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Abstract

Background: Hamstring injury is one of the most common injuries in sports involving sprinting. Hamstring flexibility and strength are often consid-
ered to be modifiable risk factors in hamstring injury. Understanding the effects of hamstring flexibility or strength training on the biomechanics of
the hamstring muscles during sprinting could assist in improving prevention strategies and rehabilitation related to these injuries. The purpose of this
study was to determine the effects of altering hamstring flexibility or strength on peak hamstring musculotendinous strain during sprinting.

Methods: A total of 20 male college students (aged 18—24 years) participated and were randomly assigned to either a flexibility intervention
group or a strength intervention group. Each participant executed exercise training 3 times a week for 8 weeks. Flexibility, sprinting, and isoki-
netic strength testing were performed before and after the 2 interventions. Paired ¢ tests were performed to determine hamstring flexibility or
strength intervention effects on optimal hamstring musculotendinous lengths and peak hamstring musculotendinous strains during sprinting.
Results: Participants in the flexibility intervention group significantly increased the optimal musculotendinous lengths of the semimembranosus
and biceps long head (p < 0.026) and decreased peak musculotendinous strains in all 3 bi-articulate hamstring muscles (p < 0.004). Participants
in the strength-intervention group significantly increased the optimal musculotendinous lengths of all 3 hamstring muscles (p < 0.041) and sig-
nificantly decreased their peak musculotendinous strain during sprinting (p < 0.017).

Conclusion: Increasing hamstring flexibility or strength through exercise training may assist in reducing the risk of hamstring injury during
sprinting for recreational male athletes.
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1. Introduction Although hamstring flexibility and strength are often con-
sidered to be modifiable risk factors for hamstring injury,” "
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optimal length.”” We recently reported a significant correlation
between hamstring flexibility score, represented by the range
of hip flexion in the passive straight leg raise test, and ham-
string optimal musculotendinous lengths, at which hamstring
muscles generate maximal isometric forces.”” In a follow-up
study,”* we further demonstrated that peak hamstring musculo-
tendinous strains during sprinting were negatively correlated
with the hamstring flexibility score and optimal musculotendi-
nous lengths. Taken together, these results suggest that ham-
string optimal musculotendinous length may be a measure of
risk for hamstring injury in individuals. Our recent interven-
tion study demonstrated that improving hamstring flexibility
scores and strength significantly increased hamstring optimal
musculotendinous length for males but not for females.”
However, the effects of hamstring flexibility and strength
intervention on peak hamstring musculotendinous strains dur-
ing sprinting are still unknown.

This study was, therefore, designed to determine the effects
of hamstring flexibility and strength training on peak hamstring
musculotendinous strains during sprinting for male reactional
athletes. We hypothesized that 8 weeks of hamstring flexibility
training would significantly increase the optimal musculotendi-
nous lengths and decrease the peak musculotendinous strains of
3 bi-articulated hamstring muscles during sprinting in male rec-
reational athletes. We also hypothesized that 8 weeks of ham-
string strength training would also significantly increase the
optimal musculotendinous lengths and decrease peak musculo-
tendinous strains of 3 bi-articulated hamstring muscles during
sprinting for male recreational athletes.

2. Methods
2.1. Participants

A total of 28 male college students regularly participating
in exercise and sport activities volunteered to participate in
this study. We used G*Power software Version 3.00.10 (Franz
Faul, Kiel University, Kiel, Germany) to estimate the sample
size for type I error rate (<0.05), statistical power (>0.80),
and anticipated Cohen d effect size (>0.40). All subjects had
no history of hamstring or other lower-extremity injury prior
to participation. Using a block randomization procedure with a
block size of 4 (Table 1), participants were randomly assigned
to either a flexibility intervention group or a strength interven-
tion group. A block was randomly picked by the 4th author
(HL) for every 4 incoming participants. The assignment of
each participant was revealed after the participant signed the
consent. Each participant signed a written consent prior to any
data collection or study participation. The consent form

Table 1
Descriptions of participants (mean £ SD).
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included information contained in the Helsinki Declaration as
well as the purpose of the study and details about the study’s
protocols. The use of human subjects in this study was
approved by the Institutional Review Board of Beijing Sport
University (IRB approval ID #2016001H).

2.2. Procedures

The procedures for this study included a pre-intervention test,
8 weeks of intervention, and a post-intervention test. In each of
the pre- and post-intervention evaluations, the participant was
administered a sprinting test to collect lower-extremity, three-
dimensional (3-D) kinematic data for each leg. The sprinting
test was followed by an isokinetic strength test to collect knee
isokinetic moment data as a function of knee joint angle.

2.2.1. Sprinting test

A total of 19 passive reflective markers were placed bilater-
ally on each participant’s lower extremity, including the ante-
rior superior iliac spine, top of the crista iliac, lateral and
medial femur condyles, lateral and medial malleolus, tibial
tuberosity, and middle of the 2nd and the 3rd metatarsals. An
additional marker was attached at the junction of the 4th and
Sth lumbar spine vertebra (L4 and Ls). The markers on the
medial femur condyles and malleolus were removed after a
standing calibration. Using a standing-start technique, each
participant then completed 3 sprinting trials with maximum
effort for each leg, with 2 min of rest between consecutive tri-
als. The distance from the starting line to the finish line was
40 m, with the data collection area in the middle 15 m. The
3-D coordinates of the reflective markers in each sprinting trial
were recorded using a videographic data collection system
(Raptor-4; Motion Analysis, Santa Rosa, CA, USA) comprising
12 cameras with a sampling rate of 200 frames/s.

2.2.2. Isokinetic strength test

After the sprinting test, each participant was seated on an
IsoMed2000 isokinetic device (D&R Ferstl, Hemau, Germany)
with the reflective markers still attached. The thigh and lower
leg of the testing leg were secured on the seat and the dyna-
mometer arm, respectively, with the hip flexed at 90°. The par-
ticipant had 3 concentric isokinetic maximum knee flexion
tests at an angular velocity of 10°/s for each leg to mimic
isometric contraction, since muscle optimal length is referred
to as the muscle length and corresponds to the maximum
muscle isometric contraction force.”® The 3-D coordinates of
the reflective markers in each trial of isokinetic strength were
recorded by using a videographic data collection system

Group n Age (year) Body mass (kg) Standing height (cm) Weekly physical activity (h)
Flexibility intervention 10 20.6 1.6 70.5+5.2 178.9 £ 3.7 7.8 £25
Strength intervention 10 209+19 66.0 5.9 1743 £ 5.1 7.6+£22
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Table 2
Exercises in each intervention group.
Group Week Exercises (30-s rest between sets, 1-min rest between exercises)
Flexibility intervention 1 Walking knee lift Sitting toe touch PNF stretch Foam roll
(15 reps x 2 sets) (40 s/leg x 2 sets) (50 s/leg x 3 sets) (40 s/leg x 3 sets)
2—4 Forward lunge Sitting toe touch PNF stretch Foam roll
(15 reps x 2 sets) (50 s/leg x 3 sets) (50 s/leg x 3 sets) (50 s/leg x 1 set)
5-8 Forward lunge Semi-straddle PNF stretch Foam roll
(15 reps x 2 sets) (60 s/leg x 2 sets) (50 s/leg x 3 sets) (50 s/leg x 1 set)
Strength intervention 1 NHC with bend Prone hamstrings curl Physio-ball leg curl Glute bridge
(8 reps x 3 sets) (12 reps/leg x 4 sets) (8 reps x 3 sets) (50 s/leg x 2 sets)
2—4 NHC with bend Prone hamstrings curl Physio-ball leg curl Glute bridge
(12 reps x 3 sets) (14 reps/leg x 3 sets) (10 reps x 3 sets) (50 s/leg x 2 sets)
5-8 NHC Prone hamstrings curl Physio-ball roll Glute bridge

(12 reps x 3 sets)

(15 reps/leg x 3 sets)

(10 reps/leg x 2 sets)

(60 s/leg x 2 sets)

Abbreviations: NHC = Nordic hamstring curl; PNF = proprioceptive neuromuscular facilitation; reps = repetitions.

(Oqus 400; Qualisys, Gothenburg, Sweden), with 12 cameras
operating at a sampling rate of 100 frames/s. Knee flexion tor-
que data were recorded at a sampling rate of 100 Hz and time-
synchronized with videographic data collection using a Mega-
Win 2.4 system (Mega Electronics, Kuopio, Finland).

2.2.3. Interventions

Participants in each experimental group had 3 intervention
sessions per week for 8 weeks, with at least 36 h between ses-
sions. In each session, the participants had 6 min of standard-
ized warm-up involving a series of dynamic exercises.
Participants in the flexibility intervention group performed a
series of static, dynamic, and proprioceptive neuromuscular
facilitation stretches (Table 2) (Supplementary Fig. 1). Partici-
pants in the strength intervention group performed concentric
as well as eccentric strengthening exercises (Table 2) (Supple-
mentary Fig. 2). All interventions used in our study were based
on recommendations by the National Strength and Condition-
ing Association’” and were carried out under the direction of a
certified personal trainer. All participants were instructed to
maintain their current level of physical activity and avoid any
exercises specifically designed to improve hamstring flexibil-
ity or strength while participating in the study.

2.3. Data reduction

The raw 3-D trajectories of reflective markers in isokinetic
strength testing were smoothed using a Butterworth low-pass
filter at a cutoff frequency of 10 Hz to reduce random noise.”®
Musculotendinous lengths of a given hamstring muscle were
determined as the distances between the origin and the inser-
tion of the muscle. The instantaneous force of each hamstring
muscle was calculated from instantaneous knee-flexion-
moment data, physiological cross-sectional areas, and the
moment arms of each muscle. Calculations of hamstring mus-
culotendinous lengths and forces have been described in detail
in previous studies.”>*” The optimal musculotendinous length
of each biarticulated hamstring muscle was identified as the
musculotendinous length at which the calculated muscle force
of the given hamstring muscle was maximum.

The 3-D trajectories of reflective markers in sprinting were
digitally low-pass filtered at 13 Hz.”® Instantaneous musculo-
tendinous lengths of the 3 bi-articulated hamstring muscles
were calculated as previously described. Instantaneous muscu-
lotendinous strain (g;) of each of the 3 bi-articulated hamstring
muscles of a given leg were calculated as:

Li—Lo
& = L ’
0

where L; and L, were instantaneous musculotendinous length
and optimal musculotendinous length, respectively.”*

A running-step cycle was defined as the duration between 2
consecutive foot strikes. The time of a foot strike was defined as
the time represented by the first frame in which any part of the
foot was in contact with the ground. Sprinting speed was defined
as the averaged horizontal velocity of the Ly—Ls marker during
the running step cycle in which data were collected. Step length
was defined as the horizontal distance between the toes at 2 con-
secutive foot strikes. Step frequency was defined as the inverse
of the time between 2 consecutive foot strikes. Peak musculoten-
dinous strains of each bi-articulated hamstring muscle in each
step cycle were identified for the swing leg.

2.4. Statistical analyses

Between-participant coefficients of multiple correlation
(CMC) and within-participant relative errors’”' in hamstring
optimal musculotendinous length and peak musculotendinous
strains were calculated before and after the interventions to
evaluate the between- and within-participant reliability of esti-
mated peak strains. To test our hypotheses, the optimal muscu-
lotendinous lengths and peak musculotendinous strains of 3
bi-articulated hamstring muscles of the flexibility and strength
intervention groups were compared between pre- and
post-intervention by using paired ¢ tests. Sprinting speed, step
length, and step frequency were also compared between
pre- and post-intervention by using paired ¢ tests. All statistical
analyses were performed using SPSS Version 18.0 software
(SPSS, Chicago, IL, USA). A type I error rate no greater than
0.05 was chosen as an indication of statistical significance.
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Table 3
The reliability of hamstring optimal musculotendinous lengths and peak musculotendinous strains.
Pre-intervention Post-intervention
Variable Muscle
Error (mean & SD, %) CMC Error (mean £ SD, %) CMC
Optimal musculotendinous length Semitendinosus 1.47 £ 1.61 0.88 1.31+1.28 0.89
Semimembranosus 1.76 £ 1.75 0.84 1.54 £ 1.44 0.85
Biceps long head 1.69 £ 1.60 0.90 1.69 £+ 1.49 0.85
Peak musculotendinous strain Semitendinosus 0.84 £ 0.53 0.98 0.85 £ 0.60 0.96
Semimembranosus 1.03 +£0.70 0.98 0.85 +0.60 0.97
Biceps long head 0.81 £0.49 0.99 0.91 £ 0.62 0.97

Abbreviation: CMC = coefficients of multiple correlation.

3. Results

All participants completed the study as requested. Four par-
ticipants in each group, however, had incomplete data due to
equipment errors in data collection. The means of between-
participant CMCs and within-participant relative errors of the
estimated hamstring optimal musculotendinous lengths before
and after the interventions were no less than 0.84% and no
greater than 1.76%, respectively (Table 3). The means of
between-participant CMCs and within-participant relative
errors of the peak hamstring musculotendinous strains during
sprinting before and after the interventions were no less than
0.96% and no greater than 1.03%, respectively (Table 3).

In the flexibility intervention group, the hamstring flexibil-
ity score significantly increased in the post-intervention test in
comparison to the pre-intervention test (p =0.001), while ham-
string strength was not significantly changed in the post-inter-
vention test (p =0.393) (Table 4) (Supplementary Figs. 3 and
4). The optimal musculotendinous lengths of the semimembra-
nosus and biceps long head were significantly increased in the
post-intervention test (p =0.011, p =0.026), whereas there was
no significant increase in the optimal musculotendinous length
of semitendinosus after the intervention (p =0.060) (Table 4)
(Supplementary Fig. 7). Peak musculotendinous strain of the
semitendinosus (p =0.004), semimembranosus (p=0.002),
and biceps long head (p = 0.004) significantly decreased in the

Table 4

post-intervention test (Table 4) (Supplementary Fig. 8). No
significant difference was observed in sprinting speed
(»=0.599), step length (p=0.674), or step frequency
(p=0.539) between pre- and post-intervention tests (Table 4)
(Supplementary Figs. 9—11).

In the strength intervention group, the hamstring strength as
well as the hamstring flexibility score significantly increased in
the post-intervention test compared to the pre-intervention test
(p=0.001, p=0.037) (Table 5) (Supplementary Figs. 5 and 6).
The optimal musculotendinous lengths of all 3 bi-articulated
hamstring muscles significantly increased in the post-interven-
tion test (p < 0.041) (Table 5) (Supplementary Fig. 12). The
peak musculotendinous strain of all 3 bi-articulated hamstring
muscles significantly decreased in the post-intervention test
(p <0.017) (Table 5) (Supplementary Fig. 13). No significant dif-
ference was observed in sprinting speed (p =0.134), step length
(p=0.527), or step frequency (p =0.265) between pre- and post-
intervention tests (Table 5) (Supplementary Figs.14—16).

4. Discussion
4.1. Effects of flexibility and strength training

The results of this study partially support our first hypothe-
sis that 8 weeks of hamstring flexibility exercises significantly
increase hamstring optimal musculotendinous lengths and

Intervention effects on hamstring flexibility score, strength, optimal musculotendinous lengths, sprinting speed, step length and frequency, and peak hamstring
musculotendinous strains in sprinting for the flexibility intervention group (n =20) (mean £ SD).

Variable Pre-intervention Post-intervention Difference 95%Cl P Cohen d
Hamstring flexibility score (°) 96.7 £10.3 114.5 £ 12.7 17.8 £9.2 13.5t022.1 0.001 2.00
Hamstring strength (N-m) 142.0 £40.9 140.5 £ 31.1 —-1.5£250 —13.3t010.2 0.393 0.06
Semitendinosus optimal musculotendinous length (FL) 1.06 + 0.04 1.08 + 0.04 0.02 £ 0.05 0.00 to 0.04 0.060 0.37
Semimembranosus optimal musculotendinous length (FL) 1.04 £0.04 1.07 £0.04 0.03 £ 0.05 0.01 to 0.05 0.011 0.58
Biceps long head optimal musculotendinous length (FL) 1.04 + 0.04 1.06 + 0.05 0.02 +£0.05 0.00 to 0.05 0.026 0.47
Sprinting speed (m/s) 7.49 £ 0.67 7.45 £ 0.50 —0.04 £0.36 —0.21t00.13 0.599 0.12
Step length (m) 1.95+0.21 1.94 £ 0.21 —0.01 £0.14 —0.08 to 0.05 0.674 0.10
Step frequency (steps/s) 4.00 £ 0.33 4.04 +0.31 0.04 £ 0.27 —0.09t00.16 0.539 0.14
Peak semitendinosus musculotendinous strain 0.09 +0.05 0.06 + 0.04 —0.03 £0.04 —0.05to —0.01 0.004 0.75
Peak semimembranosus musculotendinous strain 0.09 £ 0.06 0.05 £ 0.05 —0.04 £ 0.05 —0.06 to —0.02 0.002 0.83
Peak biceps long head musculotendinous strain 0.09 &+ 0.06 0.06 = 0.05 —0.04 £ 0.05 —0.06 to —0.01 0.004 0.76

Note: The hamstring optimal musculotendinous lengths were normalized to FL, defined as the distance between the hip joint center and knee joint center.

Abbreviations: CI = confidence interval; FL = femur length.
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Table 5

X. Wan et al.

Intervention effects on hamstring flexibility score, strength, optimal musculotendinous lengths, sprinting speed, step length and frequency, and peak hamstring
musculotendinous strains in sprinting for the strength intervention group (» =20) (mean =+ SD).

Variable Pre-intervention Post-intervention Difference 95%ClI P Cohen d
Hamstring flexibility score (°) 93.6 £6.9 979 £ 11.6 424100 —0.5t0 8.9 0.037 0.43
Hamstring strength (N-m) 108.8 £ 34.3 118.5 £35.8 9.8 £ 125 3910 15.6 0.001 0.80
Semitendinosus optimal musculotendinous length (FL) 1.05 £ 0.05 1.07 £ 0.03 0.02 +0.04 0.00 to 0.04 0.041 0.42
Semimembranosus optimal musculotendinous length (FL) 1.04 £ 0.04 1.06 £ 0.03 0.03 £0.04 0.01 to 0.05 0.003 0.70
Biceps long head optimal musculotendinous length (FL) 1.02 £ 0.05 1.04 +£0.03 0.02 +0.04 0.00 to 0.04 0.009 0.47
Sprinting speed (m/s) 7.25+0.42 7.40 + 0.60 0.154+0.43 —0.05 to 0.35 0.134 0.36
Step length (m) 1.87 £0.13 1.89 £ 0.15 0.02 £ 0.16 —0.05 t0 0.10 0.527 0.15
Step frequency (steps/s) 4.10 £ 0.37 4.01 £0.28 —0.09 £0.37 —0.27t0 0.08 0.265 0.26
Peak semitendinosus musculotendinous strain 0.09 +0.07 0.05 £0.03 —0.05 £0.08 —0.09 to —0.01 0.017 0.60
Peak semimembranosus musculotendinous strain 0.09 + 0.06 0.04 £0.03 —0.05 £0.07 —0.08 to —0.01 0.011 0.64
Peak biceps long head musculotendinous strain 0.10 £ 0.07 0.05 £ 0.04 —0.05 £ 0.08 —0.09 to —0.01 0.009 0.67

Note: The hamstring optimal musculotendinous lengths were normalized to FL defined as the distance between hip joint center and knee joint center.

Abbreviations: CI = confidence interval; FL = femur length.

decrease peak musculotendinous strains during sprinting for
male recreational athletes. Specifically, our results showed
that the optimal musculotendinous lengths of both the semi-
membranosus and biceps long head significantly increased fol-
lowing the 8 weeks of flexibility training. Furthermore, we
showed that the peak musculotendinous strains of all 3
bi-articulated hamstring muscles during sprinting significantly
decreased after 8 weeks of flexibility training. In the same
group, sprinting speed, step length, and frequency were not
significantly changed over the 8 weeks of flexibility exercises.
Taken together, these results suggest that the decreases in peak
musculotendinous strains of the semimembranosus and biceps
long head were due mainly to the increase in optimal musculo-
tendinous lengths of these 2 muscles. Considering the p values
and effect sizes, although the increase in the optimal musculo-
tendinous length of semitendinosus after 8§ weeks of flexibility
training was not statistically significant, it still appears to be
the most likely explanation for the decrease in the peak muscu-
lotendinous strain of this muscle during sprinting.

Our second hypothesis was that 8 weeks of strength train-
ing would increase the optimal musculotendinous lengths of
the 3 bi-articulated hamstring muscles, while decreasing the
peak musculotendinous strains of these muscles during sprint-
ing. Once again, this hypothesis was partially supported
by our findings. Optimal musculotendinous length for all
3 muscles significantly increased after 8 weeks of a strength
training intervention, which included concentric as well as
eccentric strengthening exercises, while peak musculotendi-
nous strains for all 3 muscles significantly decreased. Interest-
ingly, sprinting speed, step length, and frequency were not
significantly changed over the 8 weeks. These results suggest
that in this cohort of male recreational athletes, decreases in
peak hamstring musculotendinous strains during sprinting were
due mainly to the increases in the optimal length of the tissues.

4.2. Optimal musculotendinous lengths

The estimated optimal musculotendinous lengths and
peak musculotendinous strains of hamstring muscles had
high between-participant CMCs and relatively small within-

participant errors. High between-participant CMCs indicate
high correlation of a repeated measure across participants,
whereas the low within-participant errors indicate a high
degree of similarity in a repeated measure across trials. These
results suggest an excellent reliability of estimated optimal
musculotendinous lengths and peak musculotendinous strains
of hamstring muscles in our study.

The optimal musculotendinous lengths of hamstring
muscles may be a modifiable risk measure for hamstring injury
within an individual as well as across individuals. Several
studies have consistently demonstrated that excessive muscu-
lotendinous strain of the muscle is a primary cause of muscle-
strain injuries.'” ' Musculotendinous strain of a muscle is the
ratio of the musculotendinous length deformation to its opti-
mal length. Therefore, for a given movement, a longer optimal
musculotendinous length of the muscle will result in a lower
tissue strain for the same deformation. Our previous cross-sec-
tional study demonstrated that peak hamstring musculotendi-
nous strains during sprinting are negatively correlated with the
optimal musculotendinous length,”* suggesting that this
parameter may be a predictive measure of hamstring injury
across individuals. Our current results demonstrated that opti-
mal musculotendinous lengths of hamstring muscles can be
increased through both flexibility and strength interventions
and that peak musculotendinous strains during sprinting are
decreased with these training regimens. Taken together, these
combined findings support the idea that the optimal musculo-
tendinous length of hamstring muscles is a modifiable measure
of the risk for hamstring strain injury within individuals as
well as across individuals, at least for males.

In future studies of hamstring injuries, the optimal musculo-
tendinous lengths of hamstring muscles should be used as a
measure of the ability of these muscles to stretch. Several clini-
cal tests have been used commonly for evaluation of hamstring
flexibility, including the knee extension angle test, the straight
leg raise test, and the sit-and-reach test.”> Knee or hip joint
range of motion was used to present the ability of the ham-
string muscles to be stretched. Joint range of motion, however,
was affected not only by the ability of the hamstring muscles
to be stretched but also by joint flexibility and muscle
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strength.”” This limitation of current clinical tests for ham-
string flexibility may have contributed to the inconsistencies in
the literature concerning hamstring flexibility as a risk factor
for injury. As previously discussed,”” optimal musculotendi-
nous length directly affects tissue strain, with excessive strain
being a primary cause of muscle injury.'’ ?' The results herein
demonstrated that our approach to estimating optimal muscu-
lotendinous lengths of the hamstring muscles is reliable and is
related to peak musculotendinous strains during sprinting.
Accordingly, the use of optimal musculotendinous lengths of
the hamstring muscles as an estimate of the ability of these
muscles to be stretched should be considered in future studies
of hamstring injuries.

4.3. Interventions and injury risk

Strength intervention may be an effective way to reduce the
risk of injury. Studies of the mechanism of muscle strain injury
demonstrate that muscle force is not the direct cause of muscle
strain injury.”*" A literature review failed to find any study
showing that muscle strength is correlated with optimal mus-
culotendinous length or peak musculotendinous strains during
movement. Epidemiological studies have yielded conflicting
results about the correlation between muscle strength and mus-
cle injury rate. Several studies support the belief that concen-
tric** and eccentric’ hamstring weakness, together with low
ratios of concentric'® or eccentric’® hamstring strength to con-
centric quadriceps strength, are risk factors for hamstring
injury. Some prospective studies have also demonstrated that a
hamstring-strengthening program featuring eccentric contrac-
tion exercises can reduce the occurrence and severity of ham-
string injuries.’’*® In contrast, other studies have found that
hamstring strength is not correlated with injury rate.'®***
The results of our study, however, demonstrate that strength
intervention can increase hamstring optimal musculotendinous
lengths and, thus, decrease peak musculotendinous strains dur-
ing sprinting. Our results are consistent with the literature
showing that optimal musculotendinous length increases as
muscle strength increases.”' ** The literature demonstrates
that strength training, especially eccentric strength training,
can effectively increase muscle fascicle lengths.”>*® The liter-
ature also demonstrates that injury strain increases as the
energy absorbed by the muscle increases due to increased mus-
cle contraction force.”” The results of our study, combined
with previous work, suggest that strength training may be an
effective way to reduce the risk of hamstring injury. However,
strength may not be an indicator of the relative risk of ham-
string injury across individuals. This is likely an explanation
for the inconsistencies in the literature concerning strength as
a risk factor for hamstring injury.

The present study did not include a control group because it
had been demonstrated previously that hamstring flexibility
and strength are not improved without specific training.** >’
In the present study, the 2 experimental groups were instructed
to maintain their current level of physical activity and to avoid
any exercises specifically designed to improve hamstring
flexibility or strength, except for the required intervention
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programs in our study. Our results showed that the flexibility
intervention group did not experience significant changes in
strength, and the significant improvements in strength and flex-
ibility of the strength intervention group are consistent with the
literature.”” % Also, in a previous study, we demonstrated that
the optimal musculotendinous lengths of the hamstring
muscles are correlated to the flexibility score of the passive
straight leg raise test.”” Combined, the results reported in the
literature and in our study suggest that the changes in the opti-
mal musculotendinous lengths of the hamstring muscles, as
well as the strains of those muscles, are likely to be caused
directly by the specific interventions.

4.4. Limitations

Because the present study included only male participants,
future studies should investigate the effects of flexibility and
strength training on females’ hamstring biomechanics. Increased
sample sizes should also be used in future studies in order to
confirm the results of our study because the testing of our
hypotheses involved a relatively large number of tests, a condi-
tion that might have increased the overall probability of type I
errors. The retention of the effects of flexibility and strength
training on optimal musculotendinous lengths of the hamstring
muscles and peak musculotendinous strains in sports activities
should be determined in future studies because our study evalu-
ated only the immediate effects of the interventions. Further-
more, the effects of flexibility and strength training on the
hamstring injury rate need to be determined in future epidemio-
logical studies. Likewise, future studies should compare the
effects of flexibility interventions vs. strength interventions on
hamstring biomechanics. Finally, the effects of previous ham-
string injuries on optimal musculotendinous lengths of the ham-
string muscles should be investigated, given that the literature
demonstrates that previous hamstring injuries can have a signifi-
cant impact on hamstring strength and flexibility.””

5. Conclusion

Increasing hamstring flexibility or hamstring strength
through exercise interventions increased optimal musculoten-
dinous lengths of the hamstring muscles and, thus, decreased
peak musculotendinous strains during sprinting for male ath-
letes. Future studies of the prevention and rehabilitation of
hamstring injuries should investigate the optimal musculoten-
dinous lengths of the hamstring muscles as a measure of the
ability of these muscles to be stretched.
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