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Objectives:  To investigate  the  architectural  and  strength  adaptations  of  the hamstrings  following  6-weeks
of  inertial  flywheel  resistance  training.
Design:  Randomised,  stratified  training  intervention
Methods: Twenty  healthy  males  undertook  6-weeks  of  a conventional  (n =  10)  or  eccentrically  biased
(n  =  10)  flywheel  leg-curl  training  intervention  as  well  as  a subsequent  4-week  detraining  period.  Biceps
femoris  long  head  (BFlh)  architecture  was  assessed  weekly,  whilst  assessments  of  eccentric  and  isometric
knee  flexor  strength  and  rate  of  force  development  (RFD)  were  conducted  prior  to  and  following  the
intervention  and  detraining  periods.
Results:  The  participants  who  undertook  the  eccentrically  biased  flywheel  intervention  showed  a  sig-
nificant  14  ± 5%  (p < 0.001,  d = 1.98)  increase  in BFlh  fascicle  length  after 6-weeks  of  training.  These
improvements  in fascicle  length  subsequently  declined  by 13 ± 4%  (p  < 0.001.  d=-2.04)  following  the 4-
week  detraining  period.  The  conventional  flywheel  leg-curl  training  group  saw  no changes  in BFlh  fascicle
length  after  the  intervention  (-0.5%±0.8%,  p = 0.939,  d=-0.04)  or detraining  (-1.1%±1%,  p  = 0.984,  d=-0.03)
periods.  Both  groups  saw  no changes  in any  of  the  strength  or RFD  variables  after  the  intervention  or  the
detraining  period.
Conclusions:  Flywheel  leg-curl  training  performed  with  an  eccentric  bias  led  to  significant  lengthening

of  BFlh  fascicles  without  a change  in  RFD,  eccentric  or isometric  strength.  These  increases  in fascicle
length  were  lost  following  a  4-week  detraining  period.  Conventional  flywheel  leg-curl  training  resulted
in  no  changes  in  fascicle  length,  strength  and  RFD.  These  findings  suggest  that  additional  eccentric  bias  is
required  during  inertial  flywheel  resistance  training  to  promote  fascicle  lengthening  in the BFlh,  however
this  may  still  be  insufficient  to cause  alterations  to  strength  and  RFD.

© 2020  Sports  Medicine  Australia.  Published  by  Elsevier  Ltd.  All  rights  reserved.
ractical Implications

The consistent provision of eccentric loading is important for the
maintenance of architectural adaptations following flywheel leg-
curl training with an additional eccentric-bias.
Architectural adaptations can occur irrespective of alterations in

strength. Therefore, the measuring of structure must be consid-
ered alongside strength assessments.

∗ Corresponding author.
E-mail address: Ryan.Timmins@acu.edu.au (R.G. Timmins).
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• Flywheel leg-curl training with an additional eccentric-bias may
be a useful option in hamstring strain injury prevention pro-
grams.

1. Introduction

Hamstring strain injuries (HSIs) are the most common injury
in sports such as soccer,1 carrying a high cost to both the athlete
and sporting organization.2 Of these injuries the most com-

monly injured muscle is the biceps femoris long head (BFlh)
which accounts for ∼80% of all HSIs.3 Despite significant research
attention on identifying risk factors for HSI3,4 incidence has not
decreased.5

d.
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Of the factors identified to increase the risk of a future HSI, vari-
bles that can be modified through interventions are of interest.
wo such variables are low levels of eccentric knee flexor strength4

nd short BFlh fascicle length,3 which have been shown to increase
he risk of HSI in professional soccer players3. In addition, legs
ith a history of HSI display deficits in not only eccentric knee
exor strength and BFlh fascicle length but also isometric knee
exor strength and rate of force development (RFD) when com-
ared with the contralateral uninjured leg.6–8 Deficits in isometric
nee flexor strength have been shown to elevate risk of re-injury if
resent at the completion of HSI rehabilitation,9 while RFD is con-
idered important for sports performance.10 The combination of
hese findings suggests a need to identify interventions capable of
ltering these variables, which could be applied to HSI prevention
nd rehabilitation practices.

Strength training interventions employing the Nordic hamstring
xercise (NHE) have been shown to promote positive adaptations
o eccentric knee flexor strength and BFlh fascicle length,11,12 as
ell as preventing first time and recurrent HSIs.13 Despite its

ffectiveness, the NHE is underutilized in elite soccer with only
1% of surveyed UEFA football teams claiming to implement the
esearch-based programs.14 Inertial flywheel resistance training is
n alternative mode of strength training which enables an empha-
is on the eccentric portion of an exercise which has been shown
o increase strength15 and vastus lateralis fascicle length.16 Using

 leg-curl inertial flywheel training intervention, Askling and col-
eagues found significant improvements in isokinetic eccentric
nee flexor strength as well as a reduced number of HSIs in elite
occer players.15 However, these previous studies have employed

 conventional resistance training approach with both legs per-
orming the concentric and eccentric phases of the movement. An
lternative approach yet to be explored is the addition of a greater
ccentric bias by having two legs complete the concentric phase,
ith only one leg undertaking the eccentric portion. Further to this,
odifications in isometric knee flexor strength and RFD, eccentric

trength (measured during the NHE) and BFlh fascicle length fol-
owing an inertial flywheel leg-curl training intervention are yet to
e investigated.

Therefore, the primary aim of this study was to determine BFlh
rchitectural, knee flexor strength and RFD adaptations following a
eriod of inertial flywheel leg-curl resistance training using either

 conventional or eccentrically biased approach. Further, this study
imed to determine the time course of the BFlh architectural adap-
ations across a 6-week training intervention and a subsequent
etraining period. It was hypothesized that 6-weeks of inertial fly-
heel resistance training with an additional eccentric-bias (using

wo legs concentrically and only one eccentrically) would result
n significant increases in BFlh fascicle length, knee flexor strength
nd RFD. In conte, 6-weeks of inertial flywheel resistance training
ith a conventional prescription (one leg for both concentric and

ccentric phases), was hypothesised to result in no alterations in
ascicle length or any measures of strength or RFD.

. Methods

Twenty recreationally active males (age 27.8 ± 5.3 yrs; height
78.4 ± 7.7 cm;  body mass 80.0 ± 10.7 kg) with no history of lower

imb injury in the previous 36 months were recruited to participate.
ll participants had recreational resistance training experience,
ith no previous exposure to inertial flywheel devices. All partic-

pants provided written informed consent prior to participation.

thical approval was granted by the University’s Human Research
thics Committee (ethical approval number 2016-139 H).

Participants completed a familiarisation session on both the
trength training and testing apparatus no less than seven days
edicine in Sport 23 (2020) 1093–1099

prior to their initial assessment taking place. Assessment of BFlh
architecture was undertaken during this familiarisation session to
pair participants based on their fascicle length and randomly assign
them to one of two training groups. The second visit involved base-
line strength testing, which consisted of an assessment of eccentric
strength during the NHE as well as maximal isometric knee flexor
strength and RFD. At baseline, as well as after the intervention and
detraining periods, strength testing was  undertaken in a random-
ized fashion to limit order bias with these assessments. Following
this, all participants undertook their first training session of the
6-week inertial flywheel resistance training intervention. In a ran-
domly selected leg (matched to the training leg in the opposite
group based on fascicle length), one group (n = 10) performed uni-
lateral training (CONV) on the flywheel with their opposite leg
acting as a non-exercising control leg. The other group (n = 10) per-
formed flywheel training with an additional eccentric-bias (ECC).
This required participants to perform the concentric phase with
both legs but only using one leg when undertaking the eccentric
portion. The same leg was  used throughout the intervention for
the eccentric phase, with the contralateral leg completing the con-
centric phase only. Architecture of the BFlh was assessed prior
to the first session of each week as well as at the completion
of the training and 4-week detraining periods. Participants also
rated their posterior thigh soreness at the start of the first ses-
sion of each week with the aid of a visual analogue scale (0 = no
soreness, 10=unbearable soreness)12. Measures of eccentric and
isometric strength as well as RFD were retested following the
intervention and detraining periods. For the duration of the study
participants were asked to maintain habitual activity levels and
refrain from performing resistance training involving the ham-
strings.

Architectural characteristics of the BFlh were assessed using
previously published methodology.8 Briefly, two-dimensional, B-
mode ultrasonography (frequency, 12 MHz; depth, 8 cm; field of
view, 14 × 47 mm)  (GE Healthcare Vivid-I, Wauwatosa) images
were captured along the longitudinal axis of the BFlh. All imag-
ing was  undertaken in a prone position with a neutral knee and hip
after being inactive for at least 5 minutes.

All architectural assessments and analyses were completed
by the same experienced assessor with established reliability,8

who was blinded to participant ID, group and time. All analyses
of ultrasound images were completed offline (MicroDicom, Ver-
sion 0.7.8, Bulgaria). Muscle thickness was  defined as the distance
between superficial and intermediate aponeuroses of the BFlh. Pen-
nation angle was determined by outlining and marking a fascicle
of interest on a given image and measuring the angle between this
and the intermediate aponeurosis. Aponeurosis angle (superficial
and intermediate) was defined as the angle between the marked
aponeuroses and a line which intersected horizontally across the
image, with the positive difference between the two being used
for the analysis. Given entire fascicles were not visible in the linear
array probe’s field of view, fascicle length was estimated using a
validated equation17:

FL = sin (AA + 90◦) × MT ÷ sin (180◦ − (AA + 180◦ − PA))

Where FL= fascicle length, AA= aponeurosis angle, MT=  muscle
thickness and PA=pennation angle. The extrapolation measure and
equation, whilst first used in quadriceps,17 has been validated
against cadaveric BFlh tissue and as such is considered a robust
method of estimating fascicle length.18

Maximal isometric knee flexor strength and RFD were assessed

before and after the 6-week intervention as well as following the
4-week detraining period. All isometric strength testing was com-
pleted on a custom-built apparatus with established reliability.6

This device consisted of 2 adjustable ratchet straps hanging in
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Table 1
Flywheel leg-curl training intervention variables.

Week Frequency
(sessions/week)

Sets Repetitions Total weekly
repetitions

1 2 4 6 48
2  2 4 6 48
3  2 5 6 60
4  2 5 8 80
J.D. Presland et al. / Journal of Science a

arallel from a power cage, with a wired load cell (MLP-750;
ransducer Techniques, LLC,Temecula, CA) and heel strap attached
n-series with each strap. Testing consisted of unilateral, maximal
sometric knee flexor contractions with the hip and knee joints at
0◦ of flexion whilst laying supine. To prevent excessive movement
f the pelvis and trunk an additional strap was  secured immedi-
tely inferior to both anterior superior iliac spines. Prior to the
aximal assessment participants performed 3 submaximal con-

ractions at 50, 75 and 95% of their perceived maximal effort.
ollowing this, participants were asked to complete three maxi-
al  contractions (separated by 30 seconds) by pushing their heel

ownwards, without countermovement, as hard and fast as possi-
le. To prevent order effects the first leg to be tested was  randomly
elected.

Maximal isometric knee flexor strength was  defined as the
ighest force recorded of the three repetitions, corrected for limb
eight.6 Peak RFD (N/s) was determined using the repetition with

he greatest increase in force over a moving 200-millisecond win-
ow from contraction onset (increase in resting force of ≥4 N)6. To

dentify the onset of contraction data were low-pass filtered (10 Hz)
sing a zero-lag, fourth order Butterworth filter.

Eccentric strength was assessed using an NHE field testing
evice (NordBord, Vald Performance, Queensland, Australia).19

articipants were instructed to kneel on the device while the inves-
igator secured the ankle braces superior to the lateral malleolus. In
his kneeling position participants were to either cross their arms
ver their chest (if no additional load was required) or to hold a
eight centered over the xyphoid process, keeping their hips in

 position of full extension throughout the movement. Only the
ccentric phase of the NHE was completed. Participants first com-
leted a standard warm up protocol consisting of one repetition
t each of 50, 75 and 95% of their perceived maximal effort at
odyweight. Following this, participants completed one set of three
aximal NHE repetitions at bodyweight. To ensure testing was

upramaximal, participants observed to have sufficient strength to
ontrol the descent of their bodyweight (within 10-15◦ from full
nee extension) were required to perform additional repetitions
ith added weight in increments of 2.5 kg until the force recorded
o longer increased by more than 5% (akin to a one-repetition max-

mum test). Following the intervention and the detraining periods,
ll participants undertook one set of three bodyweight efforts, as
ell as the incremental load assessment (if required). This was  to

nsure both a bodyweight and a supramaximal measure was  deter-
ined for all time points. Data reported for eccentric strength was

he peak force value (in Newtons), recorded during each testing
ime point, irrespective if it was completed with bodyweight or
ith additional load.

The training intervention was performed using the nHANCE leg
url inertial flywheel ergometer (YoYo Technology AB, Stockholm,
weden). The CONV group performed unilateral training where the
andomly selected leg performed both the concentric and eccen-
ric phase (Supplementary Video 1). The ECC group performed the
raining with an eccentric bias to one leg (Supplementary Video
). Previous investigations using an inertial flywheel leg-curl have
sed a bilateral variation (two legs up and two  legs down), with
oment of inertia equaling 0.1 kg.m.15 As the CONV group under-

ook the intervention with only one leg, this was  halved, with
.05 kg.m being used throughout their program. The ECC group
rained with a moment of inertia equaling 0.1 kg.m as per previous
ork.15 During each training session participants were instructed

o perform the concentric phase of each repetition as hard and fast
s possible whilst attempting to stop the descent of the flywheel

rm within the final portion of the eccentric phase and then initiat-
ng the next repetition.15 The flywheel arm and participant position

ere modified to ensure the knee axis of rotation aligned with the
ever arms fulcrum, with the ankle pads being placed superior to
5  2 6 8 96
6  2 5 6 60

the lateral malleolus. Training was preceded by a warm up set con-
sisting of six submaximal repetitions. The training volume for both
groups can be found in Table 1.

All statistical analyses were performed using JMP  V.11.01 Pro
Statistical Discovery Software (SAS Inc., Cary, North Carolina, USA).
Normal distribution of the data was  tested using Shapiro-Wilk’s
analyses. To compare interventions, change in strength and archi-
tectural measures were independently analysed from baseline to
the end of the intervention using a linear mixed model fitted with
the restricted maximum likelihood method (REML). Factors were
group (ECC or CONV) and leg (ECC group: eccentrically biased or
concentric only, CONV group: training or control) and baseline
score (covariate), with participant as the random factor. To assess
the detraining effect, change from baseline measures of strength
and architecture to end of study were analysed. Where significant
main or interaction effects were detected, post-hoc t tests were
applied to identify where differences occurred. Significance was
set at p < 0.05 for all analyses. Where appropriate, Cohen’s d effect
sizes,20 classified as small (d ≥ 0.20), moderate (d ≥ 50), and large
(d ≥ 0.80), were also reported.

Calculations of sample size were performed a-priori using
G*Power, version 3.1.9.2. These calculations were made based on
estimated changes in fascicle length following the intervention. The
effect size utilized was  set at half of the most conservative effect
available in relevant literature, where a 16% increase in BFlh fasci-
cle length was shown following 6-weeks of eccentric knee flexor
training (d = 2.5). Therefore, with an effect size of 1.25, power set
at 80% and an alpha level of <0.05, a sample size of 10 participants
per group was deemed to be sufficient.

3. Results

The physical characteristics between the ECC (age 29.2 ± 6.2 yr;
height 176.9 ± 9.0 cm;  mass 78.5 ± 7.2 kg) and CONV (age
26.4 ± 4.1 yr; height 179.6 ± 6.4 cm;  mass 81.5 ± 13.5 kg) groups
were not different (p ≥ 0.255, d ≤0.58). Compliance was also
acceptable for the ECC group who completed 118/120 training
sessions (98.3% compliance), and the CONV group who completed
119/120 sessions (99.2% compliance).

A leg x group interaction was found for change in BFlh fasci-
cle length (p = 0.002). Evidence of fascicle lengthening was only
observed for the eccentrically trained leg of the ECC group. In
this leg fascicle length increased 1.4 cm more than the contralat-
eral concentric only leg (95%CI = 0.8 to 2.1 cm,  p < 0.001, d = 1.72;
Fig. 1, Supp Table 1), 1.4 cm more than the conventionally trained
leg (95%CI = 0.7 to 2.0 cm,  p < 0.001, d = 1.60) and 1.2 cm more than
the control leg of the CONV group (95%CI = 0.5 to 1.8 cm, p < 0.001,
d = 1.78). Baseline scores were negatively related (-0.51, SE=±0.17,
p = 0.006) to the magnitude of lengthening observed.

Following detraining, fascicle lengths were no different (group
main effect p = 0.933; limb main effect p = 0.693; group by limb

interaction p = 0.719); when controlled for baseline measures. The
differences following the detraining period compared to base-
line in the eccentrically trained leg were 0.12 cm more when
compared to the contralateral concentric only leg (95%CI=-0.35
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Fig. 1. Biceps femoris long head architectural characteristics throughout the intervention and after the detraining period. A = fascicle length for the training leg in the CONV
group,  B = fascicle length for the control leg in the CONV group, C = fascicle length for the training leg in the ECC group, D = fascicle length for the non-training leg in the ECC
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CC  group, H = pennation angle for the non-training leg in the ECC group, I = muscle
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o 0.61 cm,  p = 0.582, d = 0.21); 0.08 cm more when compared
o control leg in the CONV group (95%CI=-0.41 to 0.58 cm,

 = 0.739, d = 0.14); and 0.08 cm more when compared to the train-
ng leg in the CONV group (95%CI=-0.41 to 0.56 cm,  p = 0.752,

 = 0.15).
Some evidence that eccentrically biased training decreased BFlh

ennation angle was found (leg x group interaction p = 0.007).
hen the change from baseline to the end of the intervention
easures of pennation angle were assessed reductions in the

ccentrically trained leg were: 1.9◦ (95%CI = 0.7 to 3.1◦, p = 0.005,
=-0.95) less than the contralateral concentric only leg; 1.8◦

95%CI = 0.4 to 3.2◦, p = 0.014, d=-0.63) less than the training leg
n the CONV group; and trivial (1.1◦, 95%CI=-0.3 to 2.5, p = 0.129,
=-0.19) compared to CONV control leg. No association was  found
etween baseline pennation angle and change in pennation angle
s a result of the intervention (p = 0.268).

When change in pennation angle measures from baseline to end
f the detraining period were compared, no group by leg interac-
ion (p = 0.316) was observed, suggesting the changes as a result of
ccentric training had returned to baseline.

Muscle thickness remained constant throughout the study.

here were no significant leg x group interactions for the interven-
ion (p = 0.565) and detraining periods (p = 0.125) found. Therefore,
o post-hoc tests were undertaken.
r the control leg in the CONV group, G = pennation angle for the training leg in the
ness for the training leg in the CONV group, J = muscle thickness for the control leg
hickness for the non-training leg in the ECC group.

There were no significant increases in eccentric following the
intervention. Whilst not significantly different across the groups
or legs (leg x group interaction p = 0.754), the eccentrically biased
training leg in the ECC group had a 33 N increase after the inter-
vention (95%CI= -3to 68 N, p = 0.329, d = 0.33; Fig. 2, Supp Table
2). The other legs also saw non-significant increases in eccentric
strength following the intervention with the contralateral concen-
tric only leg in the ECC group improving by 43 N (95%CI= -15 to
71 N, p = 0.198, d = 0.46), the training leg of the CONV group increas-
ing by 37 N (95%CI= -14 to 88 N, p = 0.171, d = 0.52) and the control
leg of the CONV group getting stronger by 46 N (95%CI= -1 to 94 N,
p = 0.125, d = 0.61).

After the detraining period, eccentric strength showed no sig-
nificant change. Leg x group interactions were not significant
(p = 0.853). Comparing the changes in strength after the detraining
period with baseline measures, the differences were: eccentrically
biased leg in the ECC group = 22 N (95%CI= -1to 45 N, p = 0.746,
d = 0.21), concentric only leg in the ECC group = 18 N (95%CI= -15
to 52 N, p = 0.460, d = 0.18), training leg in the CONV group = 43 N
(95%CI= -49 to 136 N, p = 0.852, d = 0.62) and the control leg of the
CONV group = 66 N (95%CI= -22 to 109 N, p = 0.580, d = 1.04).
For RFD, there were no interactions found for leg x group at any
time point across the intervention (p = 0.293) or detraining periods
(p = 0.625).
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Fig. 2. Measures of knee flexor rate of force development (RFD), eccentric and isometric strength assessed at the beginning and after the intervention and detraining periods.
A  = eccentric strength for the training leg in the CONV group, B = eccentric strength for the control leg in the CONV group, C = eccentric strength for the training leg in the ECC
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roup,  D = eccentric strength for the non-training leg in the ECC group, E = isometric
n  the CONV group, G = isometric strength for the training leg in the ECC group, H = i
he  CONV group, J = RFD for the control leg in the CONV group, K = RFD for the traini

For isometric strength, there were no interactions found for leg
 group at any time point across the intervention (p = 0.777) or
etraining periods (p = 0.211).

For posterior thigh soreness, there were no interactions found
or group x leg at any time point across the intervention or detrain-
ng periods (Supp Table 3). The maximum soreness value reported
n the ECC group was a 4 out of 10 and was reported at the start of
he second week of training. Whereas in the CONV group the high-
st was a 3 out of 10 and was reported at the start of the fifth week
f training.

. Discussion

This study is the first to investigate the effects of inertial flywheel
esistance training on BFlh architecture and knee flexor strength.
he novel findings of this study are: 1) 6-weeks of flywheel leg-curl
raining significantly lengthens BFlh fascicles only when performed
ith additional eccentric bias, 2) these alterations in fascicle length

ccur independent of significant eccentric or isometric strength
daptations and 3) the fascicle lengthening seen following flywheel
raining with an additional eccentric bias is lost after a 4-week

etraining period.

It has been proposed that the lengthening of BFlh fascicles may
artly explain the benefit of eccentric training interventions in
educing the risk of future HSI.11 Recent evidence has shown that
gth for the training leg in the CONV group, F = isometric strength for the control leg
ric strength for the non-training leg in the ECC group, I = RFD for the training leg in

 in the ECC group, L = RFD for the non-training leg in the ECC group.

prospectively, elite soccer players who possess short BFlh fasci-
cles (<10.56 cm)  at the start of pre-season are four times more
likely to suffer a HSI in the subsequent season,3 with a 74% reduc-
tion in injury risk for every 0.5 cm increase in fascicle length.
Whilst it is unknown if increases in BFlh fascicle length directly
reduce HSI risk, in the current study the participants who under-
took the eccentrically biased flywheel training increased their
fascicle lengths from 9.5 cm to 10.9 cm.  This, coupled with evi-
dence showing a reduction of HSI rates following eccentric training
interventions,13 adds weight to speculation that adaptations to
BFlh fascicle length may  contribute to reducing the likelihood of
a future HSI.

In the current study improvements in BFlh fascicle lengths were
only seen in the group which performed the flywheel training with
an eccentric bias, but not in the CONV group. The CONV group
undertook a single leg variation of the typical prescription of ham-
string flywheel training in the literature15,21. It is possible there
were hamstring architectural adaptations within the CONV group,
with evidence suggesting that knee-based flywheel efforts are more
biased towards the medial hamstrings and not the BFlh, which was
the only muscle measured in the current study.22 Therefore, the
added eccentric-bias experienced by the ECC group may  have been

required to promote architectural adaptations not seen in the BFlh
of the CONV group, but there may  still have been modifications
to the medial hamstring group, however, any undetected in the
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urrent study. Comparably, bodyweight NHE interventions have
een no increases in BFlh fascicle following a low volume train-
ng protocol23 and share a similar medially dominant recruitment
trategy.24 However, supramaximal NHE training programs (which
re progressively overloaded with additional weight) have shown
ignificant increases in BFlh fascicle length.11,12 Whilst the BFlh is
he most commonly injured of the hamstrings3 and the adaptations
hat may  reduce the likelihood of future injury in this muscle are of
nterest, more research is needed to understand the architectural
daptations of the medial hamstrings to these interventions and
hether the architecture of the medial hamstrings is associated
ith future HSI risk.

In the current study, baseline fascicle length was related with
he magnitude of change following training with an additional
ccentric-bias. To assist with the interpretation, let’s compare two
ypothetical individuals (A and B). Individual A started the training

ntervention with additional eccentric bias having a fascicle length
f 11 cm.  Individual B started the same intervention but had a 10 cm
ascicle. The findings of this study suggest that Individual A was
ikely to see an improvement in fascicle length that was  0.5 cm less
han what Individual B may  expect. In this example it is possible

 greater stimulus may  be required to promote improvements in
ndividual A, or that there may  be a ceiling effect regarding the
xtent of adaptation possible in fascicle length. These findings also
uggest that the programming of eccentric training should consider
he characteristics of each individual and one should not expect that
ll individual will respond the same to an identical stimulus.

The reduction in fascicle length seen after the period of detrain-
ng may  be of interest for hamstring injury prevention and
ehabilitation interventions. The shortening of fascicles after the
emoval of an eccentric stimulus is suggested to be the result
f shedding sarcomeres in-series,25 although this cannot be con-
rmed in the current investigation. As a result, following the
etraining period, it can be hypothesized that participants who
ee a shortening of their BFlh fascicles may  be more prone to
uscle damage during eccentric muscle actions (and potentially

ubsequent injury)25 compared to those with longer fascicles. Fur-
hermore, the decline in fascicle length after a period of detraining
ighlights the need for persistent eccentric stimuli to maintain
rchitectural adaptations and potentially offset the risk of future
SI.

Previous research has shown significant improvements in
ccentric and concentric, isokinetically derived measures of knee
exor strength following 10-weeks of hamstring flywheel training,

n elite soccer players.15 Conversely the current study found no
mprovements in isometric RFD, eccentric (measured during the
HE) or isometric peak force from a 6-week intervention in the

raining limbs of both groups. Additionally, the control limbs for
ach group showed non-significant changes in eccentric strength
f approximately 10% following the intervention. It is possible
hat neural adaptations in the control limbs across the training
ntervention may  have contributed to these changes. Despite this,

ithin the literature it is not consistent as to what alterations in
trength may  occur following inertial flywheel resistance training
nterventions.26 Some interventions have found large improve-

ents in strength following flywheel training21,27, however there
re others showing no significant changes.28,29 Therefore, the lack
f eccentric or isometric strength improvements in the current
tudy does align with a selection of the inertial flywheel training
iterature.28,29

The findings in this study highlight the possibility for mus-
le architecture to adapt in the absence of strength modifications.
hilst eccentric training programs have been shown to promote
ncreases in both eccentric strength and fascicle length,11,30 the
wo are not always synonymous with each other. This is the first
tudy to show increases in fascicle length independent to any
edicine in Sport 23 (2020) 1093–1099

strength alterations after a period of eccentric training. Evidence
does exist, however, showing shortening of fascicles after a period
of detraining, with no changes in eccentric strength.12,30 These find-
ings highlight the need to monitor both hamstring architectural
adaptations, as well as eccentric strength during periods of training,
detraining or offloading.

There are limitations in this study which should be considered.
Firstly, the measure of eccentric strength was a bilateral assess-
ment, whereas training was undertaken with unilateral variations.
However, the inclusion of the unilateral isometric strength assess-
ment was  intended to account for any effects that the bilateral
deficit may  have had in representing strength adaptations. Fur-
thermore, the assessment of eccentric strength was completed on
a practically applied, field testing device which has been shown
to indicate a level of risk associated with future HSI.3,4 Secondly,
the transducer field of view utilised in this study did not show
an entire BFlh fascicle, with the results being estimated using an
equation.17 Transducers with larger fields of view or panoramic
functions would be desirable, however such equipment and tech-
niques are not available in our laboratory. It should be noted that the
extrapolation technique and equation has been validated against
cadaveric tissues and as such is considered a robust way  of esti-
mating fascicle lengths.17 Furthermore, whilst ultrasound derived
measures of fascicle length are complicated by error, the asses-
sor used to collect the ultrasound images in the current study has
proven reliability.8 Finally, architectural assessments were only
completed on the BFlh and none of the other hamstring muscles. As
the BFlh is the most commonly injured of the hamstrings, under-
standing the architectural adaptations within it may  help better
inform injury prevention and rehabilitation practices.

5. Conclusions

Inertial flywheel resistance training, undertaken with an addi-
tional eccentric bias, promotes significant increases in BFlh fascicle
length without any alterations in RFD, eccentric or isometric
strength. The fascicle lengthening as a result of the flywheel training
with additional eccentric bias was lost following a 4-week detrain-
ing period. Comparably, conventional flywheel leg-curl training,
without an additional eccentric-bias, did not promote fascicle
lengthening and also did not modify RFD, eccentric or isometric
strength. These findings suggest that architectural adaptations can
occur without improvements in knee flexor strength and that fly-
wheel leg-curl training might be a beneficial tool in HSI prevention,
when employed with an eccentric bias.
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