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Abstract 1 
Objectives: To investigate the architectural and strength adaptations of the hamstrings following 6-2 

weeks of inertial flywheel resistance training. 3 

Design: Randomised, stratified training intervention 4 

Methods: Twenty healthy males undertook 6-weeks of a conventional (n=10) or eccentrically-biased 5 

(n=10) flywheel leg-curl training intervention as well as a subsequent 4-week detraining period. Biceps 6 

femoris long head (BFlh) architecture was assessed weekly, whilst assessments of eccentric and 7 

isometric knee flexor strength and rate of force development (RFD) was conducted prior to and 8 

following the intervention and detraining periods.  9 

Results: The participants who undertook the eccentrically-biased flywheel intervention showed a 10 

significant 14±5% (p<0.001, d=1.98) increase in BFlh fascicle length after 6-weeks of training. These 11 

improvements in fascicle length subsequently declined by 13±4% (p<0.001. d=-2.04) following the 4-12 

week detraining period. The conventional flywheel leg-curl training group saw no changes in BFlh 13 

fascicle length after the intervention (-0.5%±0.8%, p=0.939, d=-0.04) or detraining (-1.1%±1%, 14 

p=0.984, d=-0.03) periods. Both groups saw no changes in any of the strength or RFD variables after 15 

the intervention or the detraining period. 16 

Conclusions: Flywheel leg-curl training performed with an eccentric bias led to significant lengthening 17 

of BFlh fascicles without a change in RFD, eccentric or isometric strength. These increases in fascicle 18 

length were lost following a 4-week detraining period. Conventional flywheel leg-curl training resulted 19 

in no changes in fascicle length and strength. These findings suggest that additional eccentric bias is 20 

required during inertial flywheel resistance training to promote fascicle lengthening in the BFlh, 21 

however this may still be insufficient to cause alterations to strength and RFD.   22 

Keywords: fascicle length, ultrasound, hamstring injury, eccentric strength 23 

  24 
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Introduction 25 
Hamstring strain injuries (HSIs) are the most common injury in sports such as soccer1, carrying a high 26 

cost to both the athlete and sporting organization2. Of these injuries the most commonly injured muscle 27 

is the biceps femoris long head (BFlh) which accounts for ~80% of all HSIs3. However, despite 28 

significant attention on identifying risk factors for HSI3, 4 incidence has not decreased5.  29 

Of the factors identified to increase the risk of a future HSI variables that can be modified through 30 

interventions are of interest. Two such variables are low levels of eccentric knee flexor strength4 and 31 

short BFlh fascicle length3, which have been shown to increase risk of HSI in professional soccer 32 

players. In addition, legs with a history of HSI display deficits in not only eccentric knee flexor strength 33 

and BFlh fascicle length but also isometric knee flexor strength and rate of force development (RFD) 34 

when compared with the contralateral uninjured leg6-8. Deficits in isometric knee flexor strength have 35 

been shown to elevate risk of re-injury if present at the completion of HSI rehabilitation9, while RFD is 36 

considered important for sports performance10. The combination of these findings suggests a need to 37 

identify interventions capable of altering these variables which could be applied to HSI prevention and 38 

rehabilitation practices.  39 

Strength training interventions such as the Nordic hamstring exercise (NHE) have been shown to 40 

promote positive adaptations to eccentric knee flexor strength and BFlh fascicle length11, 12, as well as 41 

preventing first time and recurrent HSIs13. Despite its effectiveness, the NHE is underutilized in elite 42 

soccer with only 11% of surveyed UEFA football teams claiming to implement the research-based 43 

programs14. Inertial flywheel resistance training is an alternative mode of strength training which 44 

enables an emphasis on the eccentric portion of an exercise which has been shown to increase strength15 45 

and vastus lateralis fascicle length16. Using a leg-curl inertial flywheel training intervention, Askling 46 

and colleagues found significant improvements in isokinetic and eccentric knee flexor strength as well 47 

as a reduced number of HSIs in elite soccer players15. However, these previous studies have employed 48 

a conventional resistance training approach with both legs performing the concentric and eccentric 49 

phase of the movement. An alternative approach yet to be explored is the addition of a greater eccentric 50 

bias by having two legs complete the concentric phase, with only one undertaking the eccentric portion. 51 
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Further to this, modifications in isometric knee flexor strength and RFD, eccentric strength (measured 52 

during the NHE) and BFlh fascicle length following an inertial flywheel leg-curl training intervention 53 

are yet to be investigated.   54 

Therefore, the primary aim of this study was to determine BFlh architectural, knee flexor strength and 55 

RFD adaptations following a period of inertial flywheel leg-curl resistance training using either a 56 

conventional or eccentrically biased approach. Further, this study aimed to determine the time course 57 

of the BFlh architectural adaptations across a 6-week training intervention and a subsequent detraining 58 

period. It was hypothesized that 6-weeks of inertial flywheel resistance training with an additional 59 

eccentric-bias (using two legs concentrically and only one eccentrically) would result in significant 60 

increases in BFlh fascicle length, knee flexor strength and RFD. Whereas, 6-weeks of inertial flywheel 61 

resistance training with a conventional prescription (one leg for both concentric and eccentric phases), 62 

would result in no alterations in fascicle length or any measures of strength or RFD. 63 

Methods 64 
Twenty recreationally active males (age 27.8±5.3yrs; height 178.4±7.7cm; body mass 80.0±10.7kg) 65 

with no history of lower limb injury in the previous 36 months were recruited to participate. All 66 

participants had recreational resistance training experience, with no previous exposure to inertial 67 

flywheel devices. All participants provided written informed consent prior to participation. Ethical 68 

approval was granted by the University’s Human Research Ethics Committee (ethical approval number 69 

2016-139H). 70 

Participants completed a familiarisation session on both strength training and testing apparatus no less 71 

than seven days prior to their initial assessment taking place. Assessment of BFlh architecture was 72 

undertaken during this familiarisation session to pair participants based on their fascicle length and 73 

randomly assign them to one of two training groups. The second visit involved baseline strength testing, 74 

which consisted of an assessment of their eccentric strength during the NHE as well as their maximal 75 

isometric knee flexor strength and RFD. At baseline, as well as after the intervention and detraining 76 

periods, strength testing was undertaken in a randomized fashion to limit order bias with these 77 

assessments. Following this, all participants undertook their first training session of the 6-week inertial 78 
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flywheel resistance training intervention. In a randomly selected leg (matched to the training leg in the 79 

opposite group based on fascicle length), one group (n=10) performed unilateral training (CONV) on 80 

the flywheel with their opposite leg acting as a non-exercising control leg. The other group (n=10) 81 

performed flywheel training with an additional eccentric-bias (ECC). This required participants to 82 

perform the concentric phase with both legs but only using one when undertaking the eccentric portion. 83 

The same leg was used throughout the intervention with the contralateral leg completing the concentric 84 

phase only. Architecture of the BFlh was assessed prior to the first session of each week as well as at 85 

the completion of the training and 4-week detraining periods. Participants also rated their posterior thigh 86 

soreness at the start of each week with the aid of a visual analogue scale (0=no soreness, 10=unbearable 87 

soreness)12. Measures of eccentric and isometric strength as well as RFD were retested following the 88 

intervention and detraining periods. For the duration of the study participants were asked to maintain 89 

habitual activity levels and refrain from performing resistance training involving the hamstrings. 90 

Architectural characteristics of the BFlh were assessed using previously published methodology 8. 91 

Briefly, two-dimensional, B-mode ultrasonography (frequency, 12 MHz; depth, 8cm; field of view, 14 92 

× 47mm) (GE Healthcare Vivid-I, Wauwatosa) images were captured along the longitudinal axis of the 93 

BFlh. All imaging was undertaken in a prone position with a neutral knee and hip after being inactive 94 

for at least 5 minutes.  95 

All architectural assessment and analyses were completed by the same experienced assessor with 96 

established reliability8, who was blinded to participant ID, group and time. All analyses of ultrasound 97 

images were completed offline (MicroDicom, Version 0.7.8, Bulgaria). Muscle thickness was defined 98 

as the distance between superficial and intermediate aponeuroses of the BFlh. Pennation angle was 99 

determined by outlining and marking a fascicle of interest on a given image and measuring the angle 100 

between this and the intermediate aponeurosis. Aponeurosis angle (superficial and intermediate) was 101 

defined as the angle between the marked aponeuroses and a line which intersected horizontally across 102 

the image, with the positive difference between the two being used for the analysis. Given entire 103 

fascicles were not visible in the linear array probe’s field of view, fascicle length was estimated using 104 

a validated equation 17: 105 
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𝐹𝐹𝐹𝐹 = sin(𝐴𝐴𝐴𝐴 + 90°) × 𝑀𝑀𝑀𝑀 ÷ sin�180° − (𝐴𝐴𝐴𝐴 + 180° − 𝑃𝑃𝐴𝐴)� 107 

 106 

Where FL =  fascicle length, AA =  aponeurosis angle, MT =  muscle thickness and PA =108 

pennation angle. The extrapolation measure and equation, whilst first used in quadriceps 17 has been 109 

validated against cadaveric BFlh tissue and as such is considered a robust way of estimating fascicle 110 

lengths.18. 111 

 112 

Maximal isometric knee flexor strength and RFD were assessed before and after the 6-week intervention 113 

as well as following the 4-week detraining period. All isometric strength testing was completed on a 114 

custom-built apparatus with established reliability6. This device consisted of 2 adjustable ratchet straps 115 

hanging in parallel from a power cage, with a wired load cell (MLP-750; Transducer Techniques, 116 

LLC,Temecula, CA) and heel strap attached in-series with each strap. Testing consisted of unilateral, 117 

maximal isometric knee flexor contractions with the hip and knee joints at 90° of flexion whilst supine 118 

on a plinth. To prevent excessive movement of the pelvis and trunk an additional strap was secured 119 

immediately inferior to both anterior superior iliac spines. Prior to the maximal assessment participants 120 

performed 3 submaximal contractions at 50, 75 and 95% of their perceived maximal effort. Following 121 

this, participants were asked to complete three maximal contractions (separated by 30 seconds) by 122 

pushing their heel downwards, without countermovement, as hard and fast as possible. To prevent order 123 

effects the first leg to be tested was randomly selected. 124 

Maximal isometric knee flexor strength was defined as the highest force recorded of the three 125 

repetitions, corrected for limb weight6. Peak RFD (N/s) was determined using the repetition with the 126 

greatest increase in force over a moving 200-millisecond window from contraction onset (increase in 127 

resting force of  ≥4N)6. To identify the onset of contraction data were low-pass filtered (10Hz) using a 128 

zero-lag, fourth order Butterworth filter.  129 

Eccentric strength was assessed using an NHE field testing device (NordBord, Vald Performance, 130 

Queensland, Australia)19. Participants were instructed to kneel on the device while the investigator 131 



6 
 

secured the ankle braces superior to the lateral malleolus. In this kneeling position participants were to 132 

either cross their arms over their chest (if no additional load was required) or to hold a weight centered 133 

over the xyphoid process, keeping their hips in a position of full extension throughout the movement. 134 

Only the eccentric phase of the NHE was completed. Participants first completed a standard warm up 135 

protocol consisting of one repetition at each of 50, 75 and 95% of their perceived maximal effort at 136 

bodyweight. Following this, participants completed one set of three maximal NHE repetitions at 137 

bodyweight. To ensure testing was supramaximal participants observed to have sufficient strength to 138 

control the descent of their bodyweight (within 10-15° from full knee extension) were required to 139 

perform additional repetitions with added weight in increments of 2.5kg until the force recorded no 140 

longer increased by more than 5% (akin to a one-repetition maximum test). Following the intervention 141 

and the detraining periods, all participants undertook one set of three bodyweight efforts, as well as the 142 

incremental load assessment (if required). This was to ensure both a bodyweight and a supramaximal 143 

measure was determined for all time points. Data reported for eccentric strength was the peak force 144 

value (in Newtons), recorded during each testing time point, irrespective if it was completed with 145 

bodyweight or with additional load. 146 

The training intervention was performed using the nHANCE Leg Curl inertial flywheel ergometer 147 

(YoYo Technology AB, Stockholm, Sweden). The CONV group performed unilateral training where 148 

the randomly selected leg performed both the concentric and eccentric phase (Supplementary Video 1). 149 

The ECC group performed flywheel training with an eccentric bias to one leg (Supplementary Video 150 

2). Previous investigations using an inertial flywheel leg-curl have used a bilateral variation (two legs 151 

up and two legs down), with moment of inertia equaling 0.1kg.m15. As the CONV group undertook the 152 

intervention with only one leg, this was halved, with 0.05kg.m being used throughout their program. 153 

The ECC group trained with a moment of inertia equaling 0.1kg.m as per previous work15. During each 154 

training session participants were instructed to perform the concentric phase of each repetition as hard 155 

and fast as possible whilst attempting to stop the descent of the flywheel arm within the final portion of 156 

the eccentric phase and then initiating the next repetition15. The flywheel arm and participant position 157 

were modified to ensure the knee axis of rotation aligned with the lever arms rotation point, with the 158 
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ankle pads being placed superior to the lateral malleolus. Training was preceded by a warm up set 159 

consisting of six submaximal repetitions. The training volume for both groups can be found in Table 1.  160 

All statistical analyses were performed using JMP V.11.01 Pro Statistical Discovery Software (SAS 161 

Inc., Cary, North Carolina, USA). Normal distribution of the data was tested using Shapiro-Wilk’s 162 

analyses. To compare interventions, change in strength and architectural measures were independently 163 

analysed from baseline to the end of the intervention using linear mixed model fitted with restricted 164 

maximum likelihood (REML). Factors were group (ECC or CONV) and leg (ECC group: eccentrically 165 

biased or concentric only, CONV group: training or control) and baseline score (covariate), with 166 

participant as the random factor. To assess the detraining effect, change from baseline measures of 167 

strength and architecture to end of study were analysed. Where significant main or interaction effects 168 

were detected, post-hoc t tests were applied to identify where differences occurred. Significance was 169 

set at p<0.05 for all analyses. Where appropriate, Cohen’s d effect sizes20, classified as small (d=0.20), 170 

moderate (d=50), and large (d=0.80), were also reported. 171 

Calculations of sample size were performed a-priori using G*Power, version 3.1.9.2. These 172 

calculations were made based on estimated changes in fascicle length following the intervention. The 173 

effect size utilized was set at half of the most conservative effect available in relevant literature, where 174 

a 16% increase in BFlh fascicle length was shown following 6-weeks of eccentric knee flexor training 175 

(d=2.5). Therefore, with an effect size of 1.25, power set at 80% and an alpha level of <0.05, a sample 176 

size of 10 participants per group was deemed to be sufficient.  177 

Results 178 
The physical characteristics between the ECC (age 29.2±6.2yr; height 176.9±9.0cm; mass 78.5±7.2kg) 179 

and CONV (age 26.4±4.1yr; height 179.6±6.4cm; mass 81.5±13.5kg) groups were not different (p≥ 180 

0.255, d ≤0.58). Compliance was also excellent for the ECC group who completed 118/120 training 181 

sessions (98.3% compliance), and the CONV group who completed 119/120 sessions (99.2% 182 

compliance).  183 

A leg x group interaction was found for change in BFlh fascicle length (p=0.002). Evidence of fascicle 184 

lengthening was only observed for the eccentrically trained leg of the ECC group. In this leg fascicle 185 
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length increased 1.4cm  more than the contralateral concentric-only leg (95%CI=0.8 to 2.1, p<0.001, 186 

d=1.72; Figure 1, Supp Table 1), 1.4cm  more than the conventionally trained leg (95%CI=0.7 to 2.0, 187 

p<0.001, d=1.60) and 1.2cm  more than the control leg of the CONV group (95%CI=0.5 to 1.8, p<0.001, 188 

d=1.78). Baseline scores were negatively related (-0.51, SE=±0.17, p=0.006) to the magnitude of 189 

lengthening observed.   190 

Following detraining, fascicle lengths were no different (group main effect p=0.933; limb main effect 191 

p=0.693; group by limb interaction p=0.719); when controlled for baseline measures. The differences 192 

following the detraining period compared to baseline in the eccentrically trained leg were 0.12cm  more 193 

when compared to the contralateral concentric only leg (95%CI=-0.35 to 0.61cm, p=0.582, d=0.21);  194 

0.08cm  more when compared to control leg in the CONV group (95%CI=-0.41 to 0.58cm, p=0.739, 195 

d=0.14); and  0.08cm  more when compared to the training leg in the CONV group (95%CI=-0.41 to 196 

0.56cm, p=0.752, d=0.15).  197 

Some evidence that eccentrically-biased training decreased BFlh pennation angle was found (leg x 198 

group interaction p=0.007). When the change from baseline to the end of the intervention measures of 199 

pennation angle were assessed; reductions in the eccentrically trained leg were: 1.9° (95%CI=0.7 to 200 

3.1°, p=0.005, d=-0.95) less than contralateral concentric only leg; 1.8° (95%CI=0.4 to 3.2°, p=0.014, 201 

d=-0.63) less than the training leg in the CONV group; and trivial (1.1° ,95%CI=-0.3 to 2.5, p=0.129, 202 

d=-0.19) compared to CONV control leg. No association was found between baseline pennation angle 203 

and change in pennation angle as a result of the intervention (p=0.268).  204 

When change in pennation angle measures from baseline to end of the detraining period were compared, 205 

no group by leg interaction (p=0.316) was observed, suggesting the changes as a result of eccentric 206 

training had returned to baseline.   207 

Muscle thickness remained constant throughout the study. There were no significant leg x group 208 

interactions for the intervention (p=0.565) and detraining periods (p=0.125) found. Therefore, no post-209 

hoc tests were undertaken. 210 
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Some evidence for improved eccentric strength were observed following the intervention. Whilst not 211 

significantly different across the groups or legs (leg x group interaction p=0.754), the eccentrically-212 

biased training leg in the ECC group had a 33N increase after the intervention (95%CI= -3to 68N, 213 

p=0.329, d=0.33; Figure 2, Supp Table 2). The other legs also saw increases in eccentric strength 214 

following the intervention with the contralateral concentric only leg in the ECC group improving by 215 

43N (95%CI= -15 to 71N, p=0.198, d=0.46), the training leg of the CONV group increasing by 37N 216 

(95%CI= -14 to 88N, p=0.171, d=0.52) and the control leg of the CONV group getting stronger by 46N 217 

(95%CI= -1 to 94N, p=0.125, d=0.61).  218 

Evidence that the intervention induced strength gains, were lost as a result of the detraining period is 219 

unclear. Leg x group interaction was not significant (p=0.853), suggesting the changes across the study 220 

were no different. Comparing the changes in strength after the detraining period with baseline measures, 221 

the differences were: eccentrically-biased leg in the ECC group = 22N (95%CI= -1to 45N, p=0.746, 222 

d=0.21), concentric only leg in the ECC group = 18N (95%CI= -15 to 52N, p=0.460, d=0.18), training 223 

leg in the CONV group = 43N (95%CI= -49 to 136N, p=0.852, d=0.62) and the control leg of the CONV 224 

group = 66N (95%CI= -22 to 109N, p=0.580, d=1.04).  225 

For RFD, there were no interactions found for leg x group at any time point across the intervention 226 

(p=0.293) or detraining periods (p=0.625).  227 

For isometric strength, there were no interactions found for leg x group at any time point across the 228 

intervention (p= 0.777) or detraining periods (p=0.211).  229 

For posterior thigh soreness, there were no interactions found for group x leg at any time point across 230 

the intervention or detraining periods (Supp Table 3). The maximum soreness value reported in the 231 

ECC group was a 4 out of 10 and was reported at the start of the second week of training. Whereas in 232 

the CONV group the highest was a 3 out of 10 and was reported at the start of the fifth week of training. 233 

Discussion 234 
This study is the first to investigate the effects of inertial flywheel resistance training on BFlh 235 

architecture and knee flexor strength. The novel findings of this study are: 1) 6-weeks of knee based, 236 
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flywheel training significantly lengthens BFlh fascicles only when performed with additional eccentric 237 

bias, 2) these alterations in fascicle length occur independent of significant eccentric or isometric 238 

strength adaptations and 3) the fascicle lengthening seen following flywheel training with an additional 239 

eccentric-bias is lost after a 4-week detraining period.  240 

It has been proposed that the lengthening of BFlh fascicles may partly explain the benefit of eccentric 241 

training interventions in reducing the risk of future HSI11. Recent evidence has shown that 242 

prospectively, elite soccer players who possess short BFlh fascicles (<10.56cm) at the start of pre-243 

season are four times more likely to suffer a HSI in the subsequent season3, with a 74% reduction in 244 

injury risk for every 0.5cm increase in fascicle length. Whilst it is unknown if increases in BFlh fascicle 245 

length directly reduce HSI risk, in the current study the participants who undertook the eccentrically-246 

biased flywheel training increased their fascicle lengths from 9.5cm to 10.9cm. This coupled with 247 

evidence showing a reduction of HSI rates following eccentric training interventions13adds weight to 248 

speculation that adaptations to BFlh fascicle length may contribute to reducing the likelihood of a future 249 

HSI.  250 

In the current study improvements in BFlh fascicle lengths were only seen in the group which performed 251 

the flywheel training with an eccentric bias, but not within the CONV group. The CONV group 252 

undertook a single leg variation of the typical prescription of hamstring flywheel training in the 253 

literature15, 21. It is possible there were hamstring architectural adaptations within the CONV group, with 254 

evidence suggesting that knee-based flywheel efforts are more biased towards the medial hamstrings 255 

and not the measured BFlh22. Therefore, the added eccentric-bias experienced by the ECC group may 256 

have been required to promote architectural adaptations not seen in the BFlh of the CONV group, but 257 

there may still have been modifications to the medial hamstring group that went undetected in the 258 

current study. Comparably, bodyweight NHE interventions have seen no increases in BFlh fascicles 259 

following a low volume training protocol23 and share a similar medially dominant recruitment 260 

strategy24. However, supramaximal NHE training programs (which are progressively overloaded with 261 

additional weight) have shown significant increases in BFlh fascicle length11, 12. Whilst the BFlh is the 262 

most commonly injured of the hamstrings3 and the adaptations that may reduce the likelihood of future 263 
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injury in this muscle are of interest, more research is needed to understand the architectural adaptations 264 

of the medial hamstrings to these interventions and whether the architecture of the medial hamstrings 265 

is associated with future HSI risk.  266 

In the current study, baseline fascicle length was related with the extent of change following training 267 

with an additional eccentric-bias. To assist with the interpretation, let’s compare two hypothetical 268 

individuals (A and B). Individual A started the training intervention with additional eccentric bias 269 

having a fascicle length of 11cm. Individual B started the same intervention but had a 10cm fascicle. 270 

The findings of this study suggest that Individual A was likely to see an improvement in fascicle length 271 

that was 0.5cm less than what Individual B may expect. In this example it is possible a greater stimulus 272 

may be required to promote improvements in Individual A or that there may be a ceiling effect regarding 273 

the extent of adaptation possible in fascicle length. These findings also suggest that the programming 274 

of eccentric training should consider the characteristics of each individual and one should not expect 275 

that each individual will respond the same to an identical stimulus.  276 

The reduction in fascicle length seen after the period of detraining may be of interest for hamstring 277 

injury prevention and rehabilitation interventions. The shortening of fascicles after the removal of an 278 

eccentric stimulus is suggested to be the result of shedding sarcomeres in-series25, although this cannot 279 

be confirmed in the current investigation. As a result, following the detraining period, it can be 280 

hypothesized that participants who see a shortening of their BFlh fascicles may be more prone to muscle 281 

damage during eccentric muscle actions (and potentially subsequent injury)25 compared to those with 282 

longer fascicles. Furthermore, the decline in fascicle length after a period of detraining highlights the 283 

need for persistent eccentric stimuli to maintain architectural adaptations and potentially offset the risk 284 

of future HSI.   285 

Previous research has shown significant improvements in eccentric and concentric, dynamometry 286 

derived measures of knee flexor strength following 10-weeks of hamstring flywheel training, in elite 287 

soccer players15. Conversely the current study found no improvements in isometric RFD, eccentric 288 

(measured during the NHE) or isometric peak force from a 6-week intervention in the training limbs of 289 

both groups. Additionally, the control limbs for each group showed non-significant changes in eccentric 290 
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strength of approximately 10% following the intervention. It is possible that neural adaptations in the 291 

control limbs across the training intervention may have contributed to these changes. Despite this, 292 

within the literature it is not consistent as to what alterations in strength may occur following inertial 293 

flywheel resistance training interventions26. Some interventions have found large improvements in 294 

strength following flywheel training21, 27, however there are others showing no significant changes 28, 29. 295 

Therefore, the lack of eccentric or isometric strength improvements in the current study does align with 296 

a selection of the inertial flywheel training research28, 29.  297 

The findings in this study highlight the possibility for muscle architecture to adapt in the absence of 298 

strength modifications. Whilst eccentric training programs have been shown to promote increases in 299 

both eccentric strength and fascicle length11, 30, the two are not always synonymous with each other. 300 

This is the first study to show increases in fascicle length independent to any strength alterations after 301 

a period of eccentric training. Evidence does exist, however, showing shortening of fascicles after a 302 

period of detraining, with no changes in eccentric strength12, 30. These findings highlight the need to 303 

monitor both hamstring architectural adaptations, as well as eccentric strength during periods of 304 

training, detraining or offloading.  305 

There are limitations in this study which should be considered. Firstly, the measure of eccentric strength 306 

was a bilateral assessment, whereas training was undertaken with unilateral variations. However, the 307 

inclusion of the unilateral isometric strength assessment was intended to account for any effects that the 308 

bilateral deficit may have had in representing strength adaptations. Furthermore, the assessment of 309 

eccentric strength was completed on a practically applied, field testing device from which results have 310 

been associated with an increased risk of future HSI3, 4. Secondly, the transducer field of view utilised 311 

in this study did not show an entire BFlh fascicle, with the results being estimated using an equation17. 312 

Transducers with larger fields of view or panoramic functions would be desirable, however such 313 

equipment and techniques are not available in our laboratory. It should be noted that the extrapolation 314 

technique and equation has been validated against cadaveric tissues and as such is considered a robust 315 

way of estimating fascicle lengths17. Furthermore, whilst ultrasound derived measures of fascicle length 316 

are complicated by error, the assessor used to collect the ultrasound images in the current study has 317 
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proven reliability 8. Finally, architectural assessments were only completed on the BFlh and none of the 318 

other hamstring muscles. As the BFlh is the most commonly injured of the hamstrings, understanding 319 

the architectural adaptations within it may help better inform injury prevention and rehabilitation 320 

practices.  321 

Conclusions 322 
Inertial flywheel resistance training, undertaken with an additional eccentric-bias, promotes significant 323 

increases in BFlh fascicle length without any alterations in RFD, eccentric or isometric strength.  The 324 

fascicle lengthening as a result of the flywheel training with additional eccentric-bias was lost following 325 

a 4-week detraining period. Comparably, conventional flywheel leg-curl training, without an additional 326 

eccentric-bias, did not promote fascicle lengthening and also did not modify RFD, eccentric or isometric 327 

strength. These findings suggest that architectural adaptations can occur without improvements in 328 

measures of knee flexor strength and that flywheel leg-curl training might be a beneficial tool in HSI 329 

prevention, when employed with an eccentric-bias.  330 

Practical Implications 331 

• The consistent provision of eccentric loading is important for the maintenance of architectural 332 

adaptations following flywheel leg-curl training with an additional eccentric-bias. 333 

• Architectural adaptations can occur irrespective of alterations in strength. Therefore, the 334 

measuring of structure must be considered alongside strength assessments. 335 

• Flywheel leg-curl training with an additional eccentric-bias may be a useful option within 336 

hamstring strain injury prevention programs. 337 

 338 

 339 

 340 

 341 
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Tables 429 
       Table 1. Flywheel leg-curl training intervention variables  430 

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 

5 2 6 8 96 

6 2 5 6 60 

 431 
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Supplementary Table 1. The effect of eccentrically-biased (n=10) or conventional (n=10) flywheel, leg-curl training on biceps femoris long head 432 

architecture 433 

 Eccentrically-biased training group  Conventional training group 
 

Eccentrically-biased leg  Concentric only training 
leg  Training leg  Control leg 

 MT 
(cm) 

PA 
(°) 

FL 
(cm) 

 MT 
(cm) 

PA 
(°) 

FL 
(cm) 

 MT 
(cm) 

PA 
(°) 

FL 
(cm) 

 MT 
(cm) 

PA 
(°) 

FL 
(cm) 

Baseline 2.26 
± 0.31 

13.9 
± 1.7 

9.51 
± 0.62 

 2.27 
± 0.38 

13.8 
± 1.6 

9.56 
± 0.79  2.43 

± 0.33 
14.8 
± 1.8 

9.64 
± 0.65  2.47 

± 0.34 
14.6 
± 1.6 

9.89 
± 0.80 

Week 2 2.33 
± 0.27 

13.9 
± 1.3 

9.86 
± 0.51 

 2.38 
± 0.33 

14.3 
± 1.7 

9.85 
± 0.65  2.52  

± 0.30 
15.2 
± 1.5 

9.73 
± 0.59  2.48 

± 0.33 
14.6 
± 1.7 

9.93 
± 0.73 

Week 3 2.37 
± 0.27 

13.77 
± 1.2 

10.20 
± 0.37 

 2.37 
± 0.32 

14.5 
± 1.4 

9.64 
± 0.46  2.52 

± 0.29 
15.2 
± 1.3 

9.68 
± 0.67  2.49 

± 0.34 
14.7 
± 1.6 

9.89 
± 0.81 

Week 4 2.43 
± 0.32 

13.8 
± 1.6 

10.40 
± 0.51 

 2.37 
± 0.34 

14.8 
± 1.8 

9.46 
± 0.36  2.55 

± 0.31 
15.6 
± 1.8 

9.59 
± 0.59  2.52 

± 0.33 
14.9 
± 1.8 

9.91 
± 0.78 

Week 5 2.41 
± 0.36 

13.9 
± 1.6 

10.21 
± 0.79 

 2.41 
± 0.34 

14.9 
± 1.5 

9.57 
± 0.55  2.60 

± 0.28 
15.6 
± 1.3 

9.76 
± 0.64  2.5 

± 0.34 
14.7 
± 1.5 

9.93 
± 0.76 

Week 6 2.44 
± 0.33 

13.5 
± 1.6 

10.66* 
± 0.67 

 2.43 
± 0.32 

15.0 
± 1.7 

9.61 
± 0.35  2.68 

± 0.28 
16.1 
± 1.5 

9.77 
± 0.51  2.55 

± 0.34 
14.7 
± 1.9 

10.11 
± 0.50 

End intervention 2.50 
± 0.30 

13.6 
± 1.2 

10.88** 
± 0.76 

 2.46 
± 0.33 

15.4 
± 2.0 

9.46 
± 0.6  2.65 

± 0.40 
16.2 
± 2.4 

9.61 
± 0.80  2.61 

± 0.35 
15.4 
± 2.1 

9.93 
± 0.86 

End detraining 2.24 
± 0.25 

14.1 
± 1.5 

9.42## 
± 0.67 

 2.34 
± 0.29 

14.4 
± 1.3 

9.58 
± 0.58  2.51 

± 0.39 
15.2 
± 2.0 

9.61 
± 0.80  2.50 

± 0.31 
14.8 
± 2.0 

9.82 
± 0.71 

Data is presented as mean ± standard deviation. ** p<0.001 vs baseline, * p<0.05 vs baseline, ## p<0.001 vs end intervention. MT = muscle thickness, 434 
PA = pennation angle, FL = fascicle length. 435 

  436 



19 
 

Supplementary Table 2. The effect of eccentrically-biased (n=10) or conventional (n=10) flywheel, leg-curl training on eccentric and isometric 437 

strength, as well as rate of force development (RFD). 438 

Data is presented as mean ± standard deviation. N = Newtons, N/s = Newtons/second, RFD = rate of force development. 439 

 440 

 441 

 442 

  443 

 Eccentrically-biased training group  Conventional training group 
 

Eccentrically-biased limb  Concentric only training limb  Training limb  Control limb 

 Eccentric 
(N) 

Isometric 
(N) 

RFD 
(N/s) 

 Eccentric 
(N) 

Isometric 
(N) 

RFD 
(N/s) 

 Eccentric 
(N) 

Isometric 
(N) 

RFD 
(N/s) 

 Eccentric 
(N) 

Isometric 
(N) 

RFD 
(N/s) 

Baseline 440 
±110 

295 
±64 

1120 
±272 

 435 
±93 

295 
±64 

1106 
±335  499 

±75 
305 
±70 

1079 
±272  475 

±64 
335 
±45 

1163 
±158 

End intervention 473 
±86 

305 
±62 

1083 
±307 

 478 
±92 

300 
±73 

1071 
±346  541 

±85 
316 
±77 

1156 
±264  522 

±87 
334 
±42 

1147 
±124 

End detraining 462 
±102 

295 
±69.0 

1068 
±338 

 453 
±108 

296 
±77 

1067 
±381  547 

±81 
333 
±63 

1187 
±235  541 

±63 
337 
±71 

1216 
±221 



20 
 

Supplementary Table 3. Posterior thigh soreness reported throughout the training intervention for each group. 444 

 445 

 Eccentrically-biased group  Conventional training group 
Baseline 0 ± 0  0 ± 0 
Week 2 1.0 ± 0.6  1 ± 1.3 
Week 3 1.0 ± 1.4  0.3 ± 0.5 
Week 4 0.6 ± 0.8  0.5 ± 0.7 
Week 5 0.9 ± 1.3  0.3 ± 0.5 
Week 6 0.4 ± 0.5  0.6 ± 1.0 

End intervention 0 ± 0  0 ± 0 
End detraining 0 ± 0  0 ± 0 

  446 
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Figure 1: Biceps femoris long head architectural characteristics throughout the intervention and after the 447 
detraining period. A = fascicle length for the training leg in the CONV group, B = fascicle length for the 448 
control leg in the CONV group, C = fascicle length for the training leg in the ECC group, D = fascicle 449 
length for the non-training leg in the ECC group, E = pennation angle for the training leg in the CONV 450 
group, F = pennation angle for the control leg in the CONV group, G = pennation angle for the training leg 451 
in the ECC group, H = pennation angle for the non-training leg in the ECC group, I = muscle thickness for 452 
the training leg in the CONV group, J = muscle thickness for the control leg in the CONV group, K = 453 
muscle thickness for the training leg in the ECC group, L = muscle thickness for the non-training leg in the 454 
ECC group. 455 

 456 

Figure 2: Measures of knee flexor rate of force development (RFD), eccentric and isometric strength 457 
assessed at the beginning and after the intervention and detraining periods. A = eccentric strength for the 458 
training leg in the CONV group, B = eccentric strength for the control leg in the CONV group, C = eccentric 459 
strength for the training leg in the ECC group, D = eccentric strength for the non-training leg in the ECC 460 
group, E = isometric strength for the training leg in the CONV group, F = isometric strength for the control 461 
leg in the CONV group, G = isometric strength for the training leg in the ECC group, H = isometric strength 462 
for the non-training leg in the ECC group, I = RFD for the training leg in the CONV group, J = RFD for 463 
the control leg in the CONV group, K = RFD for the training leg in the ECC group, L = RFD for the non-464 
training leg in the ECC group. 465 

 466 

 467 







       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 

5 2 6 8 96 

6 2 5 6 60 

 



Supplementary Table 1. The effect of eccentrically-biased (n=10) or conventional (n=10) flywheel, leg-curl training on biceps femoris long head architecture 

 

 

 Conventional training group  Eccentrically-biased training group 
 

Training leg  Control leg  Eccentrically-biased leg  Concentric only training 
leg 

 MT 
(cm) 

PA 
(°) 

FL 
(cm) 

 MT 
(cm) 

PA 
(°) 

FL 
(cm) 

 MT 
(cm) 

PA 
(°) 

FL 
(cm) 

 MT 
(cm) 

PA 
(°) 

FL 
(cm) 

Baseline 2.43 
± 0.33 

14.8 
± 1.8 

9.64 
± 0.65 

 2.47 
± 0.34 

14.6 
± 1.6 

9.89 
± 0.80  2.26 

± 0.31 
13.9 
± 1.7 

9.51 
± 0.62  2.27 

± 0.38 
13.8 
± 1.6 

9.56 
± 0.79 

Week 2 2.52  
± 0.30 

15.2 
± 1.5 

9.73 
± 0.59 

 2.48 
± 0.33 

14.6 
± 1.7 

9.93 
± 0.73  2.33 

± 0.27 
13.9 
± 1.3 

9.86 
± 0.51  2.38 

± 0.33 
14.3 
± 1.7 

9.85 
± 0.65 

Week 3 2.52 
± 0.29 

15.2 
± 1.3 

9.68 
± 0.67 

 2.49 
± 0.34 

14.7 
± 1.6 

9.89 
± 0.81  2.37 

± 0.27 
13.77 
± 1.2 

10.20 
± 0.37  2.37 

± 0.32 
14.5 
± 1.4 

9.64 
± 0.46 

Week 4 2.55 
± 0.31 

15.6 
± 1.8 

9.59 
± 0.59 

 2.52 
± 0.33 

14.9 
± 1.8 

9.91 
± 0.78  2.43 

± 0.32 
13.8 
± 1.6 

10.40 
± 0.51  2.37 

± 0.34 
14.8 
± 1.8 

9.46 
± 0.36 

Week 5 2.60 
± 0.28 

15.6 
± 1.3 

9.76 
± 0.64 

 2.5 
± 0.34 

14.7 
± 1.5 

9.93 
± 0.76  2.41 

± 0.36 
13.9 
± 1.6 

10.21 
± 0.79  2.41 

± 0.34 
14.9 
± 1.5 

9.57 
± 0.55 

Week 6 2.68 
± 0.28 

16.1 
± 1.5 

9.77 
± 0.51 

 2.55 
± 0.34 

14.7 
± 1.9 

10.11 
± 0.50  2.44 

± 0.33 
13.5 
± 1.6 

10.66* 
± 0.67  2.43 

± 0.32 
15.0 
± 1.7 

9.61 
± 0.35 

End intervention 2.65 
± 0.40 

16.2 
± 2.4 

9.61 
± 0.80 

 2.61 
± 0.35 

15.4 
± 2.1 

9.93 
± 0.86  2.50 

± 0.30 
13.6 
± 1.2 

10.88** 
± 0.76  2.46 

± 0.33 
15.4 
± 2.0 

9.46 
± 0.6 

End detraining 2.51 
± 0.39 

15.2 
± 2.0 

9.61 
± 0.80 

 2.50 
± 0.31 

14.8 
± 2.0 

9.82 
± 0.71  2.24 

± 0.25 
14.1 
± 1.5 

9.42## 
± 0.67  2.34 

± 0.29 
14.4 
± 1.3 

9.58 
± 0.58 

Data is presented as mean ± standard deviation. ** p<0.001 vs baseline, * p<0.05 vs baseline, ## p<0.001 vs end intervention. MT = muscle thickness, PA = 
pennation angle, FL = fascicle length. 

 



Supplementary Table 2. The effect of eccentrically-biased (n=10) or conventional (n=10) flywheel, leg-curl training on eccentric and isometric strength, as 

well as rate of force development (RFD). 

Data is presented as mean ± standard deviation. N = Newtons, N/s = Newtons/second, RFD = rate of force development. 

 

 

 

 

 Conventional training group  Eccentrically-biased training group 
 

Training limb  Control limb  Eccentrically-biased limb  Concentric only training limb 

 Eccentric 
(N) 

Isometric 
(N) 

RFD 
(N/s) 

 Eccentric 
(N) 

Isometric 
(N) 

RFD 
(N/s) 

 Eccentric 
(N) 

Isometric 
(N) 

RFD 
(N/s) 

 Eccentric 
(N) 

Isometric 
(N) 

RFD 
(N/s) 

Baseline 499 
±75 

305 
±70 

1079 
±272 

 475 
±64 

335 
±45 

1163 
±158  440 

±110 
295 
±64 

1120 
±272 

 435 
±93 

295 
±64 

1106 
±335 

End intervention 541 
±85 

316 
±77 

1156 
±264 

 522 
±87 

334 
±42 

1147 
±124  473 

±86 
305 
±62 

1083 
±307 

 478 
±92 

300 
±73 

1071 
±346 

End detraining 547 
±81 

333 
±63 

1187 
±235 

 541 
±63 

337 
±71 

1216 
±221  462 

±102 
295 

±69.0 
1068 
±338 

 453 
±108 

296 
±77 

1067 
±381 



Supplementary Table 3. Posterior thigh soreness reported throughout the training intervention for each 
group. 

 

 

 

 Conventional training 
group  Eccentrically-biased group 

Baseline 0 ± 0  0 ± 0 
Week 2 1 ± 1.3  1.0 ± 0.6 
Week 3 0.3 ± 0.5  1.0 ± 1.4 
Week 4 0.5 ± 0.7  0.6 ± 0.8 
Week 5 0.3 ± 0.5  0.9 ± 1.3 
Week 6 0.6 ± 1.0  0.4 ± 0.5 

End intervention 0 ± 0  0 ± 0 
End detraining 0 ± 0  0 ± 0 


