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ABSTRACT
Objectives: The main aim in the current study was to use
a single-subject analysis to profile the physical performance
characteristics of individuals within an injured group and
a between-group approach to profile the group as a whole.
These profiles were then used to inform single-subject and
between-group rehabilitation interventions. Methods: Fifty-
three (28 with athletic groin pain and 25 non-injured) Gaelic
football players (24.8 years±7.1 years; 179 cm±5.5 cm;
79.7 kg±9.2 kg) underwent 3D biomechanical analysis,
which was used to measure a series of physical
performance characteristics. The non-injured group was
used to create a ‘performance database’ to compare the
injured individuals, and a between-group analysis was also
conducted. The scores from each analysis were used to
inform the targets of interventions. Results: The analysis
highlighted the variety of profiles that existed across the
tested individuals and that these profiles differed from that
of the between-group analysis. By analysing individuals in
a single-subject approach, detail can be seen that is lost
with between-group analysis.

OBJECTIVES
Most studies, whether interventional or obser-
vational in musculoskeletal medicine and
sports science take a between-group analysis
approach. Observational studies attempt to
understand the differences between those
with and without an injury to determine asso-
ciation or causation and, subsequently, poten-
tial targets for rehabilitation.1–3 Intervention
studies test an intervention using a selected
primary outcome measure, typically improve-
ment of symptoms.4–6 The mean changes in
the physical performance characteristics are
then used to judge the effectiveness of inter-
ventions. The interventions are commonly
standardised across all subjects using guide-
lines such as PREPARE and SPIRIT to ensure
consistency.7 8

A between-group analysis approach is taken
to average out variability between individuals
and measurement error among large groups,
and to better understand mean effects. How-
ever, this may make it difficult to understand
if variability between individuals is due to the
presence of distinct movement patterns and

may lead to such distinct patterns being over-
looked. Bates9 advocates the use of single-
subject approaches treating each individual
as unique to overcome this. It is rare in
research studies for single-subject approaches
to be taken in sports science and medicine
due to the emphasis placed on between-
group approaches described above. Between-
group approaches require larger participant
numbers to appropriately power statistical
analysis creating greater difficulty in present-
ing single-subject results. However, single-
subject analysis has highlighted findings that
would have been masked by between-group
analysis in non-injured populations.9–11 It is
yet to be applied to understand the variation
among individuals in injured populations in
respect to an intervention. Efforts should be
made to understand if single-subject analysis
offers alternative insight for practitioners and
its usefulness in informing intervention
studies.
Single-subject approaches are common in

the elite sporting environment where perfor-
mance is the primary outcome. Testing is used
to create a profile of physical performance
characteristics allowing for the individualisa-
tion of exercise interventions.12 To obtain the
kinetic and kinematic data for creating such
a profile, force plate and 3D biomechanical
testing are the gold standard. As an example,
for profiling acceleration in two field sports
athletes, one may demonstrate low ankle stiff-
ness that limits force transfer to the ground
while the other may demonstrate poor hip
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Summary

► A single-subject approach can show detail that is
lost in a between-group approach.

► Within each task, a large variety of physical
performance characteristics were observed across
the analysed individuals.

► None of the single-subject profile interventions was
the same as the between-group intervention.
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extension strength necessary to overcome inertia. There-
fore, the same intervention applied to both athletes could
have differed or even no effect for each athlete.
Athletic groin pain is a chronic musculoskeletal condi-

tion that is common among athletes participating in field
sports.13 Faster return to play rates have been observed in
those undertaking rehabilitation compared to surgery14

indicating a role for rehabilitation. A broad range of
physical performance characteristics, the target of reha-
bilitation interventions, have been associated with ath-
letic groin pain including strength,1 reactive strength15

and change of direction biomechanics.16 Given the broad
range of physical performance characteristics related to
athletic groin pain, a single-subject approach may offer
insight into the variation that exists between individuals.
The current study aims to use a single-subject approach

to profile the physical performance characteristics of
individuals within an injured group and a between-
group approach to profile the group as a whole. We will
then use those profiles to inform single-subject and
between-group rehabilitation interventions. We hypothe-
sise that the rehabilitation interventions that would be
informed by the single-subject approach will be different
by that informed by the between-group approach.

METHODS
Participants
Fifty-three male Gaelic football players (24.8 years ±
7.1 years; 179 cm ± 5.5 cm; 79.7 kg ± 9.2 kg) gave their
consent to be participants in this single-subject design
exploratory study. Testing was approved by the Sports
Surgery Clinic Ethics Board (ref: 0017). All participants
were amateur but consistently trained for their sport four
to six times per week and had a resistance training history
greater than 2 years. They were divided into two groups:
the first a non-injured group consisting of 25 participants,
with no athletic groin pain, the second consisting of 28
field sport athletes who were attending a large Sports
Medicine Clinic to undergo structured rehabilitation for
athletic groin pain. The athletic groin pain group
reported unilateral pain in the anterior hip and groin
area while playing Gaelic football with symptom duration
longer than 4 weeks. Participants were excluded if
deemed to have hip joint arthrosis [grade 3 or higher
on MRI17] or had an underlying medical condition such
as inflammatory arthropathy or infection.

Procedures
A ten-camera motion analysis system (Bonita B10, Vicon,
UK), synchronised with two 40×60 cm force platforms
(BP400600, AMTI, USA) was used to collect kinetic and
kinematic data for physical performance characteristics
in tests of cutting, maximum strength, explosive strength,
deceleration and reactive strength (45° and 110° cuts,
isometric mid-thigh pull (IMTP), single-leg squat jump
(SLSJ), single-leg drop landing (SLDL) and single-leg
drop jump (SLDJ), respectively). The Vicon Plug-in-Gait
marker set was used as per Marshall et al.18 Twenty-four

reflective markers were placed on bony landmarks at the
lower limb, pelvis and trunk. Simultaneous kinematic and
kinetic data (200Hz, 2000Hz) were collected using a soft-
ware package (Nexus 2, Vicon Motion Systems, UK).
These data were filtered using a fourth-order low-pass
Butterworth filter (cut-off frequency 15 Hz).19 All ground
reaction force (GRF) data were normalised to partici-
pant’s bodyweight. All participants completed
a standardised warm-up consisting of 2-min jogging, five
forward, backward and lateral lunges on each leg, eight
deep squats and five countermovement jumps. The order
of which limb was tested first was randomised but
remained consistent throughout all of the tests. The test-
ing order is displayed in figure 1. The physical perfor-
mance characteristics selected can be seen in table 1.
These were selected as they have been associated with
high levels of performance in the tasks themselves20–22

or associated with cutting performance.18 23 24 Three
trials were performed on each leg by each participant.
Procedures for these tests and how the variables were
calculated have been detailed elsewhere.22

Statistics
The non-injured group was used to create a ‘performance
database’ to compare the injured individuals to. All of the
trials were used from all the participants with the mini-
mum value subtracted from the maximum value to create
the range of values. This range of each physical perfor-
mance characteristic was then normalised to 100 data
points. Each of the best physical performance character-
istics from the injured group, regardless of leg for the

Figure 1 Order of biomechanical testing.
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unilateral tests, was then compared to the normalised
range to provide a score of performance with a score of
100 being the highest performing score. Shorter times
(completion times, ground contact times, time to stabili-
sation and jump time) were judged as higher performing,
all other physical performance characteristics as the lar-
ger the value, the higher the performance.
A decision was made to select five injured participants

for analysis due to the difficulty in displaying individual
data from all participants. An objective selection criterion
was set by using the five participants with the largest
Mahalanobis Distance to the non-injured performance
database. The Mahalanobis distance (MD) was calculated
for every subject within the injured group using the phy-
sical performance characteristics (xi,n) to the average of
the corresponding physical performance characteristics
from the non-injured group (μn) and was defined as:

MD xi;n
� � ¼ p

xi;n � �n
� �T

:S�1: xi;n � �n
� �n o

Where n is the row of the physical performance char-
acteristic within the database, i the subject, and S is the
covariance matrix of the physical performance character-
istics. All data used in this calculation are raw.
The authors recognise that the MD will be a novel

measure for many readers. The MD is a measure of the
distance from the centroid, which can be thought of as
the overall mean for multiple variables. For example in
the 110° cut, it can be thought of as the overall mean of
the completion time, the ground contact time and the
horizontal to vertical ratio. The MDs for each injured
individual are, using the example above, the distance of
that individual’s 110° cut overall mean from the overall
mean of the non-injured performance database of 110°
cuts. The MD was calculated for each of the tests which
generated 6 MD scores for each injured participant, one
for each of the physical performance tests. A mean of the
MDs was then calculated for each participant with the five
largest mean MDs selected to be displayed within the
results as the five participants that most differed from

the performance database. These five participants will
be hitherto referred to as the ‘analysed’ participants.
For the between-group analysis, a simulation

approach was taken to understand the difference
between injured and non-injured groups. This was
done to make use of all of the collected trials rather
than a mean of trials as is common in biomechanical
analysis. In each simulation, one out of the three col-
lected trials of the physical performance test was
selected at random from each participant. For the non-
injured group, this was selected at random from either
limb. For the injured group, the trial was selected at
random from trials of the injured limb (no participants
reported pain on both sides). An independent sample
T-test was performed to understand the size of the
difference between groups. This process was repeated,
or simulated, 100 times with the mean of the between-
group differences used. Cohen’s d was used to denote
effect size. Thresholds used were 0.2, 0.6 and 1.2 for
small, moderate and large effects, respectively.25 The
direction of the relationship of the effect size for each
of the 100 T-tests run was also summed to add to
interpretation. Data processing was carried out using
the Python 2.7 programming language. To determine
the impact that any difference between the single-
subject and between-group results might have on the
design of rehabilitation interventions, cut-offs for phy-
sical performance characteristics were defined to
denote inclusion as a target of an intervention. For
the between-group analysis, any physical performance
characteristic with an effect size of 0.6 was selected as
cut-off based on Hopkins et al25 determination that the
effect size was moderate. For the single-subject analysis,
a percentile score of 50 or below was selected as cut-off,
this was selected as it is representative of being in the
bottom half of all the tested scores. For ease, the latter
cut-off will be referred to as a ‘low percentile score’.

RESULTS
The Mahalanobis distances for each of the tested
exercises for the analysed participants (P1–5) with
the largest mean Mahalanobis distances are listed in
table 2. The effect sizes for the between-group differ-
ence calculations for each of the physical performance
characteristics are listed in table 3. The physical per-
formance characteristics that would be targeted in
interventions, based on the moderate effect size of
0.6 for the between-group analysis and a percentile
score of less than 50 for the single-subject design are
displayed in table 4.
The physical performance characteristics that would be

targeted by the intervention based on the assigned cut-
offs for the between-group and single-subject approaches
are listed in table 4.
Figure 2 and online supplemental files 1–5 illustrate the

mean percentile score of the injured group alongside the
individual percentile scores of the five largest MDs for the

Table 1 Physical performance characteristics of interest in
each of the biomechanical tests

Exercise Variable

110° cut Completion time, ground contact time,
horizontal to vertical ratio

45° cut Completion time, ground contact time,
horizontal to vertical ratio

Drop-jump Ground contact time, jump height
Drop-landing Time to stabilisation, impulse during the first

50 ms, vertical stiffness
Squat-jump Jump time, jump height, impulse during the

first 50 ms
IMTP Median force, RFD to peak force, RFD

during the first 50 ms

IMTP, Isometric mid-thigh pull; RFD, Rate of force development.
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IMTP, the single-leg squat-jump, the single-leg drop-
landing, the single-leg drop-jump, the 110° cut and the
45° cut, respectively.

DISCUSSION
Findings
The primary aim of the current study was to use a single-
subject approach to profile the physical performance
characteristics using kinematic and kinetic assessment of
individuals within an injured group and between-group
approach to profile the group as a whole.

Table 2 Mahalanobis distances of the participants with the largest mean Mahalanobis distances for each of the tasks

Participant IMTP SLSJ SLDL SLDJ 110° cut 45° cut Participant mean MD

P1 3.1 12.4 6.4 9.5 25.4 31.0 14.6
P2 3.6 6.7 3.3 2.3 36.9 20.9 12.3
P3 2.3 8.9 11.6 4.0 4.6 33.0 10.7
P4 0.8 12.2 13.0 6.4 10.7 13.6 9.4
P5 2.7 18.0 8.2 9.7 8.1 7.7 9.1

IMTP, Isometric Mid-Thigh Pull; MD, Mahalanobis distance; SLSJ, Single-Leg Squat-Jump; SLDL, Single-Leg Drop-Landing; SLDJ, Single-Leg
Drop-Jump.

Table 4 Overview of which physical performance charac-
teristics would be included in an intervention based on the
defined cut-offs for between-group and single-subject
analyses

Variable BG P1 P2 P3 P4 P5

110° cut completion time ✔ ✔ ✔

110° cut GCT ✔ ✔ ✔

110° cut horizontal to vertical
ratio

✔ ✔ ✔

45° cut completion time ✔ ✔ ✔ ✔ ✔

45° cut GCT ✔ ✔ ✔ ✔

45° cut horizontal to vertical
ratio

✔ ✔ ✔

SLDJ GCT ✔ ✔

SLDJ Jump height ✔ ✔ ✔ ✔ ✔ ✔

SLDL Time to stabilisation ✔ ✔ ✔

SLDL Impulse during the first
50 ms

✔ ✔ ✔

SLDL Vertical stiffness ✔ ✔

SLSJ Jump time ✔ ✔ ✔

SLSJ Jump height ✔ ✔ ✔ ✔ ✔

SLSJ Impulse during the first
50 ms

✔ ✔ ✔

IMTP Median force ✔ ✔ ✔ ✔ ✔

IMTP RFD to peak force ✔ ✔ ✔ ✔ ✔

IMTP RFD during the first
50 ms

✔ ✔ ✔ ✔

BG, Between-group analysis; GCT, Ground contact time; IMTP,
Isometric Mid-Thigh Pull; P1, Participant 1; P2, Participant 2; P3,
Participant 3; P4, Participant 4; P5, Participant 5; SLSJ, Single-Leg
Squat-Jump; SLDL, Single-Leg Drop-Landing; SLDJ, Single-Leg
Drop-Jump.

Table 3 Effect sizes for the between-group (injured and
non-injured) differences in each of the physical performance
characteristics

Variable d Interpretation *

110° cut
completion time

0.40 Non-injured completed
faster

99

110° cut GCT 0.19 Non-injured shorter GCT 98
110° cut
horizontal to
vertical ratio

0.14 Non-injured had greater
horizontal to vertical GRF
ratio

93

45° cut
completion time

1.37 Non-injured completed
faster

100

45° cut GCT 0.76 Non-injured shorter GCT 100
45° cut horizontal
to vertical ratio

0.44 Non-injured had greater
horizontal to vertical GRF
ratio

95

SLDJ GCT 0.43 Non-injured shorter GCT 100
SLDJ Jump
height

−0.97 Non-injured greater jump
height

100

SLDL Time to
stabilisation

−0.33 Non-injured longer time 99

SLDL Impulse
during the first
50 ms

−0.98 Non-injured greater
impulse

100

SLDL Vertical
stiffness

−0.29 Non-injured greater
stiffness

99

SLSJ Jump time −0.04 Non-injured greater jump
time

55

SLSJ Jump
height

−1.19 Non-injured greater jump
height

100

SLSJ Impulse
during the first
50 ms

−0.12 Non-injured greater
impulse

71

IMTP Median
force

−0.23 Non-injured greater
median force

91

IMTP RFD to
peak force

−0.35 Non-injured greater
median force

91

IMTP RFD during
the first 50 ms

−0.87 Non-injured greater
median force

100

*Number of simulations where the relationship is in one direction for
example, for the 110° cut completion time, 99 of the T-tests run
resulted in the non-injured group completing the cuts faster than the
injured group.
d, Cohen’s d.
GCT, Ground contact time; IMTP, Isometric Mid-Thigh Pull; SLSJ,
Single-Leg Squat-Jump; SLDL, Single-Leg Drop-Landing; SLDJ,
Single-Leg Drop-Jump.
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It can be observed in figure 2 and online supplemental
files 1–5, the complexity of differentiation that exists in the
profiles of the physical performance characteristics, of
those patients presenting with athletic groin pain across
a range of tasks. In this instance, with the use of cut-offs to
assist in deciding upon targets of rehabilitation, table 4
highlights the difference between individuals and the
group as a whole. By using a single-subject approach in
intervention design, rehabilitation can be personalised
more effectively at an intervention level.
Within the IMTP (figure 2; table 4), if the between-

group analysis is considered, the only variable with
a moderate or above effect size (our a priori size for
inclusion in an intervention) is rate of force development
in the first 50 m (d=−0.87). In consequence, this would be
the sole target of an intervention of the variables of inter-
est within the IMTP as median force (d=−0.23), which
represents strength, and rate of force development to
peak force (d=−0.35) do not reach moderate effect sizes.
However, the analysed participants all demonstrated
a different profile from the between-group analysis, with
low percentile scores for strength (median force) indicat-
ing they would likely benefit from some increase in
strength. In addition, P3 and P4 had much higher rates
of force development in the first 50ms (82 and 76 percen-
tile, respectively) suggesting that they are likely to benefit
less from a rate for force development intervention than
the other participants, due to the principle of diminish-
ing returns. This principle suggests that previously well-
trained athletes have limited ability to progress their
strength levels,26 muscle size27 and explosive strength.28

Cormie et al28 suggest that targeting the least developed
factors will result in the greatest adaptation and thus have
the greatest impact on performance. This last point would
clearly not be the case for the analysed participants if the
between-group analysis profile is used to dictate interven-
tion design and would potentially result in a limited adap-
tive response from such an intervention. In this instance,
the use of a between-group approach would lead to the
one consistent low variable, strength, for all of the ana-
lysed participants not being addressed in an intervention.

Similar observations can be observed within the profiles
of the other tasks (online supplemental files 1–5). When
observed for all of the physical performance characteris-
tics together (table 4), the between-group profile-based
interventions differ from all the profile-based interven-
tions for the analysed individuals.

Broader context
When considering a single-subject approach in the con-
text of the rehabilitation literature, it is possible to find
areas for improvement in analysis. For example, the UK
FASHIoN trial29 demonstrated improved outcomes fol-
lowing surgery over a conservative intervention, in those
with femoro-acetabular impingement (FAI). However,
the exercise intervention,30 was not based on assessing
and targeting individual deficits, rather a generalised per-
ception of group deficit was used by clinicians.30 Further,
the effectiveness of the intervention on strength was not
measured, so it is unknown whether the intervention
stimulated any adaptive responses. If instead, individuals
were allocated to interventions based on their profiling
requirements and measured post-intervention to deter-
mine if the intervention was effective, there would be
much greater confidence in stating that arthroscopy is
more effective in reducing pain. This is important as
large trials such as this example guide decision making
in practice.
In another example, Thorborg et al1 used a between-

group approach concluding that those with hip adductor-
related groin pain demonstrated lower eccentric hip
adductor strength than a non-injured group. It was logi-
cally concluded that exercises to target eccentric hip
adductor strength should be employed in those with
adductor-related groin pain. To the practitioner, this con-
fers an idea of one specific area of hip strengthening to
target all those presenting with adductor-related pain.
However, without the use of a single-subject approach it
is impossible to know whether some of those participants
had profiles with weak hip abduction and hip flexion, or
had high levels of hip adductor strength, and would have
benefitted more from a different intervention. The
potential issues with a between-group approach extend
to the rehabilitation interventions. In a systematic review,
Charlton et al31 concluded that hip and abdominal exer-
cises involving external load may lead to favourable out-
comes in athletic groin pain. Of the 12 studies included,
three randomised controlled studies and nine case series,
only one (a single case presentation) used the profile
taken during assessment to guide the intervention. It is
therefore possible that the interventions applied are not
the most appropriate to individuals and therefore blunt
the effect. For example, abdominal exercises using exter-
nal load may be very effective for those with weak abdom-
inals but not for those who already have high levels of
strength in that area.
To understand the effects of the applied interventions,

the measurement of pre- and post-intervention physical
performance characteristics is required. Bennell et al5

Figure 2 Individual profiles of IMTP.
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found that a 12-week exercise intervention incorporating
hip abductor and quadriceps strengthening,manual ther-
apy, stretching, functional balance and gait training was
no more beneficial than a sham treatment on pain and
function in those with hip osteoarthritis. Pre- and post-
intervention analysis of physical performance character-
istics of strength, range of motion, balance and walking
speed suggested no greater changes in those outcomes,
bar balance, between-groups. In this instance, all partici-
pants were given hip abduction and quad strengthening
exercises. Without the use of single-subject analysis it is
not possible to determine if the lack of between-group
differences were due to inappropriately targeted inter-
ventions or if the interventions were not designed in
a way to stimulate adaptive responses.
To date, our understanding of rehabilitation and

response to exercise interventions owes much to the use
of standardised interventions and between-group analy-
sis. However, work is limited on the physical performance
characteristics that represents the individual. The variety
observed using the single-subject approach cannot be
overlooked, the risk being that response to interventions
and our understanding of rehabilitation is blunted. The
current study represents a starting point from which to
develop understanding of the individual impact of injury
and responses to rehabilitation.

Limitations
Certain tasks and physical performance characteristics
were selected for observation based on their relationship
with performance outcomes. However, the appropriate-
ness and relevance of these variables to the rehabilitation
of those with athletic groin pain requires testing to deter-
mine if improvements in the selected physical perfor-
mance characteristics play a role in rehabilitation from
athletic groin pain. Athletic groin pain patients com-
monly present with several areas of pain which do not
always correlate with abnormal signal on MRI,32 it is not
known if pain could lead to specific changes in physical
performance characteristics. Further study is required to
understand if this occurs and should seek to apply to the
same approach to more homogenous groups. Future
work should also consider whether the effectiveness of
rehabilitation interventions is enhanced using individua-
lised physical performance characteristic profiles.

CONCLUSION
By analysing physical performance characteristics in
a single-subject approach, detail can be seen that is lost
with between-group analysis. This allows for the design of
targeted interventions which may affect positively, or
negatively, the outcome of rehabilitation. The authors
question the wider applicability of the use of between-
group data on its own in rehabilitation studies, as this
may reduce the mean response in all, and slow the reha-
bilitation response in others. Adoption of such an
approach would give practitioners a methodological

rationale for the design of individualised interventions
and to better understand the effectiveness of interven-
tions for stimulating adaptive response in participants. It
also allows for scrutiny of the effectiveness of interven-
tions if the same approach is used for follow-up testing. In
practice, clinicians attempt to find the deficiencies in
physical performance characteristics but are often limited
by time and facilities among other factors. Attempting to
determine biomechanical issues with more specific diag-
nostic testing would assist the practitioner in understand-
ing the individual response to interventions and the
efficacy of applying them in practice.

Twitter Neil Welch @nwconditioning.
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