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Abstract
Athletic groin pain (AGP) is a common injury prevalent in field sports. One biomechanical measure that may be of importance for injury risk is stiffness. To date however, stiffness has not been examined in AGP. The primary aim was to determine
whether AGP affects vertical and joint stiffness and if so, whether successful rehabilitation is associated with a change in stiffness. Sixty-five male patients with AGP
and fifty male controls were recruited to this study. Assessment included a biomechanical examination of stiffness during a lateral hurdle hop test. Subjects with AGP
were tested pre-and post-rehabilitation, while controls were tested once. AGP subjects were cleared for return to play in a median time of 9.14 weeks (5.14-29.0).
Stiffness was significantly different at pre-rehabilitation in comparison with controls
for four of the ten stiffness values examined: ankle plantar flexor, knee extensor, hip
abductor, and vertical stiffness (P < .05, D = 0.36-
0.79). Despite clearance for
return to play, of these four variables, only hip abductor stiffness changed significantly from pre-to post-
rehabilitation (P = .05, D = 0.35) to become non-
significantly different to the uninjured group (P = .18, D = 0.26). These findings
suggest that hip abductor stiffness may represent a target for AGP rehabilitation.
Conversely, given the clearance for return to play, the lower sagittal plane and vertical stiffness in the AGP group in comparison with the uninjured controls likely represents either a compensatory mechanism to reduce the risk of further injury or a
consequence of neuromuscular detraining.
KEYWORDS
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IN T RO D U C T ION

Athletic groin pain (AGP) is prevalent in field sports with
recurrent accelerations, decelerations, and changes of direction.1,2 Despite this, the biomechanics contributing to AGP
remains poorly understood and under investigated in comparison with other sporting injuries, such as anterior cruciate
ligament injury3 and patella femoral pain syndrome.4
Stiffness, which is resistance of a body to deformation
under a given load,5 has attracted attention in injury prevention research6,7 as a potentially modifiable risk factor.8 Two
types of stiffness are typically measured when examining
Scand J Med Sci Sports. 2018;28:1681–1690.

dynamic athletic tasks, whole-body vertical stiffness, and
joint stiffness. Whole-body vertical stiffness reflects the resistance of the center of mass to vertical displacement under
a given vertical ground reaction force, and it is often utilized to represent the stiffness of the lower extremity as a
whole.9,10
Joint stiffness refers to the resistance of a particular
joint to rotation under a given moment of force.5 The majority of studies examine whole-body stiffness, whereas an
examination of joint stiffness is advantageous in exploring
the contribution of each joint to the sum of whole-body
stiffness.
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Stiffness can be modulated by the central nervous system to maintain the dynamics of locomotion in response to
changes in the environment5 and task demands.11 Indeed, it
has been demonstrated that stiffness in individual joints of
the lower extremity may change when running under varying
conditions, while whole-body stiffness can remain constant.12
As such, it is likely that joint stiffness reflects more closely,
localized regions of loading than whole-body stiffness.
Further, it has been suggested that abnormal magnitudes of
stiffness may lead to an increased risk of injury by increasing
peak force and/or rate of force development,7 or conversely
by increasing the energy absorbed by soft tissues in a lengthened position.13 In line with this, authors have suggested that
high levels of stiffness may be related to bony injuries, while
too little stiffness may result in soft tissue injury.13,14 Previous
research has also associated greater stiffness with both stress
fracture7 and contrastingly lesser stiffness with Achilles tendinopathy.9 With respect to AGP, stiffness may be of particular importance as any alteration in the magnitude of loading
or the manner in which loads are absorbed may overload the
musculo-tendinous and bony structures surrounding the pubic
symphysis region.15,16 To date however, no research has examined whether stiffness is affected by AGP.
In light of the challenges associated with completing
prospective research, identifying factors truly associated
with an injury is not often possible. As such, the biomechanical comparison of injured vs uninjured participants is
a common research approach.7,17 While this case-control
approach is useful, the findings may not be deterministic
of injury (eg, differences may be an outcome of the injury itself), thereby limiting the application of their findings. An alternative but much less common approach is
to examine the biomechanical changes that are associated
with an effective rehabilitation program (as determined by
achieving return to play status). In line with the probabilistic approach to causation,18,19 the biomechanical factors
that change with a successful rehabilitation are possibly
causative of the improvements in injury status and therefore more likely associated with the injury. This approach
has been utilized with respect to both identifying targets
for rehabilitation20-22 and training interventions for performance.19,23 Examining the changes that occur with rehabilitation is not without its own limitations of course
(eg, it is possible that the observed biomechanical changes
following rehabilitation are not related to the underlying
injury, but simply associated with the non-rehabilitative
effect of the exercise). A more robust approach would
therefore be to combine the case-control analysis (injured
vs uninjured), the pre-vs post-rehabilitation analysis, and
a post-rehabilitation vs uninjured analysis. Logically, the
biomechanical factors identified in the case-control analysis (pre-rehabilitation vs uninjured), that change with
successful rehabilitation (pre-vs post-
rehabilitation)
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to become more similar to the uninjured group (post-
rehabilitation vs uninjured), are more likely to be related
to the underlying injury than any of the above approaches
in isolation. To date however, this form of analysis has not
been conducted in AGP research.
When investigating stiffness, sagittal plane actions, such
as running12 and hopping,10 are the most commonly used activities examined in this area. However, field sports require
dynamic actions not confined to the sagittal plane, and these
multi-planar movements are common in sports where AGP is
a common presentation.1,2 A movement stressing frontal and
sagittal plane control such as a lateral hurdle hop task24,25
may thus be a more effective screening test to examine stiffness qualities in AGP patients.
The aim of this study was to determine if AGP affects
whole-body vertical and joint stiffness and if so whether a
return to play the following rehabilitation is associated with
a change in stiffness.
It was hypothesized that (a) prior to rehabilitation the
AGP group would be less stiff in comparison with the control group and (b) that stiffness would increase from pre-to
post-rehabilitation intervention to become more similar to the
uninjured group.

2
2.1

|

M ETHODS

|

Participants

Sixty-five male subjects with AGP who had successfully
completed the exercise intervention at the Sports Surgery
Clinic, Dublin, Ireland, were examined in this study, along
with fifty male matched uninjured controls that were recruited from local sporting clubs by direct advertisement.
The recruitment period was from January 2014 to March
2015 and comprised of the retrospective inclusion of subjects with AGP who had successfully completed the exercise intervention during this time frame. Inclusion criteria
required all AGP participants to undergo clinical consultation, MRI imaging, and physical examination to confirm
the diagnosis of AGP as per criteria previously published.26
Additional inclusion criteria required all participants to be
between the ages of 18-35 and involved in multidirectional
field sports. In light of recent research by our group,15 we
treat AGP as a single entity (much like lower back pain) and
do not restrict inclusion by “entity.” Exclusion criteria for
AGP participants included the presence of hip joint arthrosis, an underlying medical condition such as inflammatory
arthropathy or infection, symptoms less than 4 weeks, lack
of intent to return to pre-injury activity levels, and those
who did not successfully complete the exercise rehabilitation program. The control group was uninjured but matched
to the AGP group based on age, sport, and participation
level alongside leg dominance. The Sports Surgery Clinic
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ethics committee approved the study (REF 25EF011), and
all of the participants signed informed consent.

2.2 | Measurements and
rehabilitation protocol
AGP subjects completed a three-stage rehabilitation program
focusing on intersegmental control and strength, linear running mechanics, and change of direction mechanics, as previously published,21 and detailed in Appendix S1. Components
of strength, power, and plyometric training were incorporated into the rehabilitation program, which as noted in a
recent review are all effective means of increasing lower
limb stiffness.8 No aspect of the rehabilitation program was
specifically targeted according to pre-rehabilitation stiffness
values, but was applied generally to the cohort. The program was unsupervised but a physiotherapist assessed each
patient’s progress at regular intervals [mean ± SD (range):
4.92 ± 1.7 (2-
10) patient assessments every 14.29 ± 3.9
(9-22) days]. Progression from Level 1 to Level 2 of the rehabilitation program was indicated once the patients achieved
a negative crossover sign as determined by a lack of pain in
the contralateral limb during resisted hip flexion.27 Patients
progressed from Level 2 to Level 3 once the subject achieved
symmetrical internal hip rotation at 90°, pain-free squeeze at
45°, and symptom-free completion of the Linear A running
program. Patients who demonstrated symptom-free completion of the Linear B running program and multidirectional
drills at maximum intensity were deemed sufficiently rehabilitated to be cleared to return to play. No follow-up post-return
to play was conducted within this cohort. The Copenhagen
Hip And Groin Outcome Score (HAGOS)28 was examined
pre- and post-rehabilitation.

2.3

|

Biomechanical examination

Prior to the experimental testing, the subjects completed a
standardized dynamic warm-up25-a three-minute treadmill
jog at 8 km/h, five body weight squats, and five practice trials of the hurdle hop test. The subjects had no other experience of the hurdle hop test. The hurdle hop involved a lateral

F I G U R E 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
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hop over a 15-cm hurdle followed by an immediate hop
back to the initial starting position (Figure 1). The distance
between foot contacts was 40 cm (the distance between force
plate centers). Reliability for the lateral hurdle hop had previously displayed good to excellent reliability29 with a median
reliability coefficient of 0.89 (range 0.67-0.97) for the biomechanical measures which contribute to the calculation of
stiffness (moments and angles).25 During testing, the subjects
wore their own athletic shoes and were instructed to wear
the same footwear for both testing sessions where applicable.
The AGP participants were examined on their painful side,
contralateral non-weight-bearing foot behind with the knee
flexed to approximately 90 degrees, and hands unrestricted
for balance. Of the 65 AGP patients, 17% had bilateral groin
pain. Where the AGP patient had bilateral pain, the leg examined was chosen at random as previously described.15 Three
repetitions of this test were undertaken to obtain mean scores.
Participants were instructed to undertake the hop as quickly
as possible, and it was the first initial landing phase that was
analyzed (Figure 1). Subjects with AGP were tested pre-
(AGP pre) and post-rehabilitation (AGP post), while controls
were tested once. The post-rehabilitation test was conducted
on the day of completion of the rehabilitation protocol.

2.4

|

Data capture

|

Data processing

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).25 Lower extremity kinematics and kinetics were captured. Three-dimensional marker position was tracked using
8 infrared cameras (Vicon-Bonita B10, UK), synchronized
with two 40 × 60 cm force platforms (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.

2.5

Both marker and force data were filtered using a fourth-
order Butterworth filter with a cut-off frequency of 15 Hz.25
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Moment and angle calculations were performed in Nexus
software (Vicon Motion Systems, Oxford, UK). The data
were subsequently exported to Matlab 2013b (Mathworks,
USA) where stiffness was calculated and the statistical analysis conducted. Stiffness was examined during the eccentric
phase of the hurdle hop action defined as the period from
initial ground contact to peak whole-body negative power.
Negative whole-body power was calculated as the external
work done per unit time in an attempt to bring the body to
a resting state. While many studies have calculated stiffness
from initial contact to peak vertical ground reaction force,10,30
the authors felt the eccentric phase more useful given that the
timing of peak vertical ground reaction force varied considerably (mean ± SD: 41.3 ± 12.0% of total ground contact),
with 33% of all participants producing their peak force during the whole-body concentric phase. When examining the
moment-angle waveforms of the hurdle hop task in this present study, not all joints demonstrated a clear biphasic pattern as presented in previous research.12,31 Indeed, many
moment-angle waveforms demonstrated a polyphasic pattern
(Figure 2) with fluctuating moment signs (eg, between positive and negative abductor moments).
In light of these fluctuations, measuring a mean stiffness
across varying signs of net moments would produce an erroneous measure of stiffness containing joint moments that
are not functionally comparable. For this reason, the current
study examined joint stiffness from initial contact to peak
whole-body negative power, for phases when the most prevalent eccentric moments were acting (Figure 3). To allow
comparison across subjects, the most prevalent eccentric
moment was identified at a group level and a moment was
deemed to be acting eccentrically when the net joint moment
was acting in opposition to the angular displacement of the
joint. In the sagittal plane, this involved calculating stiffness
for every phase where the extensor/plantar flexor moments
acted eccentrically. In the frontal plane, eccentric hip, knee,

GORE et al.

and ankle abductor/evertor moments were examined. In the
transverse, plane stiffness was only calculated when the internal rotator moments acted eccentrically at the hip and ankle,
while at the knee, eccentric external rotator moments were
examined. For example, in Figure 3 for the calculation of hip
extensor stiffness, the previously defined conditions were
met at two phases.
For every phase i where these conditions were met, joint
stiffness at the hip, knee, and ankle was calculated as the
ratio of the change in a joint moment to the change in joint
angle for all three planes, from the first to last data point
within in phase i. Similarly, vertical stiffness was calculated as the ratio between the change in vertical ground reaction force and the vertical displacement of the center of
mass. Both joint and vertical stiffness were subsequently
presented normalized to body mass (Equations 1 and 2).

Normalised whole body vertical stiffness =

Normalised joint stiffness (NJSi ) =

ΔFz.kg−1
(1)
ΔCOMz

ΔM.kg−1
i
Δθi

(2)

where ΔFz is the change in vertical ground reaction force,
ΔCOMz is the displacement of the center of mass, ΔM is the
change in a joint moment, and Δθ is the range of motion of
the joint.
To adequately represent the mean stiffness of a joint,
a weighted mean was required to account for the intermittent nature and varying durations of the included phases
(Equation 3):
imax
Mean weighted joint stiffness = [Σimax
i=1 (NJSi ∗ Δθi )]∕Σi=1 Δθi
(3)
Hop height and hop width were calculated as the vertical and
horizontal distance the center of mass traveled from the point
of takeoff to the time the center of mass reached its highest
point.

F I G U R E 2 Graph depicting a typical
biphasic moment-angle pattern as presented
in the literature (left) and a polyphasic
pattern often identified in this present
research (right). Within the polyphasic
pattern, the knee angle is fluctuating
between periods of extending and flexing
coupled with a net knee joint moment
fluctuating between extensor and flexor
moments
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F I G U R E 3 Top: Hip flexion/extension angles (°) and Hip flexor/extensor moments (Nm/kg) plotted for a single trial from initial contact to
toe off. Shaded region indicates the phases that adhere to the condition of an extensor moment with hip flexion during the period of initial contact
to peak whole-body negative power. Bottom: Graph depicting the whole body power (Watt) waveform from the same single trial

|

2.6

Statistical analysis

Minimal sample size for statistical purposes was calculated
a priori based on pilot results for vertical whole-body stiffness (pre-rehabilitation mean = 0.26, uninjured mean = 0.29,
pooled standard deviation = 0.04, power = 0.8, P < .05). The
analysis demonstrated that at least 45 subjects would be required per group. Independent t tests were utilized to compare
AGP results to control results pre-rehabilitation, and paired t
tests were utilized to compare pre to post changes in the AGP
group. No multi comparison adjustment was employed.32
All results are presented as mean ± SD. Cohen’s effect size
was reported as small (0.2-0.5), medium (0.5-0.8), and large
(>0.8).

3
3.1

|

R E S U LTS

|

Subjects

Subject demographics are presented in Table 1. Within
the AGP group, a primary clinical diagnosis of a pubic
aponeurosis injury was made in 46 (71%) cases; hip flexor
injury was diagnosed in 14 (22%) cases; adductor injury
was diagnosed in 3 (4%) cases, and inguinal injury was diagnosed in 1 (2%) case. Patients reported a median time of
36 (IQR 24-73) weeks between the onset of symptoms and
presentation. Primary sporting participation within both
groups was distributed across four sports with the largest
proportion of subjects in both groups playing Gaelic football (Table 1).

3.2

|

Return to play measures

|

Stiffness measures

All AGP subjects completed rehabilitation in a median of
9.14 weeks (IQR 6.6-10.43). The AGP subjects also reported
significant improvements in 5 [pain (P < .01, d = 0.83),
symptoms (P < .01, d = 0.75), function in daily living
(P < .01, d = 0.64), function in sport and recreation (P < .01,
d = 1.13), quality of life (P < .01, d = 1.01)] of the 6 subscales following rehabilitation, with only one subsection
[participation in physical activities (P = .36, d = 0.38)] not
changing significantly (Appendix S2).

3.3

Vertical whole body, ankle plantar flexor, knee extensor, and hip abductor stiffness were significantly less in
the AGP pre group in comparison with uninjured control
group pre-rehabilitation. When the AGP group was compared pre-and post-rehabilitation, hip abductor stiffness
increased significantly and ankle internal rotator stiffness
decreased significantly. Post-rehabilitation, vertical whole
body, ankle plantar flexor, and knee extensor stiffness remained significantly less in AGP pre group in comparison
with uninjured control group, while hip abductor stiffness was no longer significantly different between the two
groups (Table 2).
Hop height was not significantly different between the
two groups (AGP pre vs uninjured control P = .32, d = 0.15,
AGP pre vs AGP post = 0.43, d = 0.09) nor was hopping
width (AGP pre vs uninjured control: P = .13, d = 0.11, AGP
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TABLE 1

injury). It could be suggested that these clinical entities would
exhibit different movement biomechanics and should be examined individually. However, recent research by our group
found no relationship between clinical diagnosis and movement biomechanics.15 Further, Franklyn-Miller et al15 contend that AGP is caused by an overload of the anterior pubic
area (pubic symphysis and surrounding tissues), with various
structures becoming painful in direct response to this loading
or in an attempt to stabilize the region. For this reason, we
treat AGP as a single entity and have examined the cohort
within this current study as a whole group.

Subject demographics and breakdown of primary
sporting participation
AGP

Uninjured controls

Subject demographics
Age (yrs.)

24.6 ± 4.8
(18-34.92)

Height (cm)
Mass (kg)

23.9 ± 3.4
(20.5-30.6)

180.5 ± 5.8
(169.0-193.5)

179.7 ± 9.26
(161.5-202.5)

81.5 ± 8.5
(64.3-110.1)

79.8 ± 13.8
(52.4-107.0)

AGP
n

Uninjured controls
%

n

%

4.1 | Pre-rehabilitation differences
between the control and AGP groups
Prior to rehabilitation, the AGP group were significantly less
stiff in several variables in comparison with controls. This is
similar to research by Maquirriain9 who found that athletes
with Achilles tendinopathy presented with reduced whole-
body vertical stiffness, which the authors hypothesized was
due to increased ankle joint compliance resulting from mechanical and material changes to the Achilles tendon.
It is plausible that the lower sagittal plane stiffness seen in
our study at the ankle, knee, and whole-body stiffness in the
AGP group may represent a compensatory technique. This
compensatory technique may reduce loading on the painful
pubic symphysis region post-injury. The predominantly vertical orientation of both the resultant ground reaction force and
stance limb during the hurdle hop action suggests the magnitude of the ground reaction force is associated with whole-
body and sagittal plane joint stiffness. This resultant ground
reaction force passes medially to the hip joint center during
the hurdle hop and will tend to propagate hip adduction.
[While the authors acknowledge the projection of ground
reaction forces to predict internal joint moments is erroneous,33 we feel this interpretation is useful in understanding
the influence of sagittal plane joint stiffness on non-sagittal
plane stiffness]. To oppose hip adduction, the ipsilateral hip
abductors act eccentrically, producing a concomitant increase
in ipsilateral hip joint reaction forces.34 Any increase in the
force transmitted from the femur to the pelvis may require
adjacent muscular, ligamentous, and cartilaginous structures
to assist load transfer and may overload the commonly painful pubic symphysis region which is considered the fulcrum
around which many forces are exerted at the pelvis.16
It is also possible that the lower stiffness observed in the
AGP group was simply due to reduced neuromuscular capacity, particularly at the ankle and knee. Training volume and
intensity is often limited in subjects with AGP, to manage the
pain,35 and neuromuscular detraining can occur in as little as
4 weeks.36 Finally, it is possible that the lower stiffness in the
AGP group may reflect a neuromuscular risk factor for AGP
with increased joint laxity and strain on localized tissues.

Sporting participation
Gaelic football

46

70

28

56

Gaelic hurling

7

11

4

8

Soccer

6

10

12

23

Rugby

5

9

6

13

Subject demographics presented as mean ± standard deviation (range).

pre vs AGP post P = .13, d = 0.10) and as such were not statistically controlled for in this study.

4
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D IS C U S S ION

This study investigated if whole-body vertical and joint stiffness are affected in subjects with AGP and if so whether
return to play following rehabilitation is associated with a
change in stiffness in the AGP group. The main finding from
this present study was that using a case-control analysis, the
AGP group were significantly less stiff in comparison with
controls for four of the ten stiffness variables: ankle plantar
flexor, knee extensor, hip abductor, and whole-body vertical
stiffness. In contrast, the pre-to post-rehabilitation analysis
identified that hip abductor stiffness and ankle internal rotator
stiffness changed significantly, while the post-rehabilitation
vs uninjured comparison indicated that only hip abductor
stiffness was no longer significantly different between the
AGP and uninjured group. When examining the biomechanics associated with an injury, previous research has independently reported either case-control (injured vs uninjured)7,17
or pre-vs post-rehabilitation examinations.20,21 The strength
of the current investigation is that factors identified in the
case-control analysis that change with rehabilitation (pre-
rehabilitation vs uninjured) and become more similar to the
uninjured group (post-rehabilitation vs uninjured) are more
likely to represent true targets for AGP rehabilitation.19 The
results from this study suggest that hip abduction stiffness
may represent a target for rehabilitation. Within this cohort,
the AGP group demonstrated a clinical diagnosis across four
entities (pubic aponeurosis, hip flexor, adductor, and inguinal

1.06 ± 0.31

4.06 ± 9.07

3.14 ± 1.65

0.25 ± 0.27

17.74 ± 51.19

3.19 ± 5.2

1.99 ± 4.49

1.46 ± 34.04

−2.91 ± 10.54

Ankle
plantar
flexor

Hip
abductor

Knee
extensor

Knee
external
rotator

Knee
abductor

Ankle
evertor

Ankle
internal
rotator

Hip
extensor

Hip
internal
rotator

−1.29 ± 2.62

4.61 ± 22.19

0.59 ± 1.03

8.8 ± 30.47

11.15 ± 28.62

0.32 ± 0.38

2.91 ± 1.45

7.19 ± 11.29

1.07 ± 0.32

0.25 ± 0.06

Mean ± SD

AGP Post

−2.72 ± 15.62

11.66 ± 118.52

1.29 ± 4.25

2.31 ± 2.69

9.08 ± 20.84

0.16 ± 0.31

4.05 ± 3.32

11.45 ± 23.48

1.25 ± 0.38

0.3 ± 0.07

Mean ± SD

Control

0.19

10.20

−0.70

−0.88

−8.66

−0.10

0.91

7.39

0.19

0.06

0.01

0.13

0.16

0.20

0.21

0.33

0.36

0.43

0.55

0.79

.94

.51

.41

.29

.27

.09

.05

.02

.00

.00

1.61 ± 10.83

3.15 ± 42.34

−1.40 ± 4.57

5.60 ± 28.38

−6.59 ± 58.92

0.07 ± 0.30

−0.23 ± 1.80

3.13 ± 12.60

0.01 ± 0.28

0.01 ± 0.06

0.15

0.09

0.31

1.08

0.13

0.26

0.14

0.35

0.02

0.11

D

Mean
Difference

Sig

Mean
Difference
D

AGP Pre vs AGP Post

AGP Pre vs Control

.24

.55

.02

.12

.37

.06

.32

.05

.98

.38

Sig

−1.42

7.05

0.70

−6.49

−2.06

−0.17

1.14

4.26

0.18

0.05

Mean
Difference

0.08

0.01

0.27

0.27

0.13

0.50

0.45

0.26

0.55

0.71

D

AGP Post vs Control

Joint stiffness measured as (Nm.kg−1 degrees−1), vertical stiffness measured as (N.m−1 kg−1), D = Cohen’s D effect size, Sig = significance (P). Arranged in order of effect size for AGP pre vs uninjured.

0.24 ± 0.06

Mean ± SD

Variable

Vertical
Stiffness

AGP Pre

Whole body and joint stiffness

Stiffness

TABLE 2

.72

.96

.16

.16

.49

.01

.02

.18

.00

.00

Sig
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Specifically, the lower hip abductor stiffness in the AGP
group pre-rehabilitation was associated with an increased
range of hip adduction which may result in an increase in
hip adductor activity during single leg stance,37 and could
manifest as increased shear loading at the pubic symphysis.16
There were six stiffness measures that were not significantly different in the AGP group in comparison with the
uninjured controls pre-rehabilitation (knee external rotator,
knee abductor, ankle evertor, ankle internal rotator, hip extensor, and hip internal rotator) and within the scope of this
study cannot be deemed to be of relevance to AGP. Given
the close proximity of the hip joint to the region of pain in
AGP patients, it was unexpected that hip extensor stiffness
pre-rehabilitation was not lower in the AGP group. A lower
hip stiffness would also have reduced the magnitude of the
resultant ground reaction force, which as indicated above is
a potential compensatory mechanism for AGP. While the
reason for this finding is unclear, it may be related to the
hip acting concentrically to extend during the loading phase
of the hurdle hop test25 and maintain an upright trunk.38 To
achieve the task of hopping laterally back over the hurdle
(and not hop forward), it would be essential for the athletes
in both groups to have an upright trunk at the time takeoff
to avoid forward projection of the body’s center of mass.
While some individuals may maintain an upright trunk
throughout the hurdle hop as this would be easier to control, others may prioritize absorbing loads at the hip and are
comfortable using a large range of motion. These contrasting demands may also explain the large standard deviations
in hip extensor stiffness observed in this current study.

4.2

|

Changes in stiffness with rehabilitation

Only hip abductor stiffness increased significantly after
rehabilitation to become non-significantly different to the
uninjured controls. This suggests that in line with previous research,17 the hip abductors should be targeted in rehabilitation. It is unclear why only one variable increased
in stiffness (three further stiffness measures were lower in
the AGP group pre-rehabilitation in comparison with the
uninjured controls). While this may indicate that only hip
abductor stiffness is of relevance to AGP, it could also be
argued that the intervention program was ineffective at targeting stiffness qualities. Indeed, while plyometric exercises are an effective means of enhancing whole-body and
sagittal plane stiffness, the volume and intensity of plyometric exercises included within this study were less than
previously reported.8 Furthermore, much of the rehabilitation is focused on posterior chain and lateral hip strength,
aimed to enhance hip abductor function, and may have performed so preferentially. These findings may indicate that
an intervention with a greater emphasis on increasing joint
stiffness may be warranted. However, care should be taken,
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as if stiffness represents a compensatory mechanism or neuromuscular detraining in AGP, then increasing stiffness in
AGP subjects to normative ranges may increase loading on
the painful pubic symphysis region. It is the opinion of the
authors, however, that a lack of training stimulus may not
be the sole explanation for the lack of change in stiffness.
Firstly, the training intervention included multiple training modalities (eg, strength, power, plyometrics) that have
been shown to enhance stiffness, and secondly all AGP
patients in this study returned to pain-free participation in
sport, suggesting that whole body, knee, and ankle stiffness
are not of relevance to AGP rehabilitation. Future research
should prospectively track AGP patients following return to
play to determine if stiffness is related to the reoccurrence
of this condition and also determine if an intervention with
a greater focus on increasing whole body, knee, and ankle
stiffness improves the efficacy of AGP rehabilitation.

4.3

|

The challenges of measuring stiffness

|

Limitations

Generally when examining joint stiffness, the loading phase
of a moment-angle graph is assumed to be a clear biphasic
pattern.12,31 However, biphasic patterns are not always present, with fluctuating moments [between agonist and antagonist muscle dominance (Figure 2)] occurring even within the
sagittal plane at the knee and hip during sprinting, jumping,
hopping, and cutting.25,39 This results in polyphasic patterns,
where we believe it inappropriate to examine a single stiffness measure across the entire waveform (see methods).
Within this study, many trials produced no eccentric stiffness (eg, 26% of hip extensor stiffness), which traditionally,
if included in stiffness calculations, would lead to erroneous
findings. Additionally, even when examining stiffness of a
biphasic pattern, net joint moments are often included that
are dominated by agonist and antagonist muscle groups (eg,
knee extensor and flexors) in a single stiffness measure.6,31
This is problematic when the moment-angle gradient is nonlinear and suggests the need to screen waveforms and where
required utilize alternative stiffness measures such as presented in this study.

4.4

This study examined a lateral hopping action. This provided
a more ecologically valid examination of stiffness in field
sport athletes; however, it is not known if equivocal results
would be obtained if stiffness were examined during a predominantly sagittal motion, as is the norm within the literature.5,10 To date, within the biomechanics literature, stiffness
has been examined as a discrete value (eg, instantaneous
stiffness at a specific time point or the average stiffness between two time points). Using a discrete value for stiffness,
however, may misrepresent localized periods of high or low
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stiffness at various time points during the landing phase. To
address this limitation, future research should explore continuous signal joint stiffness measures.
Progression through the intervention in this present study
was dependent on achieving set criteria. While this is a more
ecologically valid approach to rehabilitation than time-based
progression, it is important to note that the variation in reassessment time post-rehabilitation may be a confounding factor when examining how a change in stiffness is associated
with return to play in this cohort.
Given the focus of this paper on identifying if stiffness
is associated with athletic groin pain, only patients who
completed the exercise intervention and returned for post-
intervention testing were included in this study. As such, potentially important information regarding the mechanics of
those who do not successfully rehabilitate is not gained from
this study. Finally, given the retrospective nature of this study,
it is unclear if the pre-rehabilitation mechanics exhibited by
the AGP group are a cause or result of the injury itself. This
is particularly pertinent with respect to stiffness given the
changes that pain can elicit at a central nervous system level40
and the dominant role the central nervous system plays with
respect to modulating stiffness. Prospective research is, therefore, required to clearly ascertain if stiffness is a risk factor
for AGP.

5

|

P ER S P E C T IV E S

This was the first study to investigate stiffness in AGP patients. While a causal relationship cannot be investigated
within the current study design, it would appear that ankle
plantar flexor, knee extensor, hip abductor, and whole-
body vertical stiffness are affected by AGP and with the
exception of hip abductor stiffness do not improve following clearance to return to play. These findings suggest that
hip abductor stiffness may represent a target for rehabilitation in AGP patients. Conversely, it is likely that the lower
sagittal plane and whole-body vertical stiffness in the AGP
group in comparison with the uninjured controls represent
either a compensatory mechanism to reduce the peak magnitude of the hip joint reaction force or is a reflection of detraining. As a result of this study, the authors now believe
that hip mechanics in the frontal plane are of particular relevance to AGP and hip abductor stiffness has been further
emphasized within the AGP rehabilitation program at the
Sports Surgery Clinic. The authors are currently in the process of investigating if rehabilitation with a greater focus
on increasing whole body, knee, and ankle stiffness improves the efficacy of AGP rehabilitation. Future research
is also warranted to prospectively track AGP patients following return to play to conclusively determine if stiffness
is related to the reoccurrence of this condition. To avoid

|
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potentially erroneous findings, future researchers examining stiffness should screen moment-angle waveforms and
where required utilize alternative stiffness measures, such
as presented in this study.
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