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This study sought to investigate the kinematic and kinetic variables that change in patients with athletic
groin pain (AGP) after a successful exercise intervention. The kinematic and kinetic measures of subjects
with AGP (n = 65) that completed a lateral hurdle hop, pre and post an exercise rehabilitation program
were compared to a control group of matched uninjured individuals (n = 50). Analysis of
Characterising Phases was used to identify differences in kinematic and kinetic measures between the
groups. AGP subjects returned to pain-free participation in sport in a median time of 9.14 weeks (5.14-
29.0). In total 18 different biomechanical variables were significantly different between the AGP group
and the uninjured group pre-rehabilitation. Of these, seven variables were no longer significantly differ-
ent between the AGP group post-rehabilitation and the uninjured group. These seven variables may rep-
resent the factors most related to return to play in this cohort and are potential targets for rehabilitation.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Athletic groin pain (AGP) is a common injury in sports involving
repetitive change of direction, kicking and turning (Orchard et al.,
2013; Thorborg et al., 2017; Werner et al., 2009). In male soccer,
AGP incidence has been reported to account for 4–19% of all inju-
ries (Waldén et al., 2015). Attempts have been made to divide the
multiple anatomical presentations of AGP into anatomical regions
(Falvey et al., 2009) and entities (Hölmich, 2007), in order to
improve comparability of papers examining this condition. How-
ever, recent work (Falvey et al., 2016; Franklyn-Miller et al.,
2017; King et al., 2018), have suggested that this may be mis-
guided. In many cases of AGP the site of pain does not correspond
to a defined anatomical injury. This inconsistency has raised ques-
tions around the utility of radiological imaging in AGP (Branci
et al., 2015; Weir et al., 2017). In this paper AGP is treated as a sin-
gle entity (much like lower back pain) and in the absence of an
acute injury, do not restrict inclusion in this study based on any
single entity or painful structure.
There is less debate around the modifiable risk factors impli-
cated in the aetiology of AGP. These factors include muscular
weakness and imbalance (Mohammad et al., 2014; Thorborg
et al., 2014), reduced muscular activity (Morrissey et al., 2012),
and reduced range of motion (Nevin and Delahunt, 2014). Such
deficits possibly influence inappropriate kinematics and kinetics
during dynamic agility sporting activities. This association
between neuromuscular function, aberrant kinematics and kinet-
ics, and injury has previously been prospectively demonstrated in
other sporting injuries such as patella femoral pain syndrome
(Boling et al., 2009). This may lead to increased loads and/or
unevenly distributed loads across the muscle, tendinous and bony
structures of the anterior pelvis, potentially leading to the develop-
ment of AGP. As such, a biomechanical assessment, incorporating
an evaluation of change of direction mechanics and joint loading,
is an essential step for understanding the biomechanical factors
associated with AGP (Franklyn-Miller et al., 2017).

In the absence of prospective research, a biomechanical com-
parison of injured vs uninjured participants is a common research
approach to identify factors associated with an injury (Edwards
et al., 2017; Janse van Rensburg et al., 2017; Severin et al., 2017).
However, an additional, and perhaps equally informative approach
is to examine the biomechanical changes that occur with
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successful rehabilitation (Gore et al., 2018). To date however, only
two studies have examined the effects of an exercise intervention
on the biomechanics of an AGP cohort (Gore et al., 2018; King et al.,
2018) and only one of these included an uninjured group (Gore
et al., 2018). This latter study is limited however in that it exam-
ined stiffness solely using a discrete point analysis (Gore et al.,
2018). An alternative to discrete point analysis is to use a continu-
ous waveform analysis approach, which examines the whole
biomechanical waveform and avoids assumptions regarding the
spatiotemporal foci of which time points to statistically examine.

The aim of this study was to determine if AGP affects kinematics
and kinetics during a hurdle hop task using a continuous waveform
analysis approach and if so, how these affected kinematics and
kinetics compare to uninjured controls following return to play.
It was hypothesised that the AGP group would be significantly dif-
ferent to the uninjured group pre-rehabilitation in multiple vari-
ables, some of these variables would change significantly from
pre- to post-rehabilitation and some of these variables would
remain significantly different between the AGP group and the
uninjured group post-rehabilitation.
2. Methods

2.1. Participants

Data from sixty-five male subjects with athletic groin pain
(mean ± SD: age 24.6 ± 4.8 yrs, height 180.5 ± 5.8 cm, mass
81.5 ± 8.5 kg) who had successfully completed the exercise inter-
vention at the Sports Surgery Clinic, Dublin was utilised in this
study. This dataset has previously been used solely to examine stiff-
ness as a discrete point measure (Gore et al., 2018). Inclusion crite-
ria required all AGP participants to report pain in the anterior hip
and groin area during their chosen sporting activity and have symp-
toms for a duration of greater than 4 weeks. All AGP subjects were
required to have a stated intention of returning to the same level of
pre-injury participation in competitive multidirectional sport. AGP
subjects were reviewed by a consultant physician in sport and exer-
cise medicine as per Falvey et al. (Falvey et al., 2016). Subjects pre-
senting with exercise-induced pain in the groin area (Falvey et al.,
2009), regardless of the putative structure involved (iliopsoas,
adductor, pubic aponeurosis and hip), were included. Subjects with
hip joint arthrosis [grade 3 or higher on MRI (Li et al., 1988)], those
who could not commit to completing the rehabilitation programme
as prescribed due to time or equipment/facility constraints, and
those with underlying medical conditions such as inflammatory
arthropathy or infection, were excluded.

For the uninjured group, fifty male matched uninjured subjects
(mean ± SD: age 23.9 ± 3.4yrs, height 179.7 ± 9.26 cm, mass
79.8 ± 13.8 kg) were recruited from local sporting clubs via direct
advertisement. Matching criteria were sport, participation level,
age and leg dominance. The Sports Surgery Clinic’s ethics commit-
tee provided ethical approval (REF 25EF011) and all the partici-
pants signed informed consent.

2.2. Measurements and protocols

Return to pain free participation in sport, the Copenhagen Hip
And Groin Outcome Score (HAGOS) (Thorborg et al., 2011) and
adductor squeeze tests (Nevin and Delahunt, 2014) were the out-
come measures of successful rehabilitation in this cohort.

2.3. Biomechanical examination

Each subject with AGP attended the biomechanics laboratory on
two occasions (pre- and post-rehabilitation) and the uninjured
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group on one occasion with no intervention. Prior to the experi-
mental testing, the subjects completed a standardized warm-up
(Marshall et al., 2015). This involved a three-minute treadmill jog
at 8 km/h, five body weight squats and five practice trials of the
hurdle hop test. The lateral hurdle hop involved a lateral hop over
a 15 cm hurdle followed by an immediate hop back to the initial
starting position. The distance between foot contacts was 40 cm.
The subject began on their painful leg, contralateral non-weight
bearing foot behind with the knee flexed to approximately 90�,
and hands unrestricted for balance (Fig. 1) (Gore et al., 2016).

Subjects were instructed to undertake the hop as explosively as
possible. The first initial foot contact with the force platform was
analysed and three repetitions of the exercise were undertaken
to obtain mean movement patterns. A rest period of 30 s was taken
between repetitions. Reflective markers (14 mm diameter) were
placed at bony landmarks on the lower limbs, pelvis and trunk as
per the Vicon Plug in Gait model (Vicon Motion Systems, Oxford,
UK). Marker position was tracked using 8 infrared cameras (Vicon
- Bonita B10, UK), synchronized with two 40 � 60 cm force plat-
forms (AMTI – BP400600, USA) collecting ground reaction force
data. Motion and force data were captured at a sampling frequency
of 200 Hz and 1000 Hz, respectively. Both marker and force data
were filtered using a fourth order Butterworth filter with a cut-
off frequency of 15 Hz (Kristianslund et al., 2013). Kinematic and
kinetic calculations were performed in Nexus software (Vicon
Motion Systems, Oxford, UK) and were exported to MATLAB for
statistical analysis. Kinematic and kinetic variables were defined
as per the standard Vicon Plug in Gait model.

2.4. Exercise intervention

All subjects with AGP undertook rehabilitation focused on con-
trol of the hip, pelvis and trunk during dynamic loading tasks. A
detailed description of this intervention has previously been pub-
lished elsewhere (King et al., 2018) in accordance with the tem-
plate for intervention description and replication checklist and
guide (TIDieR) (Hoffmann et al., 2014) and is discussed in brief
below.

The intervention involved three levels of progression. Level 1
addressed inter-segmental control and strength, level 2 involved
linear running mechanics and increasing linear running load toler-
ance, and level 3 addressed multidirectional mechanics and the
transition back to high intensity sprinting. This program was com-
pleted 4 days per week alternating between strength and running
drills. Advancement through these levels was based on the exam-
ining physiotherapist’s subjective assessment of the subjects’ con-
trol, absence of pain during tasks of the preceding level, alongside
the competence-based assessment of activity. The programme was
unsupervised, but a physiotherapist assessed each patient’s pro-
gress at regular intervals (mean ± SD: 4.92 ± 1.7 patient assess-
ments every 14.29 ± 3.9 days). Recovery was defined when the
patient progressed through level 3 of the rehabilitation program,
returned to pain free participation in sport and returned for a fol-
low up 3D biomechanical retest session.

2.5. Data analysis

Analysis of Characterising Phases (ACP) (Richter et al., 2014)
was conducted on the kinematic and kinetic waveforms to gener-
ate subjects’ scores that capture the behaviour of each subject. This
utilised VARIMAX rotated principle components that retained
more than 99% of the variance to identify phases of interest
(Richter et al., 2014). Subject scores were generated within these
phases (magnitude domain) and planned t-tests were conducted
to test for significant differences (unpaired t-test: pre-
rehabilitation vs. uninjured, post-rehabilitation vs. uninjured;
rne from ClinicalKey.com.au by Elsevier on September 04, 2020.
n. Copyright ©2020. Elsevier Inc. All rights reserved.



Fig 1. Graphical representation of the hurdle hop test. (A) Starting position on force plate 1. (B) Initial hop over hurdle. (C) Initial landing phase that is biomechanically
examined on force plate 2. (D) Return hop back over the hurdle. (E) End position on force plate 1 after hopping back over hurdle. (Gore et al., 2018).
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paired t-test: pre- vs. post-rehabilitation). Where a significant dif-
ference existed, the key phase was extended to either side sepa-
rately and re-tested for significance (Richter et al., 2014). This
was repeated to identify the full phase of the difference, terminat-
ing when a data point was not statistically significantly different.
Given the relatively few number of biomechanical research studies
investigating AGP, this current study was exploratory in nature. As
such, no multi comparison adjustment was conducted to avoid
inflating type two errors (Perneger, 1998). Hop height, width and
contact time were also calculated from force plate data. Cohen0s
effect size was reported as small (<0.5), medium (0.5–0.8), and
large (>0.8).
3. Results

Following rehabilitation, all subjects with AGP returned to play
pain free (median: 9.14 weeks, range 5.14–29.0 weeks), with a sig-
nificant improvement in maximum adductor squeeze score at 0�
(p < 0.05 d = 0.22), 45� (p < 0.01, d = 0.70) and 90�(p < 0.01,
d = 0.78) (Table 1). HAGOS scores also improved in 5 out of the 6
Table 1
Maximum pressure achieved during squeeze tests.

Test (mmHg) Pre Pos

Squeeze 90 181.09 ± 41.66 214
Squeeze 45 221.64 ± 38.81 251
Squeeze 0 133.09 ± 29.87 140

Squeeze scores measured as (mmHg – millimetres of mercury), D = Cohen0s D effect siz

Table 2
Results from pre- and post-rehabilitation HAGOS scores.

HAGOS subscale Pre

Pain 75.42 ± 12.30
Symptoms 64.24 ± 17.29
Function in daily living 77.82 ± 15.76
Function in sport and recreation 53.54 ± 17.21
Participation in Physical Activities 76.58 ± 32.74
Quality of Life 38.66 ± 15.51
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subscales [Pain (p < 0.01, d = 0.83), Symptoms (p < 0.01, d = 0.75),
Function in daily living (p < 0.01, d = 0.64), Function in sport and
recreation (p < 0.01, d = 1.13), Quality of life (p < 0.01, d = 1.01)]
with only one subsection [Participation in Physical Activities
(p = 0.36, d = 0.38)] not changing significantly (Table 2).

There were no significant differences in hop height (AGPpre vs.
CON p = 0.32, d = 0.15, AGPpost vs. CON p = 0.47, d = 0.06, AGPpre
vs. AGPpost p = 0.43, d = 0.09) or hop width between the groups
(pre vs. uninjured: p = 0.13, d = 0.11, post vs. uninjured, p = 0.95,
d = 0.01, pre vs. post p = 0.13, d = 0.10). In total, 18 kinematic and
kinetic variables were identified in the pre-rehabilitation AGP
group that were significantly different to the uninjured group
(Table 3). Contact time remained statistically slower in the AGP
group post-rehabilitation in comparison to the uninjured group.
Vertical, medial-lateral, and anterior-posterior ground reaction
forces remained significantly less post-rehabilitation in the AGP
group. There was a significant increase in the AGP centre of mass
height from 6 to 100% and post- rehabilitation the AGP group were
no longer significantly different to the uninjured group. Vertical
centre of mass power absorption from 22 to 47% and production
from 51 to 74% of ground contact remained significantly lower in
t Sig Cohens D

.72 ± 36.99 <0.01 0.78

.04 ± 39.9 <0.01 0.70
± 34.16 0.05 0.22

e

Post Sig Cohen’s D

87.45 ± 14.53 <0.01 0.83
78.27 ± 17.83 <0.01 0.75
88.27 ± 15.23 <0.01 0.64
79.46 ± 21.34 <0.01 1.13
63.52 ± 36.25 0.36 0.38
60.41 ± 22.84 <0.01 1.01
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Table 3
Kinematic and Kinetic Findings.

AGPpre vs. CON AGPpre vs. AGPpost AGPpost vs. CON
Variable Percent Sig Cohen’s d Percent Sig Cohen’s d Percent Sig Cohen’s d

Ground contact time – 0.00 0.66 – 0.00 0.66
Ground reaction force x 26–71% 0.02 0.43 48–85% 0.01 �0.34 20–87% 0.00 0.68
Ground reaction force y 10–15% 0.00 �0.66 1–8% 0.00 �0.40 4–5% 0.03 0.41

10–15% 0.00 �0.56
32–37% 0.04 �0.40

Ground reaction force z 23–77% 0.00 �0.73 24–84% 0.00 �0.67
Centre of mass height 31–69% 0.04 �0.40 6–100% 0.00 �0.21
Centre of mass power x 4–15% 0.02 �0.44 1–21% 0.01 �0.28 56–81% 0.00 �0.63

43–92% 0.00 0.54
Centre of mass power y 10–15% 0.01 0.52 88–100% 0.01 0.44 1–7% 0.01 �0.51

11–16% 0.01 0.50
88–100% 0.00 �0.54

Centre of mass power z 21–76% 0.01 0.29 22–47% 0.00 0.04
51–74% 0.02 �0.43

Ankle Angles (Dorsi/Plant) 26–76% 0.02 0.46
Ankle moment (Dorsi/plant) 12–86% 0.00 �0.75 13–92% 0.00 �0.88
Ankle power (Dorsi/Plant) 9–33% 0.00 0.65 8–38% 0.00 0.73

50–86% 0.00 �0.55 47–88% 0.00 �0.65
Ankle power (Int/Ext Rot) 31–38% 0.03 0.42
Knee moment (Abd/Add) 10–23% 0.03 0.42 7–29% 0.01 0.49
Knee moment (Fle/Ext) 13–24% 0.01 0.47
Hip moment (Abd/Add) 16–22% 0.01 �0.47 3–9% 0.00 �0.35

88–100% 0.00 �0.29
Hip moment (Fle/Ext) 44–51% 0.02 �0.43 74–89% 0.00 �0.37
Hip power (Fle/Ext) 38–43% 0.02 0.43 13–16% 0.04 0.39 40–44% 0.05 0.38

66–81% 0.01 �0.31
Hip power (Int/Ext Rot) 75–80% 0.04 �0.39 20–23% 0.02 0.32

Moments measured as Moments (N mm Kg�1) Sig = significance (p). D = Cohen0s D effect size.

Fig 2. Ankle Kinematics and Kinetics. Row A refers to angles, Row B refers to moments, Row C refers to Powers. Column 1, 2 & 3 refers to sagittal plane, frontal plane and
transverse plane respectively. ( , _____ = AGP pre-rehabilitation ). Sub graph bar indicates phases of significant difference (Pre-
Healthy = AGP post-rehabilitation vs. uninjured, Pre-Healthy = AGP pre-rehabilitation vs. uninjured, Pre-Post = AGP pre-rehabilitation. fle = flexion, abd = abduction,
rot = rotation.
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the AGP group compared to uninjured values post-rehabilitation.
There was a significant reduction in medio-lateral centre of mass
power absorption in the AGP group from pre to post-
Downloaded for Anonymous User (n/a) at The University of Melbou
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rehabilitation whilst anterior-posterior centre of mass power
absorption remained significantly less in the AGP group post-
rehabilitation in comparison to the uninjured group. Pre-
rne from ClinicalKey.com.au by Elsevier on September 04, 2020.
n. Copyright ©2020. Elsevier Inc. All rights reserved.



Fig 3. Knee Kinematics and Kinetics. Row A refers to angles, Row B refers to moments, Row C refers to Powers. Column 1, 2 & 3 refers to sagittal plane, frontal plane and
transverse plane respectively. ( , _____ = AGP pre-rehabilitation ). Sub graph bar indicates phases of significant difference (Pre-
Healthy = AGP post-rehabilitation vs. uninjured, Pre-Healthy = AGP pre-rehabilitation vs. uninjured, Pre-Post = AGP pre-rehabilitation. fle = flexion, abd = abduction,
rot = rotation.
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rehabilitation, the AGP group had significantly less plantar flexion
from 26 to 76% of the ground contact in comparison to the unin-
jured group but following the intervention there was no longer a
significant difference. In contrast, ankle plantar flexor moments,
power absorption and power generation remained significantly
less in the AGP group in comparison to the uninjured group post-
rehabilitation from 12 to 92%, 8–38% and 47–88% of the ground
contact, respectively. In the transverse plan there was a trend
towards uninjured values with the AGP group displaying a
decrease in ankle external rotator power generation from 31 to
38% of ground contact. At the knee joint pre-rehabilitation, the
AGP group had significantly greater extensor moments from 13
to 24% of ground contact in comparison to the uninjured group
and was no longer significantly different post-rehabilitation. In
the frontal plane, knee abductor/valgus moments were signifi-
cantly greater in the AGP group in comparison to the uninjured
group pre-rehabilitation from 10 to 23% and remained so from 7
to 29% of the ground contact post-rehabilitation. Hip abductor
moments from 16 to 22% and hip extensor moments from 44 to
51% of the ground contact were significantly less in the AGP group
in comparison to the uninjured group pre-rehabilitation, however
post-rehabilitation these phases were no longer significantly dif-
ferent. Pre-rehabilitation hip flexor power absorption from 38 to
43% was significantly less in the AGP group in comparison to the
uninjured group and remained so post-rehabilitation but for a
shorter duration. In the transverse plane hip power generation
was significantly greater pre-rehabilitation in the AGP group in
comparison to the uninjured group from 75 to 80% of the ground
contact phase, but post-rehabilitation this was no longer signifi-
cantly different to the uninjured group. Full kinematic and kinetic
Downloaded for Anonymous User (n/a) at The University of Melbourne
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waveforms are presented below as means ± standard errors
(Figs. 2–5).

4. Discussion

This study presents the effects of an exercise intervention on
the biomechanics of an AGP cohort during a hurdle hop task using
a continuous waveform approach. All AGP patients within this
cohort were returned to play in a median time of 9.14 weeks with
no return of symptoms. A total of 18 kinematic and kinetic vari-
ables were identified which were significantly different between
the subjects with AGP pre-rehabilitation and the uninjured group.
These identified variables were then subsequently examined to
assess for change post-rehabilitation. As a result of the interven-
tion, seven of these variables were no longer significantly different
between the AGP group and the uninjured group post-
rehabilitation. These findings suggest that these seven variables
are the most related to return to play in this cohort.

Before rehabilitation hip abductor moments were significantly
less in the AGP group when compared to the uninjured group. As
previously noted (Gore et al., 2018), this may represent a compen-
satory mechanism striving to reduce ipsilateral hip joint reaction
forces (Neumann, 2010; Wesseling et al., 2015) thereby reducing
force transfer across the pubic symphysis region. While this may
also represent an increased hip adductor moment, previous
research has also demonstrated reduced gluteus medius activity
in AGP patients (Morrissey et al., 2012). In the AGP group hip
abductor moments improved post-rehabilitation and were no
longer significantly different to uninjured group. This is in line with
work by King et al. (King et al., 2018) who reported reduced adduc-
 from ClinicalKey.com.au by Elsevier on September 04, 2020.
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Fig 4. Hip Kinematics and Kinetics. Row A refers to angles, Row B refers to moments, Row C refers to Powers. Column 1, 2 & 3 refers to sagittal plane, frontal plane and
transverse plane respectively. ( , _____ = AGP pre-rehabilitation ) Sub graph bar indicates phases of significant difference (Pre-
Healthy = AGP post-rehabilitation vs. uninjured, Pre-Healthy = AGP pre-rehabilitation vs. uninjured, Pre-Post = AGP pre-rehabilitation. fle = flexion, abd = abduction,
rot = rotation.

Fig 5. Pelvis and Thorax Kinematic. Row A refers to pelvis, row B refers to thorax. Column 1, 2 & 3 refers to sagittal plane, frontal plane and transverse plane respectively.
( , _____ = AGP pre-rehabilitation ). Sub graph bar indicates phases of significant difference (Pre-Healthy = AGP post-rehabilitation vs.
uninjured, Pre-Healthy = AGP pre-rehabilitation vs. uninjured, Pre-Post = AGP pre-rehabilitation. fle = flexion, abd = abduction, rot = rotation.
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tor moments in AGP patients post-rehabilitation during a running
cut task. Furthermore, at the hip, following rehabilitation, there
was an increase in hip external rotation power production and
Downloaded for Anonymous User (n/a) at The University of Melbou
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hip extensor moments, with the AGP group no longer significantly
different from the uninjured controls. Contrary to previous
research (Kopper et al., 2012), this increase in hip extensor
rne from ClinicalKey.com.au by Elsevier on September 04, 2020.
n. Copyright ©2020. Elsevier Inc. All rights reserved.
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moments was observed even with a significant decrease in thorax
flexion angle suggesting that the hip extensor muscles are working
more post-rehabilitation. Despite this, hip extensor power dissipa-
tion remained significantly less post-rehabilitation alluding to a
reduced joint angular velocity and potentially a protective mecha-
nism utilized to reduce loading at the hip/pelvic region. This is sup-
ported by previous research that identified reduced angular
velocities at the hip and pelvis in patients with AGP during a kick-
ing task (Severin et al., 2017). At the knee, there were significantly
greater eccentric moments in the AGP group pre-rehabilitation in
comparison to the uninjured group. Post-rehabilitation however,
knee moments were no longer significantly different suggesting a
shift to a hip dominant strategy.

Similar to previous research (Gore et al., 2018), this study
observed some of the greatest effect sizes between the AGP group
pre-rehabilitation and the uninjured group at the ankle joint.
Despite an effective rehabilitation, the ankle sagittal plane
moments and powers remained significantly less in the AGP group
in comparison to the uninjured group. The ankle joint is often over
looked in injuries involving proximal joints, however previous
research has indicated that the ankle joint contributes 45.7% of
total energy dissipation during single leg landings (Yeow et al.,
2011). Furthermore, the ankle joint may be a major modulator of
lower limb stiffness (Farley and Morgenroth, 1999). Whilst
increased stiffness has been positively related to increased peak
force in landing and thus a risk for injury (Devita and Skelly,
1992), too little stiffness may also lead to injury with excessive
joint motion leading to soft tissue injury (Granata et al., 2002).
Future research should attempt to ascertain if the observed altered
ankle function in the present study is a risk factor for AGP, or a pro-
tective mechanism. Regardless, it is possible that the efficacy of the
reported rehabilitation intervention could be further enhanced
with a focus on improving ankle function.

Following rehabilitation, center of mass height from 31 to 69%
of ground contact was no longer significantly less compared to
the uninjured group, due to the significant reductions in trunk flex-
ion, ankle dorsiflexion and hip flexion angles in the AGP group.
Despite there being no significant difference in hop height or hop
width between the AGP group pre-rehabilitation and the uninjured
group, the magnitude of the ground reaction force was significantly
less in the AGP in comparison to the uninjured controls pre-
rehabilitation. This may be explained by the impulse momentum
relationship, whereby the AGP subjects achieved the same hurdle
hop task by increasing the ground contact time over which the
force is applied. Ground reaction force in all three planes, and cen-
tre of mass power in the vertical and medio/lateral direction,
remained significantly less in the AGP group post-rehabilitation
in comparison to the uninjured group. In contrast, contact time
remained significantly longer in the AGP group post-
rehabilitation. It is possible that these variables that remain
unchanged with rehabilitation are unaddressed risk factors for
AGP. However, given that all subjects returned to sport pain free,
it is more likely that these variables represent compensatory
mechanisms rather than risk factors. Clearly prospective research
is required to conclusively determine which of the above biome-
chanical factors are risk factors for AGP.

The findings from this study demonstrate that exercise therapy
can be an effective means of treatment for AGP, as supported by
previous research (Holmich et al., 1999; King et al., 2018; Weir
et al., 2011). The adductor squeeze scores statistically improved
at 0�, 45� and 90� in the AGP group from pre- to post-
rehabilitation and the HAGOS questionnaire statistically improved
in five out of the six sub scores. While previous research has
demonstrated that with an effective AGP rehabilitation HAGOS
scores may remain reduced compared to athletes who have never
had groin pain (Thorborg et al., 2017), it is uncertain why the Par-
Downloaded for Anonymous User (n/a) at The University of Melbourne
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ticipation in Physical Activities subsection of the HAGOS question-
naire remained unchanged with rehabilitation in this study. It is
possible that this may reflect patients returning to full participa-
tion in sport cautiously, and only being cleared to return to play
at the time of collecting post-rehabilitation HAGOS scores. The
return to play time of 9.14 weeks reported in this present study
is similar to that of King et al (King et al., 2018) [9.9 weeks], which
implemented the same rehabilitation protocol in another cohort of
AGP patients. Interestingly, the return to play time reported in this
study is approximately half that of the times reported by Holmich
et al., (Holmich et al., 1999) [18.5 weeks] and Weir et al., (Weir
et al., 2011) [17.3 weeks]. It should be noted that both aforemen-
tioned studies are randomised control trials, and this current study
is therefore not directly comparable. However, the quicker return
to play time reported in both this present study and that by King
et al (King et al., 2018) may plausibly be due to the rehabilitation
being more targeted in nature with a focus on whole body move-
ment. Indeed AGP case series studies involving a high degree of
individualisation, as employed in the present study, reported gen-
erally improved return to play times (4–14 weeks) (Jarosz, 2011;
Vijayakumar et al., 2012). Unlike these case series studies, the cur-
rent study’s intervention was unsupervised in nature. As such it is
possible that return to play times may have differed further under
a directly supervised rehabilitation program (Feger et al., 2015).
5. Limitations

Given the focus of this paper on identifying biomechanical fac-
tors associated with athletic groin pain, only patients who com-
pleted the rehabilitation protocol and returned for post
rehabilitation testing were included in this study. Previous
research has demonstrated a 73% return to play rate using the
same exercise rehabilitation presented in this study (King et al.,
2018). As such, the clinical outcome (100% of patients return to
sport) is biased, and important information regarding the mechan-
ics of those who do not successfully rehabilitate is not gained from
this study. Furthermore, while all patients returned to sport, the
results of this study demonstrated a wide range of return to play
times. It is possible that an investigation of the features relevant
to return to play time may also highlight information important
in the examination of AGP. Additionally, it is important to note,
that while the lack of significant difference between the AGP group
and the uninjured group post-rehabilitation was utilised to help
identify the factors most related to return to play in this cohort,
a lack of significance alone does not represent the lack of an effect.
Rather, it can no longer be concluded that a significant difference
exists between the AGP group post-rehabiliation and the control
group and that the observed difference is not surprising assuming
the null hypothesis is true. Future research could explore mod-
elling this relationship explicitly using classification and
similarity-based measures (Richter et al., 2018). Finally, although
outside the scope of this paper, given the large standard deviations
present in the data, it is possible that the presence of sub-groups
demonstrating distinct movement patterns may have masked
some changes produced by the intervention. Recently the presence
of sub-groups in AGP patients were identified during a running cut
task (Franklyn-Miller et al., 2017). Further research should con-
sider replicating this current study in conjunction with a cluster
analysis.
6. Conclusion

The AGP patients in this study were returned to play in a med-
ian time of 9.14 weeks with no return of symptoms. This successful
return to play was associated with significant improvements in five
 from ClinicalKey.com.au by Elsevier on September 04, 2020.
opyright ©2020. Elsevier Inc. All rights reserved.
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out of six HAGOS subsections and a significant improvement in
adductor squeeze scores. A total of 18 kinematic and kinetic vari-
ables were identified which were significantly different between
the subjects with AGP pre-rehabilitation and the uninjured group.
Following rehabilitation seven of these variables [centre of mass
height (31–69%), centre of mass frontal plane power (4–15%), ankle
flexion angle (26–76%), ankle rotation power (31–38%), hip abduc-
tion moment (16–22%), hip extensor moment (44–51%) and hip
rotation power (75–80%)] were no longer significantly different
between the two groups. These variables may represent the factors
most related to return to play in this cohort and are potential tar-
gets for rehabilitation. Clearly however, this needs to be re-
examined using appropriate prospective research to determine
conclusively what biomechanical factors are related to the devel-
opment of this condition.
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