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Abstract

Background: Eccentric training, such as Nordic hamstring exercise (NHE) training, is commonly used as a preventive measure for hamstring

strains. Eccentric training is believed to induce lengthening of muscle fascicles and to be associated with the addition of sarcomeres in series

within muscle fibers. However, the difficulty in measuring sarcomere adaptation in human muscles has severely limited information about the

precise mechanisms of adaptation. This study addressed this limitation by measuring the multiscale hamstring muscle adaptations in response to

9 weeks of NHE training and 3 weeks of detraining.

Methods: Twelve participants completed 9 weeks of supervised NHE training, followed by a 3-week detraining period. We assessed biceps

femoris long-head (BFlh) muscle fascicle length, sarcomere length, and serial sarcomere number in the central and distal regions of the muscle.

Additionally, we measured muscle volume and eccentric strength at baseline, post-training, and post-detraining.

Results: NHE training over 9 weeks induced significant architectural and strength adaptations in the BFlh muscle. Fascicle length increased by

19% in the central muscle region and 33% in the distal muscle region. NHE also induced increases in serial sarcomere number (25% in the

central region and 49% in the distal region). BFlh muscle volume increased by 8%, and knee flexion strength increased by 40% with training.

Following 3 weeks of detraining, fascicle length decreased by 12% in the central region and 16% in the distal region along with reductions in

serial sarcomere number.

Conclusion: Nine weeks of NHE training produced substantial, region-specific increases in BFlh muscle fascicle length, muscle volume, and

force generation. The direct measurement of sarcomere lengths revealed that the increased fascicle length was accompanied by the addition of

sarcomeres in series within the muscle fascicles.

Keywords: Nordic hamstring exercise; Muscle architecture; Adaptation
1. Introduction

Hamstring strains are the most prevalent cause of lost prac-

tice and match time in running-based sports.1�5 These injuries

not only disrupt training and match performance6�8 but also
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carry significant physical, emotional, and financial

consequences.7,9 The high recurrence rate of hamstring inju-

ries compounds these negative consequences.2,10�12 While

eccentric exercises have been proposed to mitigate hamstring

injuries,13�15 the precise structural and mechanical adaptations

within the hamstring muscles remain poorly understood.

Hamstrings can undergo remarkable adaptations to eccen-

tric training, including increases in fascicle length and muscle
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volume.16�18 Although eccentric exercises, such as the Nordic

hamstring exercise (NHE), modify muscle architecture at the

macroscopic level,16�18 the corresponding microscopic

changes that occur and may protect against hamstring injuries

remain less clear. Bridging this knowledge gap from the

microscopic (sarcomere) to the macroscopic (fascicle) level is

essential to enhance understanding of these commonly used

exercises.

The addition of parallel sarcomeres in response to eccentric

training is suggested to reduce the stress per sarcomere at a

given level of muscle force, whereas the addition of serial

sarcomeres may decrease the strain per sarcomere at a given

level of muscle stretch.19 An increase in the number of parallel

sarcomeres is associated with greater cross-sectional area of

muscle fibers, consequently enhancing maximum force.20 A

trending hypothesis proposes that eccentric training stimulates

serial sarcomerogenesis, leading to the addition of sarcomeres

in series and increases in hamstring fascicle length.16,17,21,22

This addition of sarcomeres in series is thought to be induced

by the large forces generated during muscle lengthening and

may decrease strain per sarcomere at a given level of muscle

stretch, as suggested above.19,23,24 Thus, muscle fascicle elon-

gation after eccentric training may stimulate the addition of

serial sarcomeres to reduce the strain on each sarcomere and

enhance force generation capacity in line with the sarcomere

force-length relationship.23,25

Several studies have examined the time-course of sarco-

mere length and serial sarcomere number adaptations in

animal models.26�28 Only 1 study has examined in vivo adap-

tations of sarcomere length and serial sarcomere number in

response to eccentric training in humans.29 Using a novel

microendoscopy technique,30,31 this previous study measured

the effects of 3 weeks of NHE on the initial adaptations of

human hamstrings.29 The study found sarcomere lengthening

to be the primary source of fascicle lengthening, specifically in

the distal region of the biceps femoris long-head (BFlh).29 It is

plausible that 3 weeks of training was too short to induce the

addition of serial sarcomeres.32 Given the short duration of

this previous study, it is important to examine structural

changes across the different levels of muscle organization of

the hamstrings over a longer duration of eccentric training.

The training adaptations in hamstring muscles induced by

eccentric training appear to undergo rapid reversal during

periods of detraining.18 Some evidence indicates that NHE

training-induced adaptations in fascicle length tend to revert to

baseline lengths after 4 weeks of detraining.16,33,34 In contrast,

strength gains are better maintained during these detraining

periods despite a decrease in muscle mass.16,34 This could be

explained by maintenance of neural adaptations that contribute

to maximum force production.35 As both strength and fascicle

length are predictors of hamstring injury risk,36,37 under-

standing the mechanisms that contribute to the regression of

architectural adaptations during detraining could inform strate-

gies for mitigating the loss of potentially protective benefits

acquired from training.

Building on our previous study revealing early increases in

BFlh fascicle length following 3 weeks of NHE training with
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no concomitant increase in serial sarcomere number,29 this

study explored the effects of a longer training period, in which

serial sarcomerogenesis may be more likely to occur.26,27,32

Given the protective nature of eccentric training against

hamstring injury risk,15,38�40 a longer eccentric exercise

program would be expected to induce an addition of sarco-

meres in series within the BFlh muscle fascicles.32 To explore

these adaptations, this study investigated the impact of an

NHE program over 9 weeks, followed by a 3-week detraining

period. We examined the effects on BFlh fascicle length,

sarcomere length and number, muscle volume, and knee flexor

strength. We hypothesized that the 9-week intervention would

result in increased fascicle length and the addition of sarco-

meres in series. Based on our previous work,29 we expected

larger adaptations in the distal region of the BFlh muscle.

Following detraining, we hypothesized that there would be a

reduction in fascicle length and sarcomere number but not in

eccentric strength.
2. Methods

2.1. Study design

A longitudinal follow-up intervention design was adopted to

test the effect of 9 weeks of NHE training followed by 3 weeks

of detraining (Fig. 1). Before beginning the training program,

baseline measurements of passive fascicle length, sarcomere

length, sarcomere number, muscle volume, and strength were

recorded. These measures were repeated after completion of

the 9-week training program and again after the 3-week

detraining period. Passive fascicle length was measured after

completion of Weeks 3 and 6 of the 9-week training interven-

tion. Strength measures were recorded weekly throughout the

NHE intervention and after the 3-week detraining.
2.2. Sample size calculation

The initial sample size calculations were based on the

expected variations in BFlh fascicle length resulting from the

training intervention. The effect size was determined from our

recent study,29 in which we observed a 21% increase in BFlh

fascicle length in the distal region following 3 weeks of eccen-

tric training (h2p = 0.81, approximately equivalent to a Cohen’s

d effect size of 2.06). Previous research has also reported simi-

larly large effect sizes, typically with a Cohen’s d effect size

ranging between 2.5 and 3.5.16�18

To enhance our sample size calculation, we considered the

effect of sarcomere length changes. In our previous study, we

found a 17% increase in sarcomere length in the distal region

of the BFlh muscle after training (h2p = 0.90, approximately

equivalent to a Cohen’s d effect size of 3.0).29 Recognizing

the large effects of training on sarcomere length, the current

study conservatively sets the effect size at half of what was

observed in fascicle length in our previous research.29 It was

determined that a sample size of 6 participants was needed to

provide a statistical power of 95% to detect an effect size of

1.0 for fascicle length changes, using 3 repeated measures

while maintaining a significance level of a = 0.01. To



Fig. 1. Timeline of the study. Illustration of the key measurement phases and the 9-week Nordic hamstring exercise (NHE) training program, followed by a 3-week

detraining period. reps = repetitions.
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accommodate potential variability in usable measurements,

particularly in the difficult-to-measure sarcomere lengths, we

aimed to recruit a sample size twice that of the calculated

minimum.

2.3. Participants

Twelve recreationally active participants (5 males:

age = 27.6 § 4.1 years, height = 1.87 § 0.07 m, mass = 82.4 §
7.5 kg; 7 females: age = 26.5 § 3.6 year, height = 1.70 §
0.04 m, mass = 64.9 § 9.6 kg; mean § SD) were recruited.

The participants were free from lower limb injuries within the

past 18 months and had not performed NHE training within

the past 6 months. Each participant provided written informed

consent before participation. The protocol was approved by

the Stanford University Institutional Review Board (approval

No. SQL 97942) and ratified by The University of Queensland

Ethics Committee (approval No. 2022/HE001616).

2.4. NHE intervention

Participants performed 9 weeks of training with 3 sessions per

week, consisting of 4�5 sets ranging from 6 to 8 repetitions

(Fig. 1). Set and repetition range assignments were programmed

to promote strength and hypertrophy. Based on extant studies, the

total volume per week (72�120 repetitions) is considered

sufficient to elicit muscle architectural changes.16,41

During the initial laboratory session, participants were

familiarized with the NHE. They received instruction on

proper technique and performed several practice repetitions.

The instructions included kneeling on a padded board using a

self-selected ankle angle with their ankles secured by straps.

Starting from a kneeling position with the arms close to the

chest, participants gradually leaned forward while attempting

to maintain a consistent hip angle and controlled knee exten-

sion at approximately 18˚/s. They continued lowering their

bodies until they could no longer hold themselves up or their

hands touched the floor. Catching themselves upon reaching

the floor, participants used their arms to assist as they returned

to the initial position to minimize concentric load as they

prepared for the next repetition.
3

Given the importance of movement speed in the NHE,42

participants performed the NHE at a controlled average speed

of approximately 18˚/s, which was dependent on the range of

motion and controlled by a metronome set at a frequency of 60

beats per minute. This speed ensured that the time under

tension for a full range NHE was approximately 5 s per repeti-

tion, which was monitored by the researcher (MHA) with feed-

back provided to participants. Participants self-selected a

recovery period between repetitions, typically around 5 s,

while a 2-min rest period between sets was overseen by the

researcher (MHA). Subsequent training sessions, whether

conducted in the laboratory or remotely, were supervised by

the researcher (MHA). For remote training, participants used

either a device (e.g., a barbell) or a partner to secure their

ankles. A warm-up consisting of dynamic stretching and

submaximal NHE repetitions preceded each session to prepare

participants for the training session.

2.5. Strength

Eccentric hamstring strength during the NHE was measured

using 2 uni-axial load cells (HT Sensor Technology, Shaanxi,

China) attached to the ankles via straps, as previously

described.29 The NHE was performed in the same manner as

during the training sessions. Before the strength testing, partic-

ipants performed warm-up sets of 4 repetitions at 50% and

75% of maximum perceived effort. Following a 3-min rest

period, participants performed a set of 4 repetitions at maximal

effort with strong verbal encouragement. Eccentric hamstring

strength was represented as peak knee flexor torque, calculated

by multiplying peak knee force measured by the load cell (HT

Sensor Technology) by the perpendicular distance from the

line of action of force (at the ankle strap) to the approximate

axis of rotation at the knee.

2.6. Passive fascicle length

Passive fascicle lengths of the BFlh muscle were measured

with freehand 3D ultrasound. This technique extends the

imaging field, capturing entire muscle fascicles across multiple

regions, which overcomes the limitations of traditional
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B-mode ultrasound.43 The 3D ultrasound combines B-mode

ultrasound (ArtUS EXT-1H beamformer and LF11-5H60-A3

transducer (60 mm); Telemed, Vilnius, Lithuania) with simul-

taneous 3D motion capture tracking (Optitrack; NaturalPoint,

Corvallis, OR, USA). The ultrasound transducer had 4 reflec-

tive markers securely attached, enabling its position and orien-

tation to be tracked in 3D space by the 4-camera motion

analysis system (Optitrack).

During each imaging session, participants lay prone on a

table with their hips and knees extended while their feet

remained on the table surface, placing their ankles in a plantar-

flexed position. The scanning region of the BFlh muscle

covered 20%�80% of the distance between the fibular head

and the ischial tuberosity (Fig. 2). A trained researcher (MHA)

moved the ultrasound transducer (Telemed) in a transverse

orientation and at a constant speed and pressure between the

defined regions of the BFlh muscle. We used 3D ultrasound

software (Stradwin V6.0; Mechanical Engineering, Cambridge

University, Cambridge, UK) to acquire multiple freehand

ultrasound scans of the BFlh muscle, which were subsequently

compiled into stacks of 2D B-mode ultrasound images to

generate a 3D volume of the muscle. The 2 scans with the

highest image quality, as determined by visual assessment of

the clarity of fascicles, were selected from each imaging

session for subsequent analysis.

Post-scanning, these ultrasound images were reconstructed to

create a 3D volume of the muscle in the 3D ultrasound software

(Stradwin: Mechanical Engineering, Cambridge University)
Fig. 2. Multiscale assessment of BFlh muscle fascicle length and sarcomere length

The scanning region for 3D ultrasound fascicle imaging of the BFlh covers 20%�
30% and 50% landmarks denoting the insertion sites for sarcomere imaging. (B) B

along each fascicle represent fascicle length measures in the central and distal regio

icon. (C) Sarcomere image collected with second harmonic generation microendosc

form analysis was applied to estimate sarcomere lengths. BFlh = biceps femoris long
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according to the tracked position and orientation of the ultra-

sound transducer. From this 3D volume, a longitudinal 2D

image of the regions of interest within the muscle was gener-

ated. This longitudinal image of the BFlh for architectural anal-

ysis was acquired by positioning a virtual muscle slice along the

sagittal plane, parallel to the muscle fascicles.29 Further details

regarding this procedure can be found in Prager et al.44 The

central and distal regions of the BFlh muscle were determined

based on the defined scanning region using the longitudinal

muscle image (Fig. 2). In the 3D ultrasound software

(Stradwin), the midpoint of each scan was identified, and

3 fascicles were selected in each region based on whether

the majority of the fascicle was proximal or distal to that

midpoint. In each region, fascicle length was determined

by measuring 3 separate lengths using 6 points along each

fascicle to account for curvature, extending from the super-

ficial aponeurosis to the central aponeurosis. We have

previously shown this to be a reliable method for obtaining

fascicle length.29 This process was repeated for 2 scans

from each imaging session, with a single researcher

(MHA) conducting all fascicle length measurements while

remaining blinded to the participant and training status.
2.7. Sarcomere length and number

Second harmonic generation microendoscopy (Zebrascope;

Zebra Medical Technology, Enspectra Health, Mountain View,

CA, USA) was used to directly measure sarcomere length,
. (A) Experimental configuration for BFlh fascicle and sarcomere assessment.

80% of the distance between the fibular head and the ischial tuberosity, with

Flh architecture extracted from a 3D ultrasound scan. Solid lines with 6 points

ns. Sarcomere insertion sites at 30% and 50% are indicated by the needle probe

opy.24,25 The boxed area represents the region of interest where Fourier trans-

-head.
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enabling the calculation of serial sarcomere number. Unlike

previous approaches to measuring sarcomere length, which

involve either surgical procedures or in vitromeasures,45,46 micro-

endoscopy allows for direct and minimally invasive measurement

of sarcomere length within living human muscle.30,31

The microendoscope probe (Zebrascope) consists of 2

needles: the first emits laser light and receives second

harmonic generation images, while the other reflects the signal

to increase signal strength.31 To ensure consistent imaging of

sites of sarcomeres in the distal (30%) and central (50%)

regions of the BFlh, the microendoscope insertion sites were

aligned with the previously identified scanning region for

ultrasound (Fig. 2). B-mode ultrasound (Telemed) was used to

verify the insertion position and orientation of the microendo-

scope needles in each region of BFlh. The microendoscope

probe was rapidly inserted into the muscle tissue using a

spring-loaded device, and a second harmonic generation

microscope was then attached. The images collected appeared

as repeating black and white bands and were sampled at

1.9 Hz as the researcher slowly moved the microendoscope

needle through the muscle to collect images at different depths

(�5 to 15 mm). A sequence of images from different muscle

fibers was stored for subsequent analysis. Between imaging

sessions, the needles were placed in a disinfecting solution.

The analysis of sarcomere lengths was performed using the

sequence of images and following the previously described

process.29,47 This involved applying a Gaussian filter to the

image to subtract noise and using a Fourier transform to calcu-

late the strongest frequency spectrum across the image

between 1.5 mm and 5.0 mm, encompassing a physiologically

feasible range of sarcomere lengths.48 A region on the sharpest

fiber image was selected for analysis, and the Fourier trans-

form was applied across that region of interest to estimate the

average sarcomere length. Given the novelty of the method, a

limited supply of microendoscope needles was available for

sarcomere length measurements. Each subject was allocated a

dedicated needle for sanitary reasons. However, degradation

of the needles with sterilization between sessions limited the

number of sarcomere measurements. To account for variability

in sarcomere length in a particular muscle region, multiple

measures were taken from different fibers, with a mean of 6.1

measures collected for each region and session (range 2�26).

This variability in the number of measurements arises from the

challenge of imaging sarcomeres in vivo. In some subjects,

many different fibers produced clear images, whereas in

others, only a few fibers yielded high-quality images. During

image analysis, as many feasible images as possible were

selected for each region, session, and participant, based on the

clarity of the repeating sarcomere structure and signals that

fell within the sarcomere length range, while sequential

images likely representing the same fiber were ignored. Sarco-

mere length measurements were acquired from 9 participants

in the central region and 6 participants in the distal region at

pre-training; from 9 and 7 participants, respectively, at

post-training; and from 5 and 4 participants after detraining.

All sarcomere length measurements were conducted by a

researcher who was blinded to the participant and condition.
5

The serial sarcomere number was estimated by the equation:

Serial sarcomere number ¼ Mean passive fascicle length

Mean passive sarcomere length
2.8. Muscle volume

Magnetic resonance imaging (MRI) was performed on a 3

Tesla MR scanner (3.0T GE SIGNA Premier; GE Healthcare,

Chicago, IL, USA) to assess BFlh volume. Eleven of the 12

subjects underwent MRI scans placed in a feet-first prone posi-

tion, with their hip, knees, and ankles extended. A 21-channel

blanket air coil placed on their thigh was used for signal recep-

tion. The entire thigh region was imaged as 2 scan volumes: a

superior and an inferior volume with a small region of overlap

between the 2 scan volumes. This extended the field of view

and mitigated the signal drop-off in slices farther away from

the scanner isocenter.

The scan protocol for each volume consisted of a 6-point

Dixon sequence (repetition time/echo time = 12.96/6.14 ms,

number of echoes = 6, flip angle = 5 ˚, matrix = 252£ 252,

field of view: 22.5�45.0 cm, slice thickness = 6 mm, number

of slices: »40, scan time: »3 min). Dixon sequence can

provide separate fat and water images. The post-processing

step involved stitching the superior and the inferior scan

volumes together to generate a single volume of the thigh

region. Using 3DSlicer (Version 5.0.3, http://www.slicer.

org),49 BFlh boundary was manually outlined on each slice of

this single volume by an experienced musculoskeletal MRI

researcher (APS) blinded to the participant and condition. For

consistency in measurements across all participants and visits,

BFlh muscle volume was computed ranging from the superior

image slice where the muscle belly was first visible to the infe-

rior MR slice where the patella was first visible. To maintain

consistency with other measurements, the muscle volumes

from the right side were considered for analysis.
2.9. Statistical analysis

Linear mixed effects models (LMMs) were used to assess

the effects of the 9-week NHE training and 3-week detraining

on passive fascicle length, serial sarcomere number, muscle

volume, and eccentric knee flexor torque. LMMs offer a useful

analytical approach by handling repeated measures, individual

variability, and unbalanced data, allowing for an examination

of all trials and accounting for subject-specific variability in

baseline muscle properties, training, and detraining

effects.50,51

In the primary analysis, LMMs were performed on the main

outcome measures. Fixed effects included “Time” and

“Region”, whereas participant number was considered a

random effect. Time encompassed the 3 time points (pre-

training, post-training, and detraining). Region was defined as

central or distal, for the fascicle and sarcomere analysis. For

the assessment of muscle volume analysis, time was the sole

fixed effect. The sarcomere data from the detraining phase

were excluded from the statistical analysis because only 5

http://www.slicer.org
http://www.slicer.org


J Sport Health Sci 2025;14:100996M.H. Andrews et al.
subjects were able to provide microendoscopy images for the

central region and 4 subjects for the distal region, as the degra-

dation of microendoscope needles with sterilization prevented

accurate measurements for other subjects.

To provide a deeper understanding of the temporal changes

in the measured variables, supplementary analyses were

conducted with a focus on passive fascicle length (measured

every 3 weeks) and eccentric knee flexor torque (measured

weekly). Additional analyses using LMMs were performed,

with the same fixed and random effects. The time variable was

extended to accommodate additional time points.

Each LMM was fitted using the restricted maximum likeli-

hood method. Then the determination of p values for the fixed

effects was achieved through Satterthwaite’s method52 and

presented in a Type III analysis of variance table. Effect sizes

are reported as partial eta squared (h2p). Effects of 0.01, 0.06,

and 0.14 were considered to be small, medium, and large,

respectively.53 Pairwise comparisons with Tukey’s corrections

were applied where significant main or interaction effects of

muscle architecture and strength variables were found to deter-

mine where any differences occurred. The Shapiro�Wilk test

was used to assess the normality of the residuals. In instances

where normality assumptions were violated, outliers were

identified and excluded using Cook’s distance method, with a

threshold of 2.5 times the SDs. All statistical tests were

performed in RStudio (Version 2023.6.1.524; Posit Software,

PBC, Boston, MA, USA) with an a set at p < 0.05.
3. Results

3.1. Effects of Nordic eccentric exercise training

Eccentric training of the hamstrings over 9 weeks signifi-

cantly increased BFlh muscle fascicle length, serial sarcomere

number, volume, and knee flexion torque (Fig. 3). There was

no statistically significant change observed in sarcomere

length (p = 0.083), and the effect size was small (h2p = 0.01)

compared to the significant effect of eccentric training on

fascicle length (h2p = 0.68, p < 0.001), number of sarcomeres

in series (h2p = 0.85, p < 0.001), muscle volume (h2p = 0.66,

p < 0.001), and knee flexion torque (h2p = 0.64, p < 0.001).

3.2. Effects of training on regional fascicle and sarcomere

adaptations

Adaptations in the fascicle lengths differed between regions

in response to the training intervention. A significant interac-

tion effect between Region and Time for fascicle length indi-

cated a more pronounced training effect in the distal region

than in the central region (p < 0.001; Fig. 3B). In the central

region, the initial 3 weeks of training displayed no significant

changes in fascicle length (p = 0.999), followed by a signifi-

cant increase in fascicle length at the end of the training period

(p < 0.001). The distal region displayed increasing fascicle

length throughout the NHE training program (p < 0.001).

A significant regional effect on serial sarcomere number

indicated that there were more serial sarcomeres in the central

region compared to the distal region (p < 0.001, Fig. 3B).
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However, there was no interaction effect between Region and

Time (p = 0.339). This indicates that the increase in serial

sarcomere number in response to NHE training was consistent

across both central and distal regions despite the inherent

nonuniformity in the number of serial sarcomeres.
3.3. Effects of detraining on muscle architecture and strength

Fascicle length decreased from the end of training to the

end of detraining (p < 0.001) but remained longer than pre-

training lengths (p < 0.001). Fig. 3 presents the limited avail-

able data on sarcomere length and calculated serial sarcomere

number, but the statistical power is insufficient to determine

significant changes in either variable. Muscle volume was

maintained after detraining (p = 0.270). A decrease in eccentric

strength was observed after the detraining phase (p = 0.006),

although eccentric strength remained higher than pre-training

levels (p < 0.001).
4. Discussion

This study demonstrates that 9 weeks of NHE training

induced serial sarcomerogenesis in the BFlh, as evidenced by

a significant increase in fascicle length with a corresponding

increase in the calculated number of sarcomeres in series. The

increased fascicle length, muscle hypertrophy, and enhanced

strength induced by the 9-week training regime could plau-

sibly provide protection against strain injuries.

4.1. Muscle architecture and strength adaptations to training

and detraining

BFlh fascicle length increased after 9 weeks of NHE

training, which is in line with the findings of our previous

3-week NHE intervention study.29 This elongation of muscle

fascicles has been proposed as a primary protective mecha-

nism associated with eccentric exercise against hamstring

injury risk.22 Our previous work showed that early fascicle

length adaptations (3 weeks) to eccentric training appear to

result from the stretching of sarcomeres.29 This increase in

sarcomere length would presumably afford no reduction in

injury risk because sarcomeres are likely to be more easily

overstretched. Our new data suggest that this stretching of

sarcomeres, as we demonstrated after 3 weeks of NHE

training,29 might provide a stimulus for serial sarcomerogen-

esis with continued training. The timeline for serial sarcomero-

genesis appears to align with the overall temporal pattern of

muscle hypertrophy, where increases in cross-sectional area

become more prominent after 3 weeks of training.54,55 The

present study provides evidence for the addition of sarcomeres

in series as a longer-term adaptation to eccentric training. This

suggests that with longer muscle fascicles due to serial sarco-

mere addition, at a given level of force, each sarcomere would

be stretched less. Serial sarcomerogenesis could plausibly

protect muscle fibers from overstretching, as has been previ-

ously suggested.56,57

Regional differences in fascicle length were evident, with

greater adaptations in the distal region compared to the central



Fig. 3. (A) BFlh muscle fascicle length substantially increased after NHE training, later decreasing during detraining but remaining longer than pre-training (F,415 = 442,

h2p = 0.68, p < 0.001). Fascicle length was longer in the central region compared to the distal region (F1,415 = 871, h
2
p = 0.68, p < 0.001). (B) Temporal progression of

fascicle length revealed distinct region-specific adaptations (F2,415 = 10, h
2
p = 0.05, p < 0.001) with no significant changes in the central region during the initial 3 weeks of

training, followed by a substantial increase throughout the training period, whereas the distal region consistently displayed an increase in fascicle length throughout NHE

training. (C) Passive sarcomere length shows no significant changes post-training and conservation after detraining (F1,254 = 3, h
2
p = 0.01, p= 0.083). Inherent nonuniformity

among sarcomere lengths was present (F1,257 = 5, p = 0.027, h
2
p = 0.02), with varied adaptations between regions with training (F1,256 = 6, h

2
p = 0.02, p= 0.017). (D) NHE

training program stimulated sarcomerogenesis (F1,19 = 105, h
2
p = 0.85, p<0.001) with a slight decrease in sarcomere number after detraining. There were more serial sarco-

meres in the central region (F1,19 = 56, h
2
p = 0.75, p < 0.001) but no significant interaction effect (F1,19 = 1, h

2
p = 0.05, p= 0.339). (E) BFlh hypertrophy with NHE training

(F2,20 = 20, h
2
p = 0.66, p < 0.001), maintained during detraining. Muscle volume has been normalized to height squared. (F) Increased eccentric strength occurred with

training (F2,129 = 113, h
2
p = 0.64, p <0.001), remaining higher than pre-training levels even with detraining. Knee flexor torque was normalized to body mass. The main

effects summarized in brackets include F-statistic values, degrees of freedom, p values, and effect size (h2p) categorized as small (0.01), medium (0.06), and large (0.14). **

p < 0.01, *** p < 0.001 indicate significant differences between pre-training and post-training. ## p < 0.01, ### p < 0.001 indicate significant differences between post-

training and detraining. Colored dots represent individual participant averages. BFlh = biceps femoris long-head; NHE=Nordic hamstring exercise.
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region. The uneven distribution of hamstring injuries,58

particularly in high-strain areas,59 underscores the importance

of understanding region-specific adaptations to eccentric

training. Heterogeneity in muscle fiber strain during eccentric

exercise60,61 may explain the observed regional adaptations.

As muscle fibers lengthen during force generation, it is

possible that some regions experience greater fascicle and

sarcomere stretch than others.62 We hypothesized that larger

strains in the shorter distal fascicles would drive greater

increases in fascicle length in the distal region observed in this

and our prior study.29

With detraining, there was a reversal of adaptation of

fascicle length in the BFlh muscle. We also observed a

decrease in strength after 3 weeks of detraining, yet strength

remained higher than pre-training, despite regression of some

architectural features.

4.2. Implications for hamstring injury mitigation programs

The initial increase of passive fascicle length within the

BFlh muscle following 3 weeks of NHE training appears to

primarily result from sarcomere lengthening.29 This stretching

of sarcomeres precedes the later addition of sarcomeres in

series, a longer-term adaptation seen after 9 weeks of NHE

training in the present study. The subsequent serial sarcomero-

genesis potentially allows sarcomeres to regain a beneficial

length for force production.57,63 Concurrently, significant

hamstring hypertrophy offers the potential to mitigate the risk

of hamstring injuries. Hypertrophy, often associated with the

addition of sarcomeres in parallel, not only lessens the stress

per sarcomere at a given muscle force level but also increases

the force-generating capacity of each muscle fiber.20,64 The

reversal of muscle architectural adaptations during detraining

underscores that it is important to sustain a consistent training

stimulus for these potentially protective hamstring muscle

adaptations to be maintained.

4.3. Limitations

Several limitations of this study point to potential directions

for future research. The absence of a control group limits our

ability to isolate the effects of training and detraining from

other potential factors. The modest sample size warrants

caution when interpreting the results, particularly regarding

the possibility of overlooking small effects. Additionally, the

limited data on sarcomere lengths after detraining limit our

understanding of the microscopic changes to muscle following

the cessation of training stimuli.

Our focus on the BFlh muscle constrains the extrapolation

of our results to other muscles within the hamstrings. Further-

more, while our findings provide insights on the adaptations

induced by NHE training and detraining, the direct link

between these changes and injury risk requires additional

investigation.

Another limitation is our focus on passive fascicles and

sarcomeres. Although measuring active sarcomere length in

humans in vivo remains infeasible, investigating active fascicle

lengthening provides avenues for future research to make
8

inferences about sarcomere length ranges during eccentric

contractions. Addressing these limitations in future research

could provide a more comprehensive understanding of

hamstring muscle adaptations and their implications for injury

prevention and performance enhancement.

5. Conclusion

This study provides insight into how the macrostructure and

microstructure of the BFlh muscle adapt over an eccentric

exercise program. Collectively, these results suggest that serial

sarcomerogenesis accompanies the increase in fascicle length

after 9 weeks of eccentric exercise training. These adaptations

have the potential to reduce the risk of overstretching sarco-

meres during running and to help protect the hamstring

muscles from injury.
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