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Abstract

Background Previous research has demonstrated a relationship between modifiable (e.g. hamstring strength,
muscle fascicle length and high-speed running load), non-modifiable factors (e.g. age, previous injury) and hamstring
strain injury (HSI) risk. However, these factors have mostly been assessed in isolation and no study to date has
investigated the associations between running load, strength and muscle architecture with HSI risk. The study aim
was to explore the interactions between modifiable HSI risk factors that are commonly assessed within elite Australian
footballers.

Methods A prospective cohort study design. Eccentric knee flexor strength and biceps femoris long head (BFIh)
fascicle lengths were measured in 299 unique elite-level Australian Football players (age 24 +4 years, height
188+ 8 cm, and weight 87+ 9 kg) during two pre-seasons. Data from wearable micro-sensor units (high-speed
running at > 24k/hr and total distance) were collected over two seasons of elite Australian Football.

Results Across 408 player-seasons there were 67 HSIs (16.4%), which took an average of 17+ 10 days and 23+12
days to return to full training and competitive matches, respectively. Univariate analysis showed that BFIh pennation
angle (OR 1.6, 95% Cl 1.2-2.2), fascicle length (OR 0.6, 95% Cl 0.5-0.9), weekly high-speed running distance (OR 1.7,
95% Cl 1.2-2.4), weekly change in total distance (OR 1.5, 95% Cl 1.1-2.2) and weekly change in high-speed running
distance (OR 1.6, 1.2-2.2) were significantly different between the injured and uninjured group (P <0.05). Combining
strength and architectural variables of BFIh pennation angle, fascicle length and peak force was able to explain 12% of
variance in the risk of sustaining a HSI. The addition of running load exposure variables of weekly distance and change
in weekly distance to the multivariate model increased the explained variance to 20%.
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Conclusion Combining measures of running load exposure with hamstring strength and architecture, increases the
variance explained by multivariate models for determining HSI risk. Despite this, there was still approximately 80% of

unexplained variance in sustaining a HSI in this study.
Key Points

+ Running load, eccentric knee flexor strength and biceps femoris long head (BFlh) architectural variables were
measured in this study, with pennation angle, fascicle length, weekly high-speed running, weekly change in total
distance and weekly change in high-speed running each having a significant association with HSI risk (2 <0.05)

in isolation.

+ Multivariate modelling showed that a combination of five variables of BFlh pennation angle and fascicle length,
eccentric knee flexor strength, weekly distance and weekly change in distance had the strongest association with

HSI risk.

+ However, these variables when combined only explained ~20% of the variance, leaving 80% of the difference
between injured and non-injured players unexplained by the variables measured in this study.

Background

Hamstring strain injury (HSI) incidence rates remain
high and have not decreased over the past 30 years within
field-based team sports [1]. In the elite Australian Foot-
ball League (AFL), each team reports an average of seven
HSIs per season [2]. Due to this high incidence, HSIs
have major financial [3] and performance implications [4]
for the injured player and their team. Australian Football
is a dynamic and physically demanding intermittent team
sport, played across four x ~25 to 30-minute quarters,
with an average of ~ 13 km of total distance covered by
a player, including high-speed running efforts, sprint-
ing, accelerating and decelerating [5, 6]. Most HSIs in the
AFL occur during these high-intensity running-related
movements [2, 7]. Contributing factors could include the
hamstrings being subjected to high levels of force and
strain, particularly during the late swing phase of running
[8, 9], or “poor” running mechanics with pelvic instability
or increased hip flexion [10, 11].

Greater weekly high-speed running distances (> 24
km/h) have been shown to relate to HSI when 4 weeks
preceding each injury was standardised to the players‘ 2
year session average [7]. Similarly, Ruddy et al. [12] found
that HSI risk was higher in the week following greater
high-speed running distances at >24 km/h. However,
both these studies were within single teams with rela-
tively small sample sizes. Conversely, there are conflicting
findings within similar team sports (e.g. rugby, soccer),
potentially due to differing speed threshold and player
load definitions, regarding whether higher or lower run-
ning loads and/or load variability in total distance or
high-speed running (e.g. week to week) contribute to an
increased risk of sustaining a HSI [13-15].

Running load in team sports is widely measured using
Global Navigation Satellite Systems (GNSS) to quantify
physical or exertional output, with the aim of improving
player performance and reducing injury risk [16]. There
is no consensus definition of player load, with several

variables relating to speed and distance commonly moni-
tored in field-based team sports [17]. In men’s soccer, the
most frequently used threshold to measure high-speed
running is >19.8 km/h [18], whereas studies in the AFL
range more broadly from >14.4 km/h [19], >19.8 km/h
[20] and >24 km/h [7]. The amount of tissue strain and
muscle forces on the hamstrings increase exponen-
tially as running speed increases towards maximal effort
sprinting [21, 22], and therefore differences in speed
threshold definitions could contribute to the disparity
in findings within the running load and injury research.
Exposure to high-speed running and sprinting appears
to influence increases in biceps femoris long head (BFlh)
fascicle length [23] and eccentric strength [24], which
may translate to a potential preventive effect on HSIs
[25]. However, it is unclear what influence changes in
running loads, including high-speed running and sprint-
ing, might have upon prospective HSI risk [26, 27].
Running load including total distance and high-speed
running [7, 28], eccentric knee flexor strength [29-31],
between limb strength imbalance [32, 33], and BFlh fas-
cicle length [34, 35], are all modifiable risk factors that
have been associated with HSI. Most risk factor studies
have investigated the univariate association between one
of these factors and the occurrence of HSI in isolation,
without exploring the interactions of these risk factors
[30]. In addition, non-modifiable factors, such as older
age and prior injury, have demonstrated an increased risk
of HSI in Australian Football and other intermittent team
sports [30, 36—38]. Previous research suggests that there
may be an interaction or mediating effect between age,
prior hamstring injury and modifiable risk factors such
as hamstring strength [29] and BFlh fascicle length [34],
which could influence the risk of sustaining a HSI [39].
Training programs including eccentric hamstring exer-
cises have been associated with HSI reduction [40, 41],
although the underlying mechanism for these programs’
effectiveness is unclear [10, 42]. It is also unknown if
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there are potential relationships between multiple risk
factors — for example, if greater strength or architecture
could reduce the negative effect of large changes in run-
ning load or high-speed running. Consequently, research
exploring the interaction of risk factors could be impor-
tant [30].

Therefore, the aims of this study were to: (a) investigate
univariate associations between previously recognised
HSI risk factors and prospective rates of HSI in elite-level
Australian Football, then (b) explore multivariate associa-
tions between these factors and HSI risk.

Methods

Study Design and Participants

This prospective cohort study was conducted with par-
ticipants who were professional male Australian Football
players, participating in the elite-level AFL competition.
Teams competing within the AFL were invited to par-
ticipate, with four teams participating during 2017/18
and a further two teams (six in total) during the 2018/19
AFL seasons. Data were collected from the pre-season
of November 2017 to the end of the competitive sea-
son in August 2019. We recognise that there is limited
research in elite women’s team sport, however, the AFLW
(women’s top competition) started in 2017 as a semi-
professional (part time) competition of just eight teams
with no data available from clubs. Ethics approval was
granted by the university Human Research Ethics Com-
mittee (No: 2017-208 H). Each included player provided
informed written consent to participate in the study prior
to each pre-season testing. Players were excluded from
the season if they were unable to fully complete the ini-
tial strength and architecture testing. Part of this data has
been published in other studies [33, 43] addressing differ-
ent research questions to the current study.

Testing Procedures

Club medical staff (i.e., medical doctor or physiothera-
pist) completed a standardised form for every player
before each season, that included descriptive details
(e.g., age, height and weight) and retrospective informa-
tion pertaining to relevant injury history (e.g., previous
HSI, history of anterior cruciate ligament injury). Play-
ers then underwent testing of their eccentric knee flexor
strength and BFlh architecture within the first six weeks
of each pre-season. The GNSS data collected from train-
ing sessions and matches from pre-season and in-season
was used for analysis. Any HSI occurrences within this
timeframe were included in the study (a total of 35 weeks
per season) (Supplementary Information Fig. 1). A HSI
was defined as posterior thigh pain that resulted in the
termination of exercise and then confirmed by a physi-
cal examination of the injury by the team doctor/physio-
therapist. When an injury was confirmed, a standardised
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injury report form was completed by the club medical
staff for the player who incurred a HSL

Eccentric Knee Flexor Strength

Eccentric knee flexor strength was assessed during the
Nordic Hamstring Exercise (NHE) and measured on an
instrumented device (NordBord, VALD Performance,
Queensland, Australia) [33]. The NHE conducted using
the NordBord has previously shown high to moderate
test-retest reliability [44] and high test-retest reliability
and good validity [45]. Sport science staff of each team
performed their own testing, following both verbal and
written protocols provided by the research team. Staff
and participants were all familiar with the NHE and per-
formed it regularly as part of their training and moni-
toring. After a self-selected warm-up, participants were
instructed to have their arms crossed over the chest, keep
a neutral position of the trunk and hips, then gradually
lean forward whilst resisting the movement and pull-
ing up maximally against the ankle hooks of the testing
device. Players performed up to three maximal effort rep-
etitions, depending on the practices used by each team.
Absolute peak force (N) was measured for each leg to cal-
culate bilateral eccentric knee flexor strength (average of
both legs) and between-leg imbalance as a percentage.

Architecture of Biceps Femoris long Head

Fascicle length, pennation angle and muscle thick-
ness of the BFlh were measured using the same method
of previously reported studies [46—48]. Participants
at each club were assessed by the same experienced
researcher (RT) with previous high intra-class reliabil-
ity [49] whilst lying prone on a massage plinth with the
knee joint fully extended. Architectural variables were
calculated by using 2-dimensional ultrasound images (12
MHz frequency, 8 cm depth, 14 x 47 mm field of view;
GE Healthcare Vivid-I, Wauwatosa, USA) taken along
the longitudinal axis of the BFlh muscle belly using the
half-way point between the knee joint fold and the ischial
tuberosity for both legs. Images were analysed offline
(MicroDicom, V.0.7.8, Bulgaria) with all measurements
performed by the same assessor (RT). Fascicle length
was defined as the length of a clearly identified fascicle
between aponeuroses. As the entire fascicle was not vis-
ible, total length was estimated using a validated Eq. (50):
FL = sin(AA + 90°% x MT/sin(180° — (AA + 180° — PA)),
where FL is the fascicle length, AA the aponeurosis angle,
MT the muscle thickness, and PA the pennation angle.
Muscle thickness was calculated by the distance between
the superficial and intermediate aponeurosis of the BFlh,
and pennation angle measured using the angle between
the intermediate aponeurosis and the fascicle of interest

(Fig. 1).
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Intermediate aponeurosis =z,

Fig. 1 Biceps femoris long head two-dimensional ultrasound image and architectural measurements taken along the longitudinal axis of the posterior
thigh. The muscle thickness is calculated as the distance between the superficial and intermediate aponeuroses. The angle between the muscle fas-
cicle and intermediate aponeurosis is the pennation angle. Estimate of fascicle length is calculated using muscle thickness and pennation angle using

trigonometry

Running Load

To measure running load exposures, each club collected
GNSS data for every training session and match then
recorded as weekly totals across the two seasons using
10-Hz Optimeye S5 microtechnology units (Catapult
Sports, Victoria, Australia). These devices have been
shown to offer acceptable validity, intra- and inter-unit
reliability for GNSS-derived metrics [50]. Prior to each
training session or match, the units were fitted into a
specially designed pocket in the clothing worn, which
was positioned between the participant’s scapulae. Each
player was allocated the same GNSS unit for every ses-
sion. GNSS-derived measures included weekly total dis-
tance (m) and weekly total high-speed running, which
was defined as the distance (m) covered > 24 km/h [7]. To
capture variability in running load exposure, the average
absolute change in total distance and high-speed running

distance was calculated for each player by using the dis-
tance of the current week, less the distance covered in
the previous week (expressed as an absolute value), then
averaged over all weeks prior to the injury. For the non-
injured player seasons, all recorded weeks until the end
of the season were included.

Reporting of Hamstring Strain Injuries

Following the diagnosis of a HSI, the medical staff com-
pleted a standardised injury report form that included
details such as the date of the injury, leg injured (left or
right), muscle injured, mechanism causing injury, and
the number of days to return to full training and return
to play. An injury occurring for the first time in a season
was recorded as an index injury. There were no recurrent
injuries (defined as another HSI of the same leg in the
same season) in this study. However, if a player sustained
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a HSI in each season, data collection stopped after the
first HSI, then resumed in the second season with a ‘prior
HST being recorded as a variable.

Data Analysis

Data were analysed in the R Studio environment (version
2022.02.1, Posit, Boston, MA, USA) using the R statisti-
cal computing language (Innocent and Trusting, R Foun-
dation for Statistical Computing, Vienna, Austria). As
variables were on different scales, they were mean cen-
tred whereby the mean was equal to zero and the stan-
dard deviation equal to one. Firstly, the influence of each
variable on HSI risk was assessed using generalised linear
mixed models with a binomial distribution for the out-
come variable (HSI Y/N) using the glmer function from
the ImerTest package. Second, multivariate generalised
linear mixed models were built for [1] hamstring strength
and architecture [2], running load, and [3] a combined
hamstring strength/architecture and running load model.
The variables included in each model were first informed
by the univariate analysis and previous research [29, 34,
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51]. The fit of each of the 3 models was assessed using
the Akaike Information Criterion (AIC), a significant
reduction in AIC using the anova function indicated an
improved model fit. A marginal R?> was used to deter-
mine how much variance was explained by each model
using the rsquaredGLMM function. The association of
each variable on HSI risk was estimated using odds ratios
(OR’s) and 95% confidence intervals extracted by taking
the exponent of the model estimates.

Results

Participants and Injury Descriptives

There were 299 players included in this study with a
mean age of 24 +4 years, height 188+ 8 cm, and weight
of 87 +9 kg. Of these players, 190 were involved in both
seasons and 109 included in one of the seasons. Across
the 408 player-seasons, 67 HSIs were sustained (16.4%),
while 341 player-seasons did not result in any HSIs
(83.6%). Figure 2 displays the weekly distribution of HSIs
across both AFL seasons combined. Thirty-eight (11%)
of non-injured player-seasons had recorded a previous
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Fig. 2 Weekly distribution of hamstring strain injuries across two Australian Football League (AFL) seasons, with season 1 and season 2 injuries combined.
Week 1 represents the first week of data used for this study during the pre-season training period. Pre-season data was collected for 11 weeks then an
in-season that consisted of weekly competitive matches and training for a further 24 weeks (total of 35 weeks of data collected for each season)
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Table 1 Univariate descriptives and statistical analyses of non-modifiable and modifiable variables

Variable Non-injured (n=341) Mean+SD Injured (n=67) Mean+SD Odds ratio (95% Cl) Z statistic P value R?
Age (years) 236+3.8 240+40 13(06t03.0) 0.585 0.558 0
Height (cm) 1882+7.7 187.5+7.1 09(0.7t01.3) -0.468 0.640 0.001
Body weight (kg) 86.5+8.9 86.6+8.6 1.5(06to034) 0919 0358 0.001
Muscle thickness (cm) 26+03 27+02 09(04to2.7) -0.254 0.799 0
BFIh pennation angle (deg) 155+1.3 16.0+1.1 16(1.2t022) 2.881 0.004*  0.047
BFIh fascicle length (cm) 103+0.6 10.0+0.7 0.6 (0.5t00.9) -2.548 0.011* 0.038
Peak force (N) 44494663 429.7+72.1 06(0.2to0 1.6) -1.014 0310  0.001
Peak force asymmetry (%) 108+11.0 9.2+70 1.2(05t024) 0.364 0.716 0
Weekly distance (m) 16,810+7701 19,517 +6343 22(08t05.7) 1.593 0111 0.004
Weekly HSR (m) 2943+1757 379.8+170.1 1.7(1.2t024) 2.784 0.005*  0.052
Weekly change in distance (m) 5635 +2582 6702 +2636 150.1t022) 2317 0.021*  0.032
Weekly change in HSR (m) 1484+849 192.7+99.1 16(1.2t022) 2957 0.003*  0.050

HSRhigh-speed running, SDstandard deviation

*Significant difference (P <0.05) between non-injured and injured group

Table 2 Comparison of three multivariate regression models

Model Variable Odds ratio  Z statistic P R?
(95% Cl) value
Strength & BFIh penna- 1.7 (1.2-25) 2942 0.003* 0.119
Architecture  tion angle
(deg)
BFIh fascicle 0.7 (0.5-09) -2.392 0.017*
length (cm)
Peak force (N) 0.8 (0.5-1.1) -1.674 0.094
Running load Weekly dis- 24 1.182 0.237  0.009
tance (m) (0.6-10.5)
Changein 27(09-82) 1794 0.073
weekly dis-
tance (m)
Combined BFIh penna- 1.8(1.2-26) 2880 0.004* 0.195
tion angle
(deg)
BFIh fascicle 0.7 (0.5-0.9) -2.445 0.014*
length (cm)
Peak force (N) 0.6 (04-0.9) -2.246 0.025*
Weekly dis- 14(09-22) 1.603 0.109
tance (m)
Changein 16(1.1-23) 2377 0.017*
weekly dis-
tance (m)

HSRhigh-speed running
*Significant difference (P<0.05) between non-injured and injured groups

HSI (within the past 12-months) compared to 19 (28%)
of injured player-seasons. Twenty-two (6%) of the non-
injured player-seasons had sustained a prior ACL injury
(during any time of their playing career) compared to
four (6%) injured player-seasons. Following a HSI it took
on average 16.6+9.8 days and 22.7 +12.2 days to return
to full training and match play, respectively.

Univariate Analysis

Statistically significant differences (P<0.05) were found
between the injured (n=67) and non-injured (n=341)
player seasons whereby BFlh pennation angle was

greater, BFlh fascicle length was shorter, weekly HSR was
greater, weekly change in distance was greater and weekly
change in HSR was greater in the players who sustained
HSIs (Table 1). Non-modifiable variables of age, height,
weight and prior ACL injury were not statistically differ-
ent between groups (P>0.05), whereas previous HSI was
(Z statistic = 3.580, P=0.000, R*=0.046).

Multivariate Analysis

The results from three multivariate models are shown in
Table 2: (a) hamstring strength and architecture, (b) run-
ning load, and (c) combined hamstring and running load
model. The running load model and the strength and
architecture model explained 1% and 11.9%, respectively,
of the variance of sustaining a prospective HSI. However,
the combined hamstring and running load model pro-
duced the best-fit with 19.5% of the variance explained.
Within the combined running load and hamstring model,
a higher pennation angle, shorter fascicle length, lower
peak force and greater change in weekly distance all
significantly increased the odds of a HSI (P<0.05). This
combined model offered a significantly better fit than the
hamstring strength and architecture model (P=0.002).
The distribution of each player season in relation to
weekly change in total running distance, peak eccentric
knee flexor strength and BFlh fascicle length between
injured and non-injured player seasons (P>0.05) is rep-
resented in Fig. 3.

Discussion

To our knowledge, this is the first study to assess a com-
bination of modifiable HSI risk factors (eccentric knee
flexor strength and muscle architecture) with GNSS run-
ning load metrics and their associations with prospective
HSI. Of all the multivariate models, the best performing
analyses included a combination of five variables: BFlh
pennation angle and fascicle length, eccentric knee flexor
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Fig. 3 Relationship between weekly change in distance, eccentric knee flexor strength and biceps femoris long head (BFlh) fascicle length with injured
and non-injured player-seasons. Each quadrant represents the fascicle length and hamstring strength for each player season, with the intersection being
the median of the two variables: top left=short and strong, bottom left=short and weak, top right=Iong and strong, bottom right=long and weak.
The percentage of injury to non-injury player seasons, along with the mean and SD of the weekly change in distance, is shown in each quadrant. Large
triangles represent player season injuries and small circles are player season non-injuries. Lighter shades of colour represent higher changes in weekly

distance, and darker shades represent lower changes in weekly distance

strength, weekly total distance and change in weekly total
distance. In isolation, there was limited value in using
running load metrics to identify athletes at risk of pro-
spective HSI, with a running load multivariate model
only explaining 1% of the variance in the data. But, when
running load data were combined with BFlh architecture
and eccentric knee flexor strength, there was a significant
positive additive effect to explain the variance associated
with HSI. It is therefore feasible that muscle architecture
and greater strength could help to protect against the
negative impact of increased weekly distance and large
changes in weekly distance on HSI risk (see Fig. 3).
Within six teams across two seasons, 67 HSIs from
408 player-seasons were recorded, making this the larg-
est prospective HSI investigation in elite male Australian
footballers utilising variables across strength, architec-
ture and running load measures. In this study, a com-
bined model was able to explain up to 20% of the variance

associated with HSI. Although these factors are related
to sustaining a HSI, there are many other variables not
accounted for in this model, such as running mechan-
ics, strength and architecture of other muscles, and that
player risk factors could be dynamic and change across
various time points [43]. Therefore, training design
should be carefully planned and GNSS data explored
across narrower windows (i.e., 2- or 3-day totals). Based
on our findings, practitioners should appropriately
plan and periodise player running loads to avoid large
changes in distance and aim to further develop hamstring
strength and increase fascicle length, ideally prior to the
start of each pre-season to allow a greater chance of full
training completion that focusses mostly on technical
and tactical skill development.
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Univariate Analyses of Hamstring Strain Injury Modifiable
Risk Factors

For muscle architectural measures, greater BFlh penna-
tion angles and shorter fascicle lengths were significantly
associated with an increased risk of HSI. Eccentric knee
flexor weakness combined with short fascicles have been
previously shown to increase injury risk in soccer play-
ers [34]. However, neither eccentric knee flexor strength
(peak force) or bilateral asymmetry were associated with
HSI risk in this study when assessed in isolation, con-
trasting some previous findings within field-based team
sports [29, 31, 32]. Opar et al. [29] measured hamstring
strength during the pre-season in elite Australian foot-
ballers with the injured group (N = 27) and uninjured
group averaging 246 N and 301 N, respectively. However,
compared to our similar, larger cohort 5 and 6 years’ later,
hamstring strength of the injured and uninjured groups
were approximately 43% (430 N) and 32% (445 N) higher,
respectively, reflecting a greater emphasis on eccentric
hamstring strengthening more recently within AFL clubs
[52]. Such an increase in strength could contribute to the
differences in our findings, potentially by reducing the
risk of sustaining HSIs through an increased resistance
to the high forces experienced when sprinting and high-
speed running.

It is of great interest in high-performance sport to
monitor player training and match loads, both in the
long (chronic) and short (acute) term, to help inform
players and staff in the delicate balance of maximis-
ing performance and minimising injury risk [26]. In our
study, at the univariate level, players with higher average
high-speed running distance, greater weekly changes in
high-speed running distance and greater weekly changes
in total distance were associated with HSI (P < 0.05).
Although weekly total distance had the highest odds ratio
of all univariate factors (OR = 2.2, 95% CI 0.8-5.7) with
~ 14% higher average weekly distance for injured play-
ers, large variations between players limited its univari-
ate association with injury. Some prior research in other
sports have shown that higher chronic running loads
could have a protective effect [15, 28], but similar to our
findings, a greater variability or large ‘spikes’ in weekly
running distance can increase the risk of injury [15, 53].

However, without an accepted and validated method
of calculating running load or changes in running load, it
limits comparison between studies, with conflicting find-
ings in the research relating to high-speed running load
or total distance [26] — in particular whether low loads
or high loads are related to HSI. We found that no single
running load variable could explain more than 5% of the
variance of sustaining an injury on its own. Training load
could be important, but considering it as a factor in isola-
tion as a management tool for practitioners has limited
ability to predict an injury [54]. Our research then aimed
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to explore if adding hamstring strength and/or muscle
architectural variables to running load measures could
strengthen the association with future injury.

Multivariate Analyses of Risk Factors and their Association
with HSI

A combined model that included five variables: BFlh pen-
nation angle, BFlh fascicle length, eccentric knee flexor
strength, weekly total distance and the change in weekly
total distance, performed the best in determining the
risk of a future HSI. However, only 20% of the variance
explaining the risk of HSI could be accounted for using
this model. The inclusion of non-modifiable factors as
co-variates, such as age, previous HSI or ACL injury, did
not improve the predictive capacity of any multivariate
model. However, other research has regularly found sig-
nificant univariate relationships between older age, previ-
ous HSI, ACL injury or calf strain injury, with the risk of
sustaining an index HSI or subsequent HSI [1, 30].

Previous research has focussed on investigating the
independent relationships between risk factors and
HSI risk, without exploring the potential interactions
between these variables [30]. Although several modifi-
able variables were significantly related to HSI risk in our
study, no one variable accounted for more than 5% of the
variability, perhaps demonstrating the limited value of
including running load data, strength or muscle architec-
ture alone to predict HSI risk. It is generally accepted that
high-speed running and sprinting, eccentric knee flexor
strength and BFlh fascicle length might all have indepen-
dent associations with HSIs, but their interactions and
subsequent combined effect on HSI risk has not been
previously researched. Our findings help to demonstrate
the multifactorial nature and complexities of determining
the future risk of a HSI, which could be variable between
individuals, with unique combinations and associations
of risk factors. In addition, risk factors could be dynamic
in that they could change throughout the course of a sea-
son and at different time points of measurement [43].
However, Opar et al. [33] showed that using more regu-
lar strength and architectural testing did not improve the
predictive capacity of sustaining a HSI. Whilst testing for
risk factors more regularly could be potentially useful, in
the context of professional sport it is not always practi-
cal to test multiple times within a season to risk further
contributing to injury with short turnaround times and
recovery between matches.

When running load data was combined with other fac-
tors in a multivariate model, there was a positive or addi-
tive effect of up to 20% explained variance. Players with
greater strength and muscle architectural factors at base-
line measured during pre-season, could help to reduce
the impact of increased running distance and larger
changes in weekly running distance on HSI risk (Fig.
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3). Whilst we examined the association between com-
mon risk factors and HSI, the large unexplained variance
would suggest that we are unlikely to be able to predict
future HSIs, even with the best performing multivariate
model [55]. Potential risk factors not measured in our
study that could partially contribute further to the unex-
plained variance and differences between individual play-
ers, could be the specific anatomy of the muscle-tendon
unit [56, 57], muscle activation patterns during higher-
speed running [58, 59], horizontal force production [60],
hip extension strength and gluteal muscle activity [61,
62] and sprinting mechanics [10], among others. Whilst
it would be extremely challenging to measure every pos-
sible risk factor in each athlete, an understanding of the
many risk factors and their potential associations with
injury can assist practitioners in better monitoring and
managing injury risk in players.

Screening for hamstring risk factors, such as strength,
architecture and running load, appear to be limited in
predicting future HSIs. However, our study also high-
lighted risk factors that had statistically significant asso-
ciations with HSI, indicating that screening for risk
factors might still be of value in elite sport. By highlight-
ing potential variables that might be associated with an
increased risk of a HSI, practitioners can then address
risk factors through a targeted intervention in an attempt
to improve HSI prevention.

Limitations

We acknowledge this study has several limitations. As
participants were elite males, the findings cannot be gen-
eralised to elite female footballers. Eccentric knee flexor
strength and architectural measures were taken only
once during the pre-season, therefore not reflecting any
potential changes that could occur throughout the sea-
son. Whilst more research needs to be done in this area,
Opar et al. [33] showed that more regular testing did not
improve the predictive value of the tests. When mea-
suring BFlh fascicle length, they were longer than the
ultrasound field of view (14 x 47 mm), so the length was
estimated using extrapolation methods [49]. Although
this approach may overestimate BFlh, it has excellent reli-
ability (ICC >0.97), has been validated against cadaveric
data [63] and established as a modifiable HSI risk factor
using this method. Each club provided players’ GNSS
data as a weekly total, rather than daily measures. There-
fore, day-to-day variability or load ‘spikes’ within a cal-
endar week could not be reported. Although each team
used the same GNSS model and software, there might
have been small variations in protocols and data inclu-
sion/exclusion criteria, potentially leading to inter-club
variations. High-speed running was defined as > 24
km/h, so exposure to very high speeds/sprinting or other
movements (e.g. accelerations, directional changes) were
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not separately accounted for, which might have different
mechanisms that might either protect or promote injury.
Whilst using set absolute speed thresholds for all play-
ers is common practice in the research [5, 6], it does not
address individual physiological variations, such as top
speed and maximal aerobic speed, and therefore might
not be reflective of a player’s actual physical exertion.

Conclusions

This study demonstrates that measuring eccentric knee
flexor strength, BFlh architectural or running load met-
rics on their own provides limited predictive capacity
to identify male athletes at risk of future HSI. However,
combining a measure of running load exposure (i.e. total
weekly distance), along with hamstring strength and
architecture, increases the variance explained by the
models aimed at identifying HSI risk. Despite this, there
was still approximately 80% of unexplained variance
in sustaining a HSI in this study. This demonstrates the
potential individual player differences and multi-factorial
nature of HSIs, suggesting that there is no “one-size fits
all” model for all players. It is likely that a combination of
various risk factors might be unique to each player, and
therefore player screening of multiple risk factors might
assist in reducing the incidence of injury and conse-
quently, improve team performance.

Practical Applications

Our findings suggest that a combination of risk factors
increase HSI risk and therefore screening each player for
multiple risk factors could be beneficial, as part of injury
prevention practices. Whilst the mechanism behind
various running load measures increasing HSI risk is
unknown, our results support the importance of load
monitoring to identify high chronic running distances,
high-speed running loads or high variability in running
loads. The risk of these load measures on HSI are exac-
erbated when players have lower levels of pre-season
strength and muscle architecture, therefore careful train-
ing design and planning should be considered for each
player to address weaknesses of these modifiable risk
factors.
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