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1 |  INTRODUCTION

In the Australian Football League (AFL), hamstring strain 
injuries (HSI) are the most common cause of time lost from 
training and matches 1 and have a relatively high rate of re-
currence compared to other lower limb muscle injuries.1 

These injuries also place a large financial burden on the ath-
lete and their organization with estimates in the AFL placing 
the average cost of games missed in a season due to an HSI 
at $242,842 per club.2 Therefore, more research is required 
to assist in developing HSI risk mitigation practices within 
the AFL.
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The aim of this study was to determine the sprinting, strength, and architectural ad-
aptations following a hip- dominant flywheel (FLY) or Nordic hamstring exercise 
(NHE) intervention in Australian footballers. Twenty- seven male athletes were ran-
domized to FLY (n = 13) or NHE (n = 14) training across a 39- week period (in-
clusive of pre- season and in- season). Biceps femoris long head (BFlh) architecture 
was assessed throughout. Eccentric hamstring strength and 40 m sprint times (with 
force- velocity profiling) were assessed at baseline, end of pre- season, and follow-
ing the intervention. After the intervention, BFlh fascicle length was longer in both 
groups compared to baseline (FLY: 1.16  cm, 95%CI: 0.66 to 1.66  cm, d  =  1.99, 
p < 0.001; NHE: 1.08 cm, 95%CI: 95%CI 0.54 to 1.61 cm, d = 1.73, p < 0.001). Both 
groups also increased their eccentric strength (FLY: mean change 82 N, 95%CI 12 to 
152 N, d = 1.34, p = 0.026; NHE: mean change 97 N, 95%CI 47 to 146 N, d = 1.77, 
p = 0.001). After pre- season, the NHE group improved their 5 m sprint time by 3.5% 
(±1.2%) and were 3.7% (±1.4%) and 2.0% (±0.5%) faster than the FLY group across 
5 m and 10 m, respectively. At the end of pre- season, the FLY group improved maxi-
mal velocity by 3.4% (±1.4%) and improved horizontal force production by 9.7% in- 
season (±2.2%). Both a FLY and NHE intervention increase BFlh fascicle length and 
eccentric strength in Australian Footballers. An NHE intervention led to enhanced 
acceleration capacity. A FLY intervention was suggested to improve maximal sprint 
velocity and horizontal force production, without changes in sprint times. These find-
ings have implications for hamstring injury prevention but also programs aimed at 
improving sprint performance.
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Recently, the role that variations in biceps femoris long 
head (BFlh) architectural characteristics (assessed via two- 
dimensional ultrasound) have in the etiology of a HSI has 
been of interest.3 Elite soccer players with BFlh fascicle 
lengths shorter than 10.56 cm at the start of pre- season were 
at a 4.1- fold increased risk of suffering an HSI in the subse-
quent season.3 Furthermore, low levels of eccentric strength 
during the Nordic hamstring exercise (NHE), while not show-
ing a strong ability to predict HSI,4 have been associated with 
an increased risk of HSI in elite AFL.5 Therefore, interven-
tions which can promote improvements in eccentric strength 
and BFlh fascicle length in AFL athletes may be beneficial in 
mitigating the risk of HSI.

Various exercises have been investigated to determine 
whether they are effective at improving eccentric strength 
and fascicle length. Significant increases in both were 
found following hamstring- specific interventions utilizing 
eccentric isokinetic dynamometry,6 the NHE,7,8 and a 45º 
back extension.7 However, these interventions have been 
undertaken in recreationally active males and lack appli-
cation to high- level athletes. Recently, research in elite ju-
nior soccer players has been undertaken using a short- term 
(6  weeks), multiple exercise approach which resulted in 
significant increases in both eccentric strength and fascicle 
length.9 Despite this, there is still no evidence highlight-
ing the impact of single exercise, longer term hamstring- 
specific interventions in higher athletes. Understanding the 
impact of a single exercise intervention in this environment 
will assist practitioners in determining the benefits of a 
minimalistic approach, should they be in an environment 
where less time is given to resistance training interventions 
(eg, elite soccer).10

Despite the evidence supporting the use of the NHE as an 
effective tool in reducing the incidence of HSIs 11,12 and pro-
moting increases in eccentric strength and fascicle length,7,8 
the implementation of the exercise in professional sport is 
limited.10 This may be due to some sports medicine and 
strength and conditioning professionals suggesting the NHE 
as ineffective 13 for improving performance. However recent 
evidence has shown that 10 weeks of NHE training is effec-
tive at improving 10 m sprint time in amateur soccer players.8 
While this provides support for the use of the NHE not only 
for HSI risk mitigation but also from a performance aspect, 
the amateur status of these athletes creates a question around 
what impact this type of intervention may have in higher- 
level footballers. Furthermore, recent approaches to profiling 
the force- velocity capabilities of athletes during sprinting 14 
has highlighted that improvements in performance may be 
specific to the individual's theoretical maximal horizontal 
force or velocity.15 Therefore, better understanding the im-
pact of an NHE intervention on these sprinting performance 
properties is of interest to further establish the potential per-
formance benefits, if any, of the NHE.

Due to the limited implementation of evidence- based NHE 
protocols in elite sporting practices, alternative exercises such 
as inertial flywheel leg curl16,17 have been proposed as differ-
ent options for HSI risk mitigation programs. Recently, a new 
device known as “the kBox” (Exxentric, Bromma, Sweden) 
has been introduced as an alternative lower limb strength 
training modality with the ability to overload the eccentric 
phase of a movement.18 Compared to the inertial flywheel leg 
curl, the kBox uses inertial flywheel resistance training for 
the prescription of (among others) hip- dominant inertial fly-
wheel resistance training for hamstring- specific adaptations. 
However, it is unknown if a hip- dominant inertial flywheel 
training intervention is effective at improving sprint perfor-
mance, eccentric strength, and fascicle length.

Therefore, the primary aim of this study was to determine 
the BFlh architectural, eccentric strength, and sprint perfor-
mance adaptations following a hamstring- specific exercise 
intervention utilizing either the NHE or a hip- dominant fly-
wheel exercise, in Australian Footballers. It was hypothesized 
that both interventions will significantly improve sprinting 
performance, eccentric strength, and fascicle length.

2 |  METHODS

2.1 | Participants

This interventional cohort trial was undertaken during the 
pre- season (November 2017- March 2018) and in- season 
period (March 2018- August 2018) of the 2018 Victorian 
Football League competition, a semi- professional second 
tier competition to the fully professional AFL. Ethical ap-
proval for the study was granted by the Australian Catholic 
University Human Research Ethics Committee (approval 
number: 2017- 234H). All players were invited to participate 
and provide written, informed consent. In total, twenty- seven 
male athletes (age =22 ± 3 yrs; height =1.85 ± 0.07 m; body 
mass =81.2 ± 7.0 kgs) were recruited.

2.2 | Study design

Participants undertook an initial familiarization session 
with the NHE and the hip- dominant, kBox flywheel exer-
cise. Following the familiarization session (median =5, 
range 5– 7  days), participants underwent a pre- intervention 
assessment of their BFlh architecture, maximal knee flexor 
strength during the NHE and a 3- repetition maximum 
(3RM) effort with the kBox flywheel device (Exxentric, 
Bromma, Sweden). Participants also had their maximal iso-
metric strength assessed using an isometric mid- thigh pull 
(IMTP).19,20 A 40- meter sprint assessment with splits col-
lected at 5, 10, 20, 30, and 40 meters was also undertaken, 
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with the force- velocity profiles of these efforts subsequently 
determined.14 After this initial testing battery, the partici-
pants were randomized (1:1 allocation) to either the NHE 
only (NHE; n = 14) or the hip- dominant kBox flywheel only 
group (FLY; n = 13). Subsequently, throughout the interven-
tion period the only hamstring- specific resistance training 
stimulus they received was either 1) the NHE or 2) a hip- 
dominant kBox inertial flywheel exercise, based on their 
group allocation. All participants then began the first session 
of their 39- week training intervention under the guidance of 
the research team (DF, VN, and JG). A video of the NHE and 
hip- dominant kBox flywheel exercise can be found in Video 
S1 and S2, respectively. After the first 6 weeks of training, 
there was a 4- week break for a Christmas holiday period, 
where neither group performed their allocated exercise. Post- 
Christmas, there was an additional 8 weeks (total of 14) of 
training in the pre- season period (November to March). The 
remaining 25 weeks of training occurred during the in- season 
period (March to August). All participants were experienced 
(>2  years) in hamstring resistance training regimes under-
taken in a high- level sporting context.

Throughout the training intervention, the participants had 
their BFlh architecture assessed at baseline as well as after 
5, 9, 16, 23, 27, 35 weeks, and at the end of the intervention 

(39 weeks). All strength assessments (NHE, flywheel 3RM, 
and IMTP) were undertaken at baseline and after 16, 23, 27, 
35 weeks, and at the end of the intervention (39 weeks). The 
sprint assessment was undertaken at baseline, after 16 weeks, 
and at the end of the intervention (39  weeks). Across the 
course of the study period, global positioning (GPS— 
OptimEye S5, 10 Hz, Catapult Sports, Melbourne, Australia) 
data were used to monitor the external load metrics of each 
group. Finally, the occurrence of any HSIs during the study 
period was also collected.

2.3 | Training intervention

For the duration of the intervention, participants undertook 
one to two sessions a week (depending on the match sched-
ule) of either the NHE or FLY exercise (Figure 1). These 
exercises were undertaken as part of their weekly team 
resistance training sessions which were always completed 
after an on- field team training session. The majority of 
training weeks consisted of two sessions per week. There 
were four training weeks across the entire intervention 
where short timeframes between matches resulted in only 
one session per week being completed. When two sessions 

F I G U R E  1  The Nordic hamstring (A) and inertial flywheel (B) exercises. With the Nordic hamstring exercise, the participants control the fall 
by contracting eccentrically with the knee flexors. After completing a repetition, the participants return to their starting position by pushing back 
up with their hands (not shown). With the inertial flywheel exercise, participants are instructed to perform the concentric phase of the exercise as 
fast as possible. Then, once they reach the top of the range of motion, the kBox device will pull them into hip flexion. The participants are then 
instructed to resist action with an eccentric contraction of the hip extensors
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per week were completed, the resistance training sessions 
were undertaken on non- consecutive days of the week. 
Both training programs were periodized by progressively 
modifying the volume and additional weight used during 
training, across both the pre- season and in- season periods, 
to provide an appropriate stimulus. Figure S1outlines the 
progression of the NHE and FLY volume for the duration 
of the intervention. A detailed outline of the entire resist-
ance training program for both groups, during the pre- 
season and in- season periods, can be found in Tables S1 
and S2, respectively.

2.4 | Outcome measures

2.4.1 | BFlh architecture

The methods to assess BFlh architecture has been previously 
reported.21- 23 Briefly, muscle thickness, pennation angle, 
and fascicle length of the BFlh were determined from ultra-
sound images taken along the longitudinal axis of the muscle 
belly utilizing a two- dimensional, B- mode ultrasound (fre-
quency, 12Mhz; depth, 8 cm; field of view, 14 x 47 mm) (GE 
Healthcare Vivid- i, Wauwatosa, U.S.A). The scanning site 
was determined as the halfway point between the ischial tu-
berosity and the knee joint fold, along the line of the BFlh. 
All architectural assessments were performed with the par-
ticipant prone on a massage plinth, after 5 mins of inactiv-
ity. The orientation of the probe was then manipulated by 
the assessor (RGT) whose reliability has been previously 
reported (intraclass correlations: >0.95, coefficient of vari-
ation: <5.0%).24

Once the images were collected, analysis was under-
taken offline (MicroDicom, Version 0.7.8, Bulgaria). 
Muscle thickness was defined as the distance between 
the superficial and intermediate aponeuroses of the BFlh. 
Pennation angle was defined as the angle between the in-
ferior aponeurosis and a fascicle of interest. The aponeu-
rosis angle for both aponeuroses was determined as the 
angle between the line marked as the aponeurosis and an 
intersecting horizontal reference line across the captured 
image.25 As the entire fascicle was not visible in the field 
of view of the probe, its length was estimated via the fol-
lowing equation25:

where FL=fascicle length, AA=aponeurosis angle, MT=muscle 
thickness, and PA=pennation angle. Fascicle length was re-
ported in absolute terms (cm). The extrapolation measure and 
equation, while first used in quadriceps has been validated 
against cadaveric BFlh tissue and as such is considered a robust 

way of estimating fascicle lengths.25 The same assessor (RGT) 
collected and analyzed all scans and was blinded to participant 
identifiers during the analysis.

2.4.2 | Eccentric knee flexor strength

The assessment of eccentric knee flexor strength dur-
ing the NHE has been previously reported.7,23 Participants 
were instructed to kneel on the device (NordBord, Vald 
Performance, Queensland, Australia) while the investigator 
secured the ankle braces superior to the lateral malleolus. 
In this kneeling position, participants were to either cross 
their arms over their chest or hold a weight (as required) at 
the level of the xiphoid process while keeping their hips in 
a position of full extension throughout the movement. Only 
the eccentric phase of the NHE was completed. Participants 
first completed a standard warm- up protocol consisting of 
one repetition at each of 50, 75, and 95% of their perceived 
maximal effort at bodyweight. Following this, participants 
completed one set of three maximal NHE repetitions. The 
average of the three peak values (in Newtons (N)) during the 
assessment was used for the analysis.

2.4.3 | Hip- dominant kBox flywheel 3RM

Flywheel 3RM strength was assessed using the kBox device 
(Exxentric, Bromma, Sweden). Participants were instructed 
to stand on the kBox device, holding the handlebar of the 
device (Video S2). From this position, the participants were 
instructed to flex the hip, while not moving their knees, until 
their hips were at 90 degrees with their trunk parallel with 
the floor. Following this, the participants were instructed 
to extend their hips as hard and fast as they can to perform 
the concentric phase of the repetition. This phase was the 
beginning of the first effort of their assessment. Once they 
had extended their hips to neutral, the participants were in-
structed to flex at the hip again, while holding the bar and 
attempting to stop the flywheels movement while perform-
ing the eccentric phase. Participants completed three repeti-
tions with all the concentric efforts undertaken as hard and 
as fast as possible, while trying to stop the flywheel move-
ment during the eccentric portion. Data reported from the 
kBox assessment were as follows: average power (average 
power for all three repetitions for both the concentric and 
eccentric phase in Watts), concentric peak power (average 
of the peak power recordings during the three concentric 
phases in Watts), and eccentric peak power (average of the 
peak power recordings during the three eccentric phases in 
Watts).18 kBox strength was assessed at baseline, 16, 23, 
27, 35 weeks, and at the end of the intervention (39 weeks).

FL = sin (AA + 90◦ )x MT∕sin(180◦ − (AA + 180◦ − PA))
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2.4.4 | Maximal isometric strength (IMTP)

Maximal isometric strength was assessed using an isomet-
ric mid- thigh pull (IMTP) test. Participants were required to 
stand on a force plate (Fitness Technologies, South Australia, 
Australia) and held an immovable barbell which was fixed 
at mid- thigh height. Each participant had the height of the 
bar adjusted for their specific requirements to allow a hip 
angle of ~155– 165 degrees and a knee angle of ~125– 135 
degrees (full extension =180 degrees for both joints, respec-
tively). Bar height was kept consistent across all testing ses-
sions and participants wore wrist straps to assist their grip. 
To assess their maximal isometric strength, the participants 
were instructed to pull up as hard and fast as possible for five 
seconds. Maximal IMTP force was reported relative to body 
weight (Newtons per kilogram (N/kg)). Maximal isometric 
strength was assessed at baseline, 16, 23, 27, 35 weeks, and 
at the end of the intervention (39 weeks).

2.4.5 | Sprint assessment

The assessment of sprint performance was undertaken using 
a 40- m overground sprint, with timing gates (SmartSpeed, 
Fusion Sport, Brisbane, Australia) collecting split times 
at 5, 10, 20, 30, and 40 m. Participants initiated the sprint 
themselves by maximally accelerating from a standing start 
through the timing gates. Each gate was set at a height ap-
proximate to the level of the hip when in upright stance for 
all participants. This system uses a dual- beam photocell and 
positioning laser to create the gates for each split. Once the 
path of the photocell and laser are broken by the partici-
pant, the time taken to travel between the gates is recorded. 
Each participant completed three trials, with the best trial 
used for all analysis. Sprinting performance was assessed at 
baseline, after 16 weeks, and at the end of the intervention 
(39 weeks).

2.4.6 | Sprint horizontal force- velocity outputs

A custom- made Microsoft Excel spreadsheet derived from 
the work of Samozino et al.14 was used to determine the 
theoretical maximal horizontal force (F0), velocity (V0), 
and power output (Pmax) using the data obtained during the 
sprint assessment. These values were determined using the 
best individual sprint test, its associated split times, and the 
body mass of the participant. Using the spreadsheet, any cal-
culations where the squared differences (eg, the difference 
between the experimental and estimated values) were >0.1, 
were excluded from further analyses. The maximal horizon-
tal force, velocity, and power outputs were reported as N/kg, 

meters per second (m/s), and watts per kilogram (W/kg), 
respectively.

2.4.7 | Prospective HSI reporting

The occurrence of any HSI during the intervention period, 
which was later diagnosed by the club medical staff, was re-
corded by the investigators. A HSI was defined as any acute 
posterior thigh pain that resulted in the immediate cessation 
of exercise. The injury reporting involved specifics around 
which limb was injured (dominant/non- dominant), the mus-
cle injured (BFlh/biceps femoris short head/semimembrano-
sus/semitendinosus), activity type performed at time of injury 
(eg, running and kicking), and the number of days taken to 
return to full participation in training/competition. Once a 
participant suffered a HSI during the intervention, they were 
excluded from any future analysis.

2.5 | Training interventions

2.5.1 | Nordic hamstring exercise training

A video of the NHE can be found in the online Table S1. 
Participants undertook the NHE with their ankles secured 
underneath a piece of gym equipment (Figure 1B). This was 
preferred to the partner held version of the NHE, where the 
strength of the companion may limit the effectiveness of the 
effort. For each repetition, participants only performed the 
lowering (eccentric) portion of the NHE. After each effort, 
participants were instructed to use their arms and flex their 
hips in order to assist themselves in returning to the start-
ing position. Once additional weight was utilized as per the 
progressive overload presented in Figure S1, the participants 
were required to hold a weight plate (range 5 to 10 kg) over 
their xiphoid process, per previous work.21,26 Training was 
preceded by a warm- up set of three submaximal repetitions, 
and following each set, participants were afforded a 2- min 
rest.

2.5.2 | Hip- dominant kBox flywheel training

A visual representation of the hip- dominant kBox flywheel 
exercise can be found in the online Table S2. Participants un-
dertook the FLY intervention utilizing a kBox flywheel de-
vice (Exxentric, Bromma, Sweden, Figure 1A). Participants 
started in position similar to the bottom of a deadlift and were 
instructed to hold the handle of the kBox flywheel device 
and stand up as hard fast as they could by extending both the 
hip and the knee simultaneously to complete the concentric 
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phase of the repetition. During the eccentric phase, they were 
instructed to have no movement at the knee and try to stop 
the descent of the flywheel handlebar by hinging at the hip 
only. Participants undertook their efforts with a moment of 
inertia of the flywheel of either 0.05 or 0.075 kgm2, which 
was periodized as presented in Figure S1. Training was pre-
ceded by a warm- up set of three submaximal repetitions. 
Following each set, participants were afforded a 2- min rest.

2.6 | Statistical analysis

All statistical analyses were performed using the R statis-
tical programming language and the following packages: 
dplyr, lme4, and car. Where appropriate, data were screened 
for normal distribution using the Shapiro- Wilk test. Linear 
mixed models were fitted and used to assess changes in each 
of the outcome variables across the study period. For each 
outcome variable, covariates were group (NHE or FLY) and 
time, with participant ID included as a random effect. For 
BFlh architecture and eccentric knee flexor strength, the left 
and right limbs were averaged, as they did not differ at any 
time point. Where significant main or interaction effects 
were detected, post hoc t tests were to determine where any 
differences occurred. Significance was set at p < 0.05, and 
where possible Cohen's d was reported for the effect size 
of the comparisons, with the levels of effect being deemed 
small (d ≥ 0.20), medium (d ≥ 0.50), or large (d ≥ 0.80). All 
data were expressed as mean ±SD, unless otherwise stated.

2.7 | Power calculation

Power analysis was undertaken a priori using G- Power. The 
effect size estimates used in the analysis were based on the 
estimated changes in BFlh fascicle length following the NHE 
training intervention.26 In this study, fascicle length changes 
had an effect size of 2.8. Therefore, a conservative effect size 
of 1.4 was deemed a reasonable starting point. Power was set 
at 95%, with an alpha of 0.05 returning a calculated sample 
of 9 per group.

3 |  RESULTS

3.1 | Participant, compliance, and external 
load details

The two groups were similar with respect to age, height, 
and body mass (NHE age 23 ± 3 yrs, height 1.86 ± 0.07 m, 
body mass 82.7  ±  3.9  kg; FLY age 22  ±  3  yrs, height 
1.84 ± 0.07 m, body mass 78.3 ± 6.8; age p = 0.162, height 

p  =  0.577, body mass p  =  0.052). Of the 72 sessions, the 
NHE group had an average compliance of 75 ± 8% (range: 
43 to 72 sessions completed). The FLY group had a simi-
lar level of compliance with 73  ±  10% (range: 46 to 72 
sessions completed). There were no differences in the av-
erage weekly total distance (NHE group =7368 ± 3156 m, 
FLY group =7227 ± 3221 m; d = 0.04; p = 0.775), aver-
age weekly total distance performed above 25 km/hr (NHE 
group =173 ± 167 m, FLY group =157 ± 174 m; d = 0.09; 
p  =  0.532), and average weekly number of efforts per-
formed above 25 km/hr (NHE group =6.2 ± 3.5, FLY group 
=5.2 ± 3.1; d = 0.32; p = 0.059) between the two groups 
across the training intervention.

3.2 | Injury occurrence

During the study period, a total of three (11% of total par-
ticipants) HSIs were reported with two participants (15%) 
being in the FLY group and one in the NHE group (7%). 
Of these injuries, one occurred in the pre- season period and 
two in- season. All injuries occurred in the BFlh of the domi-
nant leg with two occurring during high speed running and 
one during an acceleration effort. All injuries occurred dur-
ing matches with participants missing 14, 24, and 35 days, 
respectively.

3.3 | BFlh architectural characteristics

A summary of the BFlh architectural alterations during this 
intervention can be found in Figure 2 and Table S3.

3.3.1 | Fascicle length

A significant main effect of time was found for fascicle 
length (p < 0.001). Post hoc analyses showed a significant 
increase in fascicle length from baseline to week 5 of train-
ing in both groups (NHE group: difference 0.8 cm, 95%CI 
0.2 to 1.5 cm, d = 0.99, p < 0.001; FLY group: difference 
0.5 cm, 95%CI 0.2 to 1.2 cm, d = 0.83, p < 0.001; Figure 2). 
When re- assessed post- Christmas, both groups had a signifi-
cant reduction in fascicle length when compared to the week 
5 measure (NHE group: difference −1.0  cm, 95%CI −1.8 
to −0.4 cm, d = −1.72, p < 0.001; FLY group: difference 
−0.7 cm, 95%CI −1.4 to −0.2 cm, d = −1.27, p < 0.001; 
Figure 2). At the end of pre- season, both groups had signifi-
cantly longer fascicles than baseline (NHE group: difference 
0.7 cm, 95%CI 0.2 to 1.2 cm, d = 1.27, p = 0.01; FLY group: 
difference 0.5 cm, 95%CI 0.04 to 1.0 cm, d = 0.93, p = 0.03; 
Figure 2). When compared to the end of pre- season, only the 
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1282 |   TIMMINS eT al.

F I G U R E  2  Biceps femoris long head fascicle length (A), pennation angle (B), and muscle thickness (C) throughout the intervention period for 
both groups
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FLY group saw a significant improvement in fascicle length 
in- season (NHE difference 0.4  cm, 95%CI 0.02 to 0.8  cm, 
d = 0.80, p = 0.062; FLY group: difference 0.7 cm, 95%CI 
0.1 to 1.2 cm, d = 1.07, p = 0.016; Figure 2). However, at 
the end of the in- season period, both groups had significantly 
longer fascicles when compared to baseline (NHE group: dif-
ference 1.1 cm, 95%CI 0.5 to 1.6 cm, d = 1.73, p < 0.001; 
FLY group: difference 1.2 cm, 95%CI 0.7 to 1.7 cm, d = 1.99, 
p  <  0.001; Figure  2). There was no difference in fascicle 
length between the groups at any time (d range: 0.19 to 0.61, 
p range: 0.149 to 0.639).

3.3.2 | Muscle thickness

A significant main effect for time was found for muscle 
thickness (p  <  0.001). Post hoc analyses showed no sig-
nificant changes in muscle thickness of either group across 
the entire study when compared to baseline (NHE group d 
range: −0.33 to 0.69, p range: 0.094 to 0.401; FLY group 
d range: −0.03 to 0.27, p range: 0.512 to 0.938; Table S3). 
There were no differences in muscle thickness between the 
groups at any time (d range: 0.14 to 0.61, p range: 0.147 to 
0.726).

3.3.3 | Pennation angle

A significant main effect for time was found for pennation 
angle (p  <  0.001). Post hoc analyses showed a significant 
reduction in pennation angle at the end of the intervention 
when compared to the end of pre- season for both groups 
(NHE group difference −1.1°, 95%CI −1.9 to −0.2°, 
d  =  1.00, p  =  0.017; FLY group difference −0.9°, 95%CI 
−1.7 to −0.1°, d = 0.98, p = 0.025). There was no difference 
between groups at any time (d range: −0.28 to 0.53, p range: 
0.128 to 0.618).

3.4 | Eccentric knee flexor strength

A significant main effect for time was found for eccentric 
knee flexor strength (p < 0.001). Post hoc analyses showed 
a significant increase in eccentric knee flexor strength at the 
end of pre- season when compared to baseline for both groups 
(NHE group difference 19.4%, 73  N, 95%CI 16 to 131  N, 
d  =  1.11, p  =  0.015; FLY group difference 13.9%, 57  N, 
95%CI 12 to 103 N, d = 1.10, p = 0.016; Table 1). At the 
end of the intervention, both groups had significant increases 
in eccentric knee flexor strength compared to baseline (NHE 
group difference 24.0%, 96 N, 95%CI 47 to 146 N, d = 1.77, 
p = 0.001; FLY group difference 18.9%, 82 N, 95%CI 12 to 
152 N, d = 1.34, p = 0.026), but not in comparison with the T
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1284 |   TIMMINS eT al.

end of pre- season (NHE group difference 1.2%, 23 N, 95%CI 
−24 to 70  N, d  =  0.42, p  =  0.312; FLY group difference 
6.9%, 25 N, 95% CI −44 to 93 N, d = 0.42, p = 0.440). There 
was no difference in eccentric knee flexor strength between 
the groups at any time (d range: 0.48 to 0.73, p range: 0.103 
to 0.340).

3.5 | kBox flywheel 3RM

There were no significant main effects detected for kBox av-
erage (p range: 0.094 to 0.757; Table 1), concentric (p range: 
0.102 to 0.981), or eccentric peak power (0.071 to 0.572). 
Therefore, no post hoc analyses were undertaken.

F I G U R E  3  Percentage change in sprinting split times at 5 m, 10 m, 20 m, 30 m, and 40 m from baseline to the end of pre- season (A) and from 
the end of pre- season to the end of the intervention (B) for both groups. Horizontal line represents median value
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3.6 | Maximal isometric strength (IMTP)

There were no significant main effects detected for maximal 
isometric strength (p range: 0.076 to 0.557). Therefore, no 
post hoc analyses were undertaken.

3.7 | Sprint assessment

3.7.1 | Split results

A significant main effect for time (p  =  0.032) and group 
(p = 0.036) was found for 5 m split times. A significant main 
effect for group (p = 0.031) was also found for 10 m split 
times. Post hoc analyses showed a significant 3.5% improve-
ment in 5 m split time at the end of pre- season when compared 
to baseline for the NHE group only (NHE group difference 
−0.039 s, 95%CI −0.08 to −0.003 s, d = 1.02, p = 0.046; 
FLY group difference −0.008 s, 95%CI −0.044 to 0.027 s, 
d  =  0.24, p  =  0.611, Figure  4, Table S4). Between group 
comparisons found that the NHE group was 3.7% faster than 
the FLY group over 5 m (difference 0.040 s, 95%CI 0.001 to 
0.077 s, d = 1.03, p = 0.038) and 2.0% (difference 0.032 s, 
95%CI 0.005 to 0.068 s, d = 0.87, p = 0.045) quicker across 
10 m at the end of pre- season. All other within and between 
groups comparisons were not significantly different.

3.7.2 | Horizontal force- velocity profile

A significant main effect for time was found for relative max-
imal horizontal force (p = 0.008) and velocity (p = 0.013). A 
significant main effect for group was found also for maximal 
horizontal force (p = 0.046) and power output (0.023). Post 
hoc analyses showed a significant increase in maximal ve-
locity in the FLY group of 3.4%, but not in the NHE group 
at the end of pre- season when compared to baseline (NHE 
difference 0.17  m/s, 95%CI −0.10 to 0.42  m/s, d  =  0.57, 
p = 0.224; FLY difference 0.29 m/s, 95%CI 0.01 to 0.51 m/s, 
d = 1.08, p = 0.033, Figure S2, Table S5). At the end of the 
intervention, maximal velocity was reduced by 5.3% in the 
FLY group when compared to the end of pre- season, with 
no changes seen in the NHE group (NHE group difference 
−0.08 m/s, 95%CI −0.32 to 0.17 m/s, d = −0.28, p = 0.534; 
FLY group difference −0.47 m/s, 95%CI −0.95 to −0.02 m/s, 
d  =  1.08, p  =  0.047). However, while there was a reduc-
tion in maximal velocity in the FLY group at the end of the 
intervention when compared to the end of pre- season, there 
was a significant 9.7% increase in maximal, relative hori-
zontal force (difference 1.1 N/kg, 95%CI 0.04 to 2.01 N/Kg, 
d = 1.12, p = 0.041), with a non- significant 6.2% increase in 
the NHE group (difference 0.7 N/kg, 95%CI −0.8 to 2.2 N/
kg, d = 0.51, p = 0.325). All other within and between group 

comparisons (including the maximal power output measures) 
were not significantly different.

4 |  DISCUSSION

This is the first study to investigate the impact of the NHE 
and a hip- dominant flywheel resistance training intervention 
on BFlh architecture, eccentric hamstring strength, and sprint 
performance in Australian Footballers across 39 weeks. The 
novel findings of this study are:

• 1): undertaking NHE or hip- dominant flywheel training 
significantly improved eccentric strength and BFlh fascicle 
length to a similar extent across the study period,

• 2): undertaking NHE training across a 14- week pre- season 
period can significantly improve 5 m sprint split time and

• 3): a hip- dominant flywheel intervention can improve max-
imal sprint velocity across a pre- season period, while also 
increasing maximal horizontal force production during the 
in- season period.

This is the first study to prescribe single- mode hamstring- 
specific exercise training during pre- season and in- season for 
competing athletes. Comparably other single exercise train-
ing interventions have either been undertaken in recreation-
ally active males 6,7,21,26 or have a smaller intervention period 
(<12 weeks) if being done in athletes.9,16 Recent research in 
elite youth soccer has shown that 12 weeks of NHE and stiff- 
leg deadlifts can promote increases in both fascicle length 
and eccentric strength.9 The current study utilized a single 
exercise approach for each group (NHE or FLY) which en-
ables a more direct comparison between exercises, the stimu-
lus they provide and subsequent adaptation. Additionally, the 
training volume in the current study was a smaller dose com-
pared to previous single exercise and elite athlete interven-
tions.6,7,9,21,26 This approach was employed for two reasons: 
1) to see if an adaptation can be facilitated in this athletic 
population with a smaller dose which does not result in ex-
cessive soreness or take too much time and 2) to manage the 
progressive overload, especially in- season, which is critical 
during this phase of competition. As this is the first study to 
have investigated the effectiveness of a lower volume, single 
exercise, season long intervention at promoting strength and 
architectural changes in an athletic population, it does cre-
ate further questions around the efficacy of a more ‘holistic’, 
multi- modal hamstring injury risk mitigation program.

Elite soccer players who possessed short BFlh fascicles 
at the start of pre- season (<10.56 cm) were ~4 times more 
likely to suffer an HSI in the subsequent season.3 In elite, 
Australian Football possessing eccentric strength measures 
of <279 N at the end of pre- season increased the risk of a 
future HSI ~4 fold.5 While it is unknown if improving these 
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two measures directly reduces the likelihood of an HSI oc-
curring, those who undertook the NHE intervention in the 
current study saw a 1.08 cm (11%) and a 96 N (31%) increase 
in fascicle length and eccentric strength across the study, re-
spectively. Similarly, the FLY group saw a 1.16 cm (12%) and 
an 82 N (31%) increase in both fascicle length and eccentric 
strength, respectively. Considering the findings of the cur-
rent study in context with previous prospective evidence,3,5 
it is possible that an intervention containing either NHE or 
FLY training, in Australian Footballers, may have a benefi-
cial impact on HSI risk mitigation. However, due to the small 
number of injuries in the current study, further research is 
required with bigger sample sizes to determine a possible link 
between risk factors, training interventions, and the subse-
quent occurrence of injury.

In the current study, the improvements in BFlh fascicle 
length for the NHE group (~1 cm) are less than those found in 
other, shorter interventions.7,21,26 Additionally, the improve-
ments in eccentric strength in the NHE group were ~50 N 
less than those seen in previous research.7,21,26 Comparably, 
these previous studies had their training interventions un-
dertaken at a much higher training volume (some weeks 
included up to 100 repetitions per week) and were across a 
shorter period (the longest being 10  weeks). Additionally, 
they were all undertaken in a recreational cohort who had 
limited prior exposure to eccentric training and were also not 
concurrently undertaking footballing- related activities. The 
current study was undertaken at a lower volume which was 
periodized across 39 weeks in a high- level, athletic popula-
tion who were concomitantly undertaking football- related 
training. Therefore, it is possible that they may have been 
closer to their theoretical ‘adaptive ceiling’. When compar-
ing the results of the current study to previous research, the 
vastly different training status and physical capacity between 
the previously researched recreational individuals and those 
higher- level athletes in this project should be considered.

This is the first study to have utilized a hip- dominant, 
inertial flywheel resistance training intervention. Currently, 
the only evidence regarding hamstring adaptations following 
inertial flywheel resistance training have utilized a leg curl 
device.16 As leg curl, inertial flywheel resistance exercise 
has been shown to preferentially recruit the medial hamstring 
muscles,27 it was of interest to determine the impact of a hip- 
dominant flywheel training intervention on BFlh architecture 
and eccentric strength. It has been shown that a hip- dominant 
movement (such as a 45° hip extension) preferentially recruit 
the BFlh,28 which is the most commonly injured of the ham-
strings.3 Therefore, we utilized the kBox device 18 to perform 
a hip- dominant inertial flywheel resistance training interven-
tion. We found increases in BFlh fascicle length following 
the FLY training (~1.2 cm) that were comparable to previous 
research utilizing a 45° hip extension intervention.7 The FLY 
group also saw similar improvements in eccentric strength 

when compared to the previous 45° hip extension research.7 
While the movements (flywheel vs 45° hip extension) may 
be similar in that they are both a hip- dominant hamstring ex-
ercise, there are variances in how they are performed which 
may impact the adaptations seen. For example, it is known 
that eccentric and concentric training interventions result in 
divergent architectural adaptations, with eccentric stimuli 
being effective at lengthening fascicles, whereas concentric 
training results in a shortening.6 Therefore, the combination 
of both an eccentric and concentric stimulus (eg, the 45° hip 
extension) may limit the extent to which BFlh fascicles can 
be lengthened. While both the hip- dominant inertial flywheel 
and 45° hip extension exercises utilize both a concentric and 
eccentric phase, it is possibly the greater resistance during the 
eccentric phase associated with the flywheel technology that 
may provide a greater impetus for fascicle lengthening and 
increasing strength.7 Combine this stimulus with the poten-
tial that the participants in the current study may have a lower 
ceiling for adaptation and the net overall adaptive result may 
be similar to the 45° hip extension research. However, as this 
is the first study utilizing a hip- dominant inertial flywheel 
resistance training intervention, more research is needed to 
better understand the ideal prescription of this exercise.

In Australian Rules Football, there has been an increase 
in the number of short- distance sprint efforts as the game has 
evolved over the past three decades.29,30 Therefore, being able 
to improve acceleration capacity (5  m and 10  m sprint per-
formance) may be more crucial for match performance than 
improving the physical capacity for longer and less frequent 
prolonged sprinting (eg, over 30 m).31 In the current study, par-
ticipants in the NHE group had a 3.5% improvement in 5 m 
split time at the end of the pre- season period. When compared 
to the FLY group (who saw no within- group improvements for 
sprinting split times across the intervention), the NHE group 
were 3.7% and 2.0% faster over 5 m and 10 m at the end of 
pre- season, respectively. When considering the data from the 
current study in a sporting context, this means that an average 
participant from the NHE group may gain a 15 to 20 cm advan-
tage across 5 m to 10 m when competing against a FLY group 
participant. In football, this may be a crucial advantage that can 
assist the athlete bettering their opponent in contests during a 
match.30 The improvement in sprinting times seen in the NHE 
group may also assist practitioners with the prescription of the 
exercise intervention within a high- performance setting where 
balancing injury prevention with performance improvements is 
a key component of the role.32

Recently, there has been a progression from simply mea-
suring sprinting split times during maximal efforts, to under-
standing the athletic properties by which sprinting ability can 
improve.14,15 These properties include maximal horizontal 
force, velocity, and power which can all be assessed by analyz-
ing an athlete's force- velocity profile during a maximal sprinting 
effort.14,15 In the current study, we profiled the force- velocity 
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properties of all the participants during a maximal sprinting test 
at the beginning of the study, the end of pre- season, and at the 
end of the intervention. Following the pre- season period, the 
participants in the FLY group had a 3.4% (~0.30 m/s) improve-
ment in maximal velocity, which was subsequently reduced 
by the end of the intervention by 5.3% when compared to the 
end of pre- season (~1.08  m/s). However, despite the reduc-
tion in maximal velocity across the in- season period, the FLY 
group saw a significant 9.7% improvement in maximal hori-
zontal force production across the same period. When consid-
ering that the hip extensor muscles play a crucial role in the 
production of horizontal force,33 a training intervention using 
a hip extension movement (such as the hip- dominant inertial 
flywheel device) may promote more favorable outcomes than 
an intervention which implemented a knee flexion action (such 
as the NHE). Additionally, training utilizing heavy sled tow-
ing interventions, which also incorporate hip extension,34 have 
been shown to improve horizontal force production, without 
concomitant increases in maximal velocity. Therefore, while 
the FLY group showed no improvements in sprinting split time, 
they did manage to alter key components of their force- velocity 
profiles throughout the intervention, indicating the importance 
of considering these variables when assessing sprint perfor-
mance.15 The lack of change in force- velocity properties in the 
NHE group despite a 3.5% improvement in 5 m sprinting split 
time further supports this and suggests that high- performance 
programs should consider these assessments periodically in 
their athletes.

There are limitations associated with the current study. 
Firstly, the measure of fascicle length is an estimation made 
from a validated equation.25 This is due to the small trans-
ducer field of view being unable to capture an entire BFlh 
fascicle. However, while the results are still an estimation, 
the methodology and equation employed have been validated 
against cadaveric samples and show excellent agreement 
between dissection and estimation methods.25 While recent 
work 35 has suggested that the current technique used for es-
timating BFlh fascicle length contains errors when compared 
to extended field of view (EFOV) ultrasound assessments, 
it should be noted that EFOV assessment of BFlh fascicle 
length has never been validated against cadaveric data. Given 
the automation algorithms used to reconstruct EFOV archi-
tecture scans, and the error associated with this reconstruc-
tion, is typically unspecified, the lack of agreement between 
these two techniques is not indicative of one approach being 
superior over the other. Therefore, given the existence of data 
comparing cadaveric tissue with the current technique of esti-
mating fascicle length, we believe this to be a valid and robust 
approach. Secondly, there was no control group, and there-
fore, we are unable to determine the impact of just football 
training on these outcome measures. However, the lack of 
changes in IMTP and kBox performance variables across pre- 
season (which is a period that is designed to improve strength) 

indicates that the impact of football only training on lower 
limb strength may be limited in the current cohort. Thirdly, 
the training prescription was not based on a percentage of 
a repetition maximum. The intervention was designed to be 
transferrable to practice, and as such, the external resistance 
(weight held for the NHE group or moment of inertia for the 
FLY group) was the same for all participants in each group. 
Finally, on- field training and exposure to maximum velocity 
during matches and training may impact the extent of BFlh 
fascicle length and eccentric strength changes. Undertaking 
research in an applied environment will always have these as-
sociated limitations; however, the contextual relevance of the 
data is of great benefit to practitioners. Additionally, we did 
collect and assess if the high velocity running exposures were 
not significantly skewed to one group over the other across 
the training intervention. Despite this, future research should 
aim to determine the impact of football- specific training and 
matches on BFlh fascicle length and eccentric strength.

In conclusion, both NHE and hip- dominant flywheel train-
ing appeared to produce significant improvements in eccen-
tric strength and elongated BFlh fascicle length in Australian 
Rules Footballers. These changes were noted during both 
pre- season and in- season periods. Additionally, undertaking 
bi- weekly NHE training during pre- season led to improved 
acceleration capacity (5 m sprint time). Notably also, under-
taking hip- dominant flywheel intervention was suggested 
to result in gains in maximal sprint velocity and horizontal 
force production, which happened to occur without measur-
able changes in 5 m split times. These results provide novel 
insight into the effect of either a knee or hip- dominant inter-
vention on a range of lower limb strength and architectural 
variables in trained athletes.

5 |  PERSPECTIVE

Despite the evidence supporting the use of the NHE as an 
effective tool in reducing the incidence of HSIs, the success-
ful implementation of the exercise within professional sport 
is limited. There is also no evidence regarding the sprinting, 
strength and architectural adaptations in professional athletes 
to an NHE intervention. Due to the poor uptake of the NHE 
within professional sport, alternative exercises such as those 
using inertial flywheels have been suggested. However, it is 
unknown if these exercises promote any favorable adaptations 
in professional athletes. This study shows that a hip- dominant 
inertial flywheel training intervention is as effective as the 
NHE at limiting HSI rates and improving eccentric strength 
and BFlh fascicle length in high- level athletes. However, an 
NHE intervention in athletes can significantly improve 5 m 
sprint time and assist individuals in being faster over 10 m 
when compared to a hip- dominant inertial flywheel. Despite 
not improving sprint times, a hip- dominant inertial flywheel 
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intervention can improve estimated maximum sprint velocity 
and horizontal force production. This study has a high level 
of ecological significance and therefore has implications for 
hamstring injury prevention programs that are to be under-
taken in a practical setting that also need to consider potential 
performance benefits of their interventions.

ACKNOWLEDGMENTS
The research team received the kBox inertial flywheel device 
complimentary from the manufacturers Exxentric. However, 
no author has an affiliation with Exxentric.

CONFLICT OF INTEREST
A co- author of this paper, David Opar, is listed as a coinven-
tor on a patent filed for a field test of eccentric knee flexor 
strength (PCT/AU2012/001041.2012), while also being a 
minority shareholder in a company (Vald Performance) that 
commercializes the device. David Opar is also the Chair of 
the Vald Performance Research Committee (a role which is 
unpaid). A co- author of this paper, Joshua Ruddy, has recently 
obtained employment with Vald Performance who manufac-
ture the Nordbord. However, Dr Ruddy was not employed by 
Vald Performance during the completion of this study.

DATA AVAILABILITY STATEMENT
Research data are not shared.

ORCID
Ryan G. Timmins   https://orcid.org/0000-0003-4964-1848 
Jack T. Hickey   https://orcid.org/0000-0003-2764-698X 
Nirav Maniar   https://orcid.org/0000-0002-6180-6003 
David A. Opar   https://orcid.org/0000-0002-8354-6353 

REFERENCES
 1. Orchard JW, Seward H, Orchard JJ. Results of 2 decades of injury 

surveillance and public release of data in the Australian Football 
League. Am J Sports Med. 2013;41(4):734- 741.

 2. Hickey J, Shield AJ, Williams MD, Opar DA. The financial cost 
of hamstring strain injuries in the Australian Football League. Br J 
Sports Med. 2014;48(8):729- 730.

 3. Timmins RG, Bourne MN, Shield AJ, Williams MD, Lorenzen 
C, Opar DA. Short biceps femoris fascicles and eccentric knee 
flexor weakness increase the risk of hamstring injury in elite 
football (soccer): a prospective cohort study. Br J Sports Med. 
2016;50(24):1524- 1535.

 4. Ruddy JD, Shield AJ, Maniar N, et al. Predictive Modeling of 
Hamstring Strain Injuries in Elite Australian Footballers. Med Sci 
Sports Exerc. 2018;50(5):906- 914.

 5. Opar DA, Williams MD, Timmins RG, Hickey J, Duhig SJ, 
Shield AJ. Eccentric hamstring strength and hamstring in-
jury risk in Australian footballers. Med Sci Sports Exerc. 
2015;47(4):857- 865.

 6. Timmins RG, Ruddy JD, Presland J, et al. Architectural Changes 
of the Biceps Femoris Long Head after Concentric or Eccentric 
Training. Med Sci Sports Exerc. 2016;48(3):499- 508.

 7. Bourne MN, Duhig SJ, Timmins RG, et al. Impact of the Nordic 
hamstring and hip extension exercises on hamstring architecture 
and morphology: implications for injury prevention. Br J Sports 
Med. 2017;51(5):469- 477.

 8. Ishoi L, Holmich P, Aagaard P, Thorborg K, Bandholm T, Serner 
A. Effects of the Nordic Hamstring exercise on sprint capacity in 
male football players: a randomized controlled trial. J Sports Sci. 
2018;36(14):1663- 1672.

 9. Lacome M, Avrillon S, Cholley Y, Simpson BM, Guilhem 
G, Buchheit M. Hamstring Eccentric Strengthening Program: 
Does Training Volume Matter? Int J Sports Physiol Perform. 
2020;15:81- 90.

 10. Bahr R, Thorborg K, Ekstrand J. Evidence- based hamstring injury 
prevention is not adopted by the majority of Champions League or 
Norwegian Premier League football teams: the Nordic Hamstring 
survey. Br J Sports Med. 2015;49(22):1466- 1471.

 11. Petersen J, Thorborg K, Nielsen MB, Budtz- Jorgensen E, Holmich 
P. Preventive effect of eccentric training on acute hamstring inju-
ries in men's soccer: a cluster- randomized controlled trial. Am J 
Sports Med. 2011;39(11):2296- 2303.

 12. van der Horst N, Smits DW, Petersen J, Goedhart EA, Backx 
FJ. The Preventive Effect of the Nordic Hamstring Exercise on 
Hamstring Injuries in Amateur Soccer Players: A Randomized 
Controlled Trial. Am J Sports Med. 2015;43(6):1316- 1323.

 13. Ekstrand J, Hagglund M, Kristenson K, Magnusson H, Walden M. 
Fewer ligament injuries but no preventive effect on muscle injuries 
and severe injuries: an 11- year follow- up of the UEFA Champions 
League injury study. Br J Sports Med. 2013;47(12):732- 737.

 14. Samozino P, Rabita G, Dorel S, et al. A simple method for measur-
ing power, force, velocity properties, and mechanical effectiveness 
in sprint running. Scand J Med Sci Sports. 2016;26(6):648- 658.

 15. Morin JB, Samozino P. Interpreting Power- Force- Velocity Profiles 
for Individualized and Specific Training. Int J Sports Physiol 
Perform. 2016;11(2):267- 272.

 16. Askling C, Karlsson J, Thorstensson A. Hamstring injury occur-
rence in elite soccer players after preseason strength training with 
eccentric overload. Scand J Med Sci Sports. 2003;13(4): 244- 250.

 17. Presland JD, Opar DA, Williams MD, et al. Hamstring strength 
and architectural adaptations following inertial flywheel resistance 
training. J Sci Med Sport. 2020;23(11):1093- 1099.

 18. Weakley J, Fernandez- Valdes B, Thomas L, Ramirez- Lopez 
C, Jones B. Criterion Validity of Force and Power Outputs for 
a Commonly Used Flywheel Resistance Training Device and 
Bluetooth App. J Strength Cond Res. 2019;33(5):1180- 1184.

 19. Tofari PJ, Kemp JG, Cormack SJ. Measuring the response to 
simulated fixture congestion in soccer. Sci and Med in Football. 
2020;4(4):293- 304.

 20. Tofari PJ, Kemp JG, Cormack SJ. Self- Paced Team- Sport Match 
Simulation Results in Reductions in Voluntary Activation and 
Modifications to Biological, Perceptual, and Performance 
Measures at Halftime and for up to 96 Hours Postmatch. J Strength 
Cond Res. 2018;32(12):3552- 3563.

 21. Pollard CW, Opar DA, Williams MD, Bourne MN, Timmins RG. 
Razor hamstring curl and Nordic hamstring exercise architectural 
adaptations: Impact of exercise selection and intensity. Scand J 
Med Sci Sports. 2019;29(5):706- 715.

 22. Timmins RG, Bourne MN, Hickey JT, et al. Effect of Prior 
Injury on Changes to Biceps Femoris Architecture across an 
Australian Football League Season. Med Sci Sports Exerc. 
2017;49(10):2102- 2109.

 16000838, 2021, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.13941 by M
aynooth U

niversity, W
iley O

nline L
ibrary on [12/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0003-4964-1848
https://orcid.org/0000-0003-4964-1848
https://orcid.org/0000-0003-2764-698X
https://orcid.org/0000-0003-2764-698X
https://orcid.org/0000-0002-6180-6003
https://orcid.org/0000-0002-6180-6003
https://orcid.org/0000-0002-8354-6353
https://orcid.org/0000-0002-8354-6353


   | 1289TIMMINS eT al.

 23. Timmins RG, Bourne MN, Shield AJ, Williams MD, Lorenzen C, 
Opar DA. Biceps Femoris Architecture and Strength in Athletes 
with a Previous Anterior Cruciate Ligament Reconstruction. Med 
Sci Sports Exerc. 2016;48(3):337- 345.

 24. Timmins RG, Shield AJ, Williams MD, Lorenzen C, Opar DA. 
Biceps femoris long head architecture: a reliability and retrospec-
tive injury study. Med Sci Sports Exerc. 2015;47(5):905- 913.

 25. Kellis E, Galanis N, Natsis K, Kapetanos G. Validity of ar-
chitectural properties of the hamstring muscles: correlation 
of ultrasound findings with cadaveric dissection. J Biomech. 
2009;42(15):2549- 2554.

 26. Presland JD, Timmins RG, Bourne MN, Williams MD, Opar DA. 
The effect of Nordic hamstring exercise training volume on bi-
ceps femoris long head architectural adaptation. Scand J Med Sci 
Sports. 2018;28(7):1775- 1783.

 27. Fernandez- Gonzalo R, Tesch PA, Linnehan RM, et al. Individual 
Muscle use in Hamstring Exercises by Soccer Players Assessed 
using Functional MRI. Int J Sports Med. 2016;37(7):559- 564.

 28. Bourne MN, Williams MD, Opar DA, Al Najjar A, Kerr GK, 
Shield AJ. Impact of exercise selection on hamstring muscle acti-
vation. Br J Sports Med. 2017;51(13):1021- 1028.

 29. Burgess D, Naughton G, Norton K. Quantifying the gap between 
under 18 and senior AFL football: 2003– 2009. Int J Sports Physiol 
Perform. 2012;7(1):53- 58.

 30. Wisbey B, Montgomery PG, Pyne DB, Rattray B. Quantifying 
movement demands of AFL football using GPS tracking. J Sci 
Med Sport. 2010;13(5):531- 536.

 31. Schimpchen J, Skorski S, Nopp S, Meyer T. Are, "classical" tests 
of repeated- sprint ability in football externally valid? A new ap-
proach to determine in- game sprinting behaviour in elite football 
players. J Sports Sci. 2016;34(6):519- 526.

 32. Gabbett TJ, Whiteley R. Two Training- Load Paradoxes: Can We 
Work Harder and Smarter, Can Physical Preparation and Medical 
Be Teammates? Int J Sports Physiol Perform. 2017;12(Suppl 
2):S250- S254.

 33. Edouard P, Mendiguchia J, Lahti J, et al. Sprint Acceleration 
Mechanics in Fatigue Conditions: Compensatory Role of Gluteal 
Muscles in Horizontal Force Production and Potential Protection 
of Hamstring Muscles. Front Physiol. 2018;9:1706.

 34. Morin JB, Petrakos G, Jimenez- Reyes P, Brown SR, Samozino P, 
Cross MR. Very- Heavy Sled Training for Improving Horizontal- 
Force Output in Soccer Players. Int J Sports Physiol Perform. 
2017;12(6):840- 844.

 35. Franchi MV, Fitze DP, Raiteri BJ, Hahn D, Sporri J. Ultrasound- 
derived Biceps Femoris Long Head Fascicle Length: Extrapolation 
Pitfalls. Med Sci Sports Exerc. 2020;52(1):233- 243.

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: Timmins RG, Filopoulos D, 
Nguyen V, et al. Sprinting, Strength, and Architectural 
Adaptations Following Hamstring Training in 
Australian Footballers. Scand J Med Sci Sports. 
2021;31:1276–1289. https://doi.org/10.1111/sms.13941

 16000838, 2021, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.13941 by M
aynooth U

niversity, W
iley O

nline L
ibrary on [12/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/sms.13941

