (Fig. 3).
Descriptive characteristics of these individuals and ratio of males to
females were comparable in both subgroups and to the group as a
whole (Supplementary material Table 1.). Consistent with our
hypothesis, when the relationship between trunk lean and pelvic obliq-
uity was evaluated for these “outlier” individuals, trunk position was
negatively correlated with pelvic position during stance (higher ipsilat-
eral trunk lean corresponded to lower pelvic obliquity, and higher con-
tralateral lean corresponded to higher pelvic obliquity). The correlation
was significant at the time of first peak hip adduction moment
(R = −0.619, R2 = 0.383, P = 0.03) which corresponds to the period
of weight acceptance.

4. Discussion

This is the first study to evaluate walking biomechanics using three-
dimensional gait analyses in individuals with GT and to contrast these
data with observations for pain-free controls. The principal finding of
the present study is that individualswithGT demonstrated a greater ex-
ternal hip adduction moment throughout the stance phase of walking
than healthy controls. There were also small, but significant, between-
group differences in trunk lean during early stance and contralateral
pelvic drop during late stance. The small size of these differences was
not surprising considering our observation that there are subgroups
within the GT group (comparable in age and gender to each other and
to the group (Supplementary Table 1.)) with opposite patterns of
trunk and pelvic motion during walking, presumably an indicator of
poor control by the hip abductor muscles. Of potential clinical
importance for interpretation of the kinetic findings, contralateral pelvic
drop explained a significant amount of the variability in the peak hip
adduction moments, and more than any other kinematic or spatiotem-
poral variable.

Given the cross-sectional study design, we are unable to establish
whether the higher hip adduction moments and kinematic differences
between groups are a consequence and/or cause of GT. The external
hip adduction moment, as measured during laboratory gait analysis in
this study, must be balanced by an internal hip abduction moment.
Thus a greater external adduction moment requires a greater internal
hip abduction moment which involves greater active and passive load-
ing of the hip abductors (Chang et al., 2005; Yoon and Mansour, 1982);
most obviously the primary hip abductor muscles gluteus medius and
minimus (Al-Hayani, 2009; Gottschalk, 1989), the overlying tensor
fascia lata (TFL) and upper gluteus maximus (UGM) muscles, and the
iliotibial band (ITB) that arises from these two latter muscles
(Al-Hayani, 2009; Retchford et al., 2013). In addition, greater contralat-
eral pelvic drop observed in late stance, and in a subgroup of GT partic-
ipants (4 females, 1 male) throughout stance, might increase gluteal
tendon tensile load as the muscle-tendon units lengthen to the point
where their length-tension relationship relies more on passive tensile
loading (including tendon) than active cross-bridge overlap; and/or re-
sult in compression of the gluteal tendons against the greater trochan-
ter. Further longitudinal studies are required to determine whether
the greater external hip adduction moments and kinematic patterns
identified here in individuals with GT might precede the development
of GT, resulting in cumulative overload of the gluteal tendons and thus
contributing to the development and/or perpetuation of GT.

In the presence of greater external hip adduction moments during
walking, it is likely that individuals with GT require greater activation
of the hip abductormuscles, in order to control the position of the pelvis
in the frontal plane. The gluteus medius and minimus muscles are the
primary hip abductors (Al-Hayani, 2009; Gottschalk, 1989) and contrib-
ute an estimated 70% of the hip abductor force required to maintain
level alignment of the pelvis in single leg stance, with the remaining
30% from the TFL and UGM muscles via their insertion into the ITB
(Kummer, 1993). As walking requires only submaximal activation of
the hip abductormuscles (Rutherford andHubley-Kozey, 2009; Semciw
et al., 2013; Semciw et al., 2014), it is not surprising that maximal iso-
metric strength has not been shown to be directly related to the exter-
nal hip adduction moment in disease-free controls (Rutherford and
Hubley-Kozey, 2009). This relationship is likely to be altered in the



Fig. 2.Group ensemble averages for kinematic and kinetic variables. Data are shown for GT (red) and control (black) participants asmean (solid line) and standard deviation (dashed line).
FP:1/2 inter-ASIS(%) indicates the position relative position of foot placement (calcaneus marker) to the midline of the participant (where 0% represented a position of the calcaneus
directly under the midline and 100% directly under the ASIS).
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presence of hip abductor weakness or pathology. We have recently
shown maximal hip abductor strength deficits of 32% on the affected
hip in those with GT when compared to controls (Allison et al., 2015).
Interestingly, in the present study, individuals with GT exhibited:
(1) 33% greater mid-stance hip adduction moments, representing the
period of single leg support; (2) 25% greater hip adduction moments
during late stance; and (3) 9% greater moments during early stance.
Taken together these data imply that individuals with GT have a greater
requirement for hip abductor moment development (to balance the
larger external adduction moment) but lower hip abductor strength re-
serve to achieve it (Allison et al., 2015). Consequently there would be
greater tensile demand on active and passive structures of the hip ab-
ductor muscles during walking in GT, with several implications.

Tensile loading, within safe limits, is thought to provide an anabolic
stimulus for tendon integrity in healthy tendon (Cook, 2009;
Magnusson et al., 2008), whereas the cumulative effects of excessive
(Ker et al., 2000; Magnusson et al., 2010) or reduced (Thornton et al.,
2010) tensile load are detrimental to tendon health. The gluteusmedius
andminimus muscles are the primary hip abductors (Al-Hayani, 2009),
hence if increased external load pre-dated tendon pathology, they
would theoretically be the first muscles recruited for abductor force
generation with potential for tensile tendon overload. However, radio-
logical studies have identified atrophic changes of the gluteus minimus
and medius muscles in those with GT (Pfirrmann et al., 2005; Sutter
et al., 2013;Woodley et al., 2008) fromwhich it is tempting to speculate
that these muscles (and tendons) are experiencing a reduction, rather
than an increase in, contractile load. Although the present study design
does not permit interpretation of the relative contribution of each of the
hip abductor muscles during walking, it is plausible that greater de-
mand for hip abductor force would drive supplementary recruitment
of the TFL and UGM muscles that exert their abductor force through
the ITB (Retchford et al., 2013; Vieira EL et al., 2007). This would lead
to tension in the ITB, known to increase compressive forces against
the greater trochanter into which the gluteal tendons insert
(Birnbaum and Pandorf, 2011). Given the relationship between activa-
tion of these muscles and ITB tension and compression forces at the
greater trochanter, further electromyographic investigation of the hip
abductor muscles during walking in individuals with GT is justified.

Compressive forces are known to alter tenocyte cell structure, colla-
gen type production and expression of large proteoglycans resulting in
pathological tendon changes [see (Docking et al., 2013) for review].
Compression of the gluteal tendons against the greater trochanter as a
result of ITB tension and/or increased hip adduction is thought to be a
primary aetiological factor in the development of GT (Bunker et al.,
1997; Dwek et al., 2005; Grimaldi et al., 2015). ITB stiffness in standing,
as measured by shear wave elastography, increases in parallel with ex-
ternal hip adduction moments in healthy individuals (Tateuchi et al.,
2015). Tateuchi et al. showed a 36% increase in themagnitude of the ex-
ternal hip adduction moment, manipulated by pelvic drop and contra-
lateral trunk lean, resulted in a 34% increase in the shear elastic
modulus of the ITB in a group of 14 healthy individuals. The present
study showed 33% greater external hip adduction moments during
mid-stance and 25% greater moments during late stance in individuals
with GT than healthy controls. Taken together with the data from
Tateuchi et al., this could increase stiffness of the ITB, with a potential
to induce greater compressive forces against the gluteal tendons at
their insertion into the greater trochanter, and it is plausible that this
might contribute to development of GT.

Contrary to our hypothesis, the only kinematic variables that dif-
fered systematically between groups duringwalkingwere contralateral
trunk lean during early stance and contralateral pelvic drop during late
stance. One consideration with respect to our findings was that



Table 3
Linear regression of frontal plane kinematic and spatiotemporal variables and external hip
adduction moment (HAM) during stance in individuals with gluteal tendinopathy.

1st Peak
(Nm/BW. Ht(%))

Mid-stance
(Nm/BW. Ht(%))

2nd Peak
(Nm/BW. Ht(%))

Hip adduction angle, degrees
At 1st peak HAM R = 0.062

R2 = 0.004
P = 0.71

- -

At mid-stance HAM - R = 0.125
R2 = 0.016
P = 0.44

At 2nd peak HAM - - R = −0.362
R2 = 0.131
P = 0.02*

Pelvic obliquity, degrees
At 1st peak HAM R = 0.354

R2 = 0.126
P = 0.03*

- -

At mid-stance HAM - R = 0.067
R2 = 0.067
P = 0.68

-

At 2nd peak HAM - - R = 0.573
R2 = 0.328
P = 0.000*

Lateral translation of pelvis,
minimum foot placement:
½ Inter ASIS (%)

At 1st peak HAM R = 0.277
R2 = 0.077
P = 0.08

-

At mid-stance HAM - R = 0.016
R2 = 0.000
P = 0.92

-

At 2nd peak HAM - - R = 0.105
R2 = 0.011
P = 0.520

Trunk lean, degrees
At 1st peak HAM R = 0.223

R2 = 0.050
P = 0.18

- -

At mid-stance HAM - R = 0.023
R2 = 0.001
P = 0.89

-

At 2nd peak HAM - - R = 0.064
R2 = 0.004
P = 0.71

Spatiotemporal variables
Velocity R = 0.145

R2 = 0.021
P = 0.20

R = 0.322
R2 = 0.104
P = 0.004*

R = 0.123
R2 = 0.015
P = 0.28

Step length R = 0.250
R2 = 0.063
P = 0.03*

R = 0.285
R2 = 0.08
P = 0.01*

R = 0.073
R2 = 0.005
P = 0.52

⁎ P b 0.05.
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differences were in the range of a few degrees and might not be detect-
able clinically. However, our analysis shows that within the GT group
there are individuals with a degree of pelvic obliquity and trunk lean
that would be clinically detectable above that of the control average.
Consistent with our prediction, individuals in the GT group with the
greatest contralateral lean typically exhibited greater pelvic drop than
those with the greatest ipsilateral trunk lean (Fig. 3). Similar patterns
have been shown to represent time dependent adaptations to the pres-
ence of hip abductor weakness or pain in hip OA (Thurston, 1985;
Watelain et al., 2001). In early stage of hip osteoarthritis there is in-
creased contralateral pelvic drop in the frontal plane during walking
(Watelain et al., 2001), whereas over time patients often develop an ip-
silateral trunk lean to reduce the demand on the hip abductors to con-
trol the position of the pelvis in the frontal plane (Thurston, 1985).
Although we found similar kinematic patterns and subgroups, post
hoc analysis showed that contralateral trunk lean at the three moment
time points was not related to GT-symptom duration (R = 0.74, R2 =
0.01, P = 0.66; R = 0.21, R2 = 0.00, P = 0.90; R = 0.13, R2 = 0.02,
P = 0.45). Identification of GT subgroups in the present study may ex-
plain the conflicting findings of the previous studies evaluating pelvic
position during walking (Bird et al., 2001; Woodley et al., 2008) and
support evaluation of trunk and pelvic position during clinical observa-
tion of gait in order to identify specific maladaptive gait patterns in
those with GT.

With respect to interpretation of the kinematic data, the significant
positive relationship between contralateral pelvic drop and the magni-
tude of the peak hip adduction moments has potential clinical rele-
vance. Contralateral pelvic drop explained more variation in the
magnitude of the peak hip adduction moments (R2 = 12.6% and R2 =
32.8%, respectively) than any spatiotemporal or kinematic variable, con-
trasting the strong relationship between walking velocity and peak hip
adduction moment in healthy controls (Rutherford and Hubley-Kozey,
2009).Trunk angles did not correlate well with the hip adduction mo-
ment, likely due to the spectrum of kinematic patterns seen in the GT
group (as highlighted by subgroup analysis), and/or the trunk segment
used in the present study not representing the primary contributor to
the centre of mass. Increased central adiposity has been identified in
those with GT (Fearon et al., 2012) and the GT group in the present
study had a larger BMI and pelvic width than those in the control
group. Taken together, this data might suggest that the pelvic segment
represents a greater contribution to the position of the centre of mass
in individuals with GT when compared to controls. Although causality
cannot be confirmed it is reasonable to speculate that greater contralat-
eral pelvic drop contributes to greater peak hip adduction moments
during walking in individuals with GT, potentially due to the associated
increased distance of the centre of mass from the hip joint centre in the
medio-lateral direction (Fig. 1).

In contrast, hip adductionwas negatively correlatedwith themagni-
tude of the second hip adduction moment explaining 13.1% of the vari-
ation. Although lower moments (associated with increasing hip
adduction) likely represent a reduction in hip abductor muscle (and
tendon) loading, hip adduction may also be associated with greater
compressive force of the gluteal tendons against the greater trochanter;
both factors mechanistic for tendon injury (Almekinders and Maffulli,
2003). The relationship between both hip adduction and pelvic obliqui-
ty and the magnitude of the external hip adduction moment supports
the contemporary clinical notion that frontal plane hip and pelvic con-
trol has relevance for development and persistence of GT (Berthelot
et al., 2001; Grimaldi, 2011).

This study has several key strengths. First, strict inclusion and exclu-
sion criteria ensured that participants within the GT group had a prima-
ry clinical and radiological diagnosis of GT in the absence of intra-
articular disease. This is unlike previous studies that relied on physical
characteristics of those with GT diagnosed by retrospective radiographs
and/or radiological diagnosis without clinical assessment to define GT
pathology. Second, post hoc analysis of kinematic variables underpin-
ning the magnitude of the external hip adduction moment aids
clinically-helpful interpretation of the kinetics recorded in participants
with GT. Consistent with previous studies, this study consisted of pre-
dominantly females and groups were matched for numbers of females
and males. A limitation is that we did not investigate the controls with
MRI to exclude tendinopathy, although they were free of any com-
plaints of hip or lower limb pain. Second, differences between groups
in pelvic width might have influenced the magnitude of the external
hip adduction moment (by influencing the distance of the centre of
mass from the hip joint centre), but we did not find a relationship be-
tween ourmeasure of pelvicwidth (inter-ASIS distance) and the hip ad-
duction moment. Third, individuals in the GT group were heavier and
had a BMI that fell within the pre-obese rangewhich infers higher levels
of adipose, a risk factor for tendinopathy (Gaida et al., 2009). Although
individuals in the GT group were heavier, we normalized moments to
body weight and height to account for body size.



Fig. 3. Evaluation of relationship between trunk lean and pelvic angle. Data are plotted for the three hip adductionmoment time-points (peaks and interveningminimum). GT participants
with trunk lean N1 SD (as above or below the dashed lines on the y axis correspondingwith the GT groupmean+1 SD and−1 SD, respectively) are plotted against pelvic obliquity in the
lower panels. Outliers in the GT group with ipsilateral trunk lean have less pelvic obliquity, and those with contralateral trunk lean have greater pelvic obliquity as demonstrated by the
stick figure.
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The cross-sectional design means we are unable to establish a
cause and effect relationship between GT pathology and the kine-
matic and kinetic differences between groups, but provides a strong
foundation for future longitudinal studies. Specifically, randomized
clinical trials are required to establish whether modification of
these biomechanical issues reduce symptoms and improve function
in individuals with GT. Furthermore, EMG studies are necessary to
evaluate the neuromuscular control of the hip abductor muscles
during walking.
5. Conclusion

This study showed that individuals with GT had higher external hip
adductionmoments and alterations in trunk and pelvic kinematics dur-
ing walking. Although present study design cannot inform whether
these patterns are a cause or effect of GT, our data provide evidence to
suggest that consideration of walking biomechanics may be relevant
for the management of GT.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.clinbiomech.2016.01.003.
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