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Abstract

Purpose The aim of the present study was to evaluate the effects of 6 weeks of a constant-angle hamstring muscle flexibility
training on muscle—tendon stiffness and the range of motion (ROM) in young men with limited hamstring ROM.

Methods 13 participants performed unilateral stretching training (EL), while the contralateral limb acted as control (CL).
ROM, relative and peak passive torque, passive stiffness, dynamic knee flexion strength, and active optimum joint angle
were assessed before and after the last training session. In addition, participants were tested during the first and last training
sessions for first stretch sensation during the stretching procedure only in the EL.

Results Straight-leg raise and isokinetic knee ROM tests (both p <0.0001; from 59.4 +8.1 to 70.3 +9.8, from 28.3+7.6 to
18.5+5.2, respectively) and peak passive torque (p =0.001; from 53.1+11.7 to 64.9 +12.3) increased only in EL and no
changes in relative passive torque, passive stiffness, dynamic knee flexion strength, and active optimum joint angle (p > 0.05)
were observed. At the point of first stretch sensation, significant increases in passive torque (p=0.004) and angle (p <0.001)
were found from pre- to post-training.

Conclusion The flexibility training induced significant increases in ROM alongside increases in peak passive torque (stretch
tolerance) and the ROM at which stretch was first perceived. However, this occurred without changes in muscle-tendon
mechanical properties or transfer to the untrained limb (CL). These results suggest that limb-specific ROM increases were
underpinned by neural adaptations.

Keywords Knee flexors - Passive torque - Passive muscle stiffness - Range of motion

Abbreviations ROM Range of motion
ANOVA Analysis of variance RMS Root mean square
CL Control condition

EMG Electromyography

EL Experimental condition Introduction

PSLR Passive straight-leg raise

Increases in range of motion (ROM) evoked by muscle flex-
ibility (i.e., stretching) training allows for an increase in
freedom of movement, which can be beneficial especially
Communicated by Olivier Seynnes. for less flexible individuals. Although the benefits obtained
through flexibility training have been clearly shown, the
mechanisms underpinning the increases in ROM are still
unclear, with both morphological and neural adaptations
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have reported negligible changes in muscle viscoelastic
properties (Halbertsma and Goeken 1994; Magnusson et al.
1996b) or have found them not to be related to the improve-
ment in ROM (Blazevich et al. 2014), suggesting that other
mechanisms, such as changes in the nervous system, may be
involved in ROM alterations (Freitas et al. 2017; Halbertsma
and Goeken 1994; Magnusson 1998; Weppler and Magnus-
son 2010).

Increases in the ability to tolerate stretching to greater
passive joint moment, which has been referred as stretch
tolerance, seem to be related to alterations in perceived
stretch load during the stretch maneuver (Ben and Harvey
2010; Blazevich et al. 2014; Folpp et al. 2006; LaRoche and
Connolly 2006; Magnusson et al. 1996b). Increased toler-
ance to higher levels of stretch torque has been reported
after a flexibility-training program, allowing an individual
to push the joint to a greater ROM for the same amount of
perceived stretch intensity (Ben and Harvey 2010; Blazevich
et al. 2014). In addition, an increase in the muscle length
(joint angle) at which the first stretch sensation is felt has
been reported, a phenomenon in which the participant
informs the point at which the stretch of the muscle is first
felt (Halbertsma and Goeken 1994; Ylinen et al. 2009). The
first stretch sensation has been used as the endpoint of the
ROM measurement in some studies (Bandy et al. 1997; Hal-
bertsma and Goeken 1994); however, only a few studies have
concomitantly evaluated the ROM and the torque level or
muscle—tendon unit stiffness at that point (Halbertsma and
Goeken 1994; Ylinen et al. 2009). Therefore, it is not clear
whether changes in the first stretch sensation are related to
changes in the perception of joint torque or tissue stiffness.

Pain is a possibly important sensation that could strongly
impact on stretch perception, and thus maximum joint ROM.
Nociceptive signals promote strong inhibition on muscle
function and joint movement (Rossi and Decchi 1997) and
may, therefore, be an important signal influencing maximum
ROM. If this is the case, then one may speculate that the
ROM reached in each training session might vary accord-
ing to the personal daily pain perception. Few studies have
recorded daily variations in ROM, as the participants are
usually allowed to control the angle reached in the flex-
ibility training programs themselves. Thus, controlling the
ROM reached in each training session is necessary to better
understand muscle behavior change to a chronically applied
stretching stimulus. Performing the training sessions in an
apparatus (e.g., isokinetic dynamometer) allows the precise
control and measurement of the joint throughout the ROM
during a flexibility training session and allows the measure-
ment of the passive stiffness during the stretch maneuver.

The aim of the present study was to evaluate the effects of
6 weeks of controlled constant-angle hamstring muscle flex-
ibility training on muscle—tendon stiffness and the maximum
ROM assessed in tests that were specific vs. non-specific
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to the training stretches in young men with limited ham-
string range of motion. In addition, first stretch sensation
during the stretch maneuver was monitored in the first and
last training sessions in the experimental limb (EL) only.
We hypothesized that maximal ROM would be increased
in the experimental limb (EL) only and no alterations on
muscle—tendon stiffness would be observed.

Materials and methods
Participants

Twenty-three healthy men volunteered to participate in the
present study. Only individuals with limited hamstrings’
flexibility were included, as they are an important target
clinical population and were expected to benefit most from
a stretch training program; however, they exhibit similar
responses to a stretching training program as individuals
without limited hamstrings’ flexibility (Ayala et al. 2013).
Each participant was expected to have a limited hamstring
flexibility, defined as maximum of 80° hip flexion in the pas-
sive straight-leg raise test (PSLR) (Ayala et al. 2013). Based
on this criterion, six participants were excluded from partici-
pation. A further three participants were excluded, because
they were engaged in sports programs, and one participant
dropped out prior to the first evaluation. Therefore, 13
healthy men (age 23.6 +3.9 years; body mass 77.6+12.5 kg;
height 177.1 £6.8 cm; body fat 16.0 +8.2%) not engaged in
strength or flexibility activities for at least 3 months prior to
the study participated. All participants were free from func-
tional limitations that could impair their performance, and
they were instructed to avoid any changes in their diet and
physical activity levels (e.g., walking, jogging, and biking)
during the course of the study.

The participants were carefully informed of the purpose,
procedures, and risks due to study participation, and writ-
ten informed consent was obtained from all participants.
All procedures of the present study were approved by the
University Institutional Review Board (965.097), and the
study was conducted in accordance with the Declaration of
Helsinki.

Experimental design

This study was designed to examine the effects of a con-
stant-angle flexibility-training program in men with limited
hamstring flexibility. For this purpose, the participant’s right
and left legs were allocated according to their leg domi-
nance to experimental (EL) and control (CL) conditions
(i.e., participants served as their own controls) (Akagi and
Takahashi 2014; Folpp et al. 2006; Guissard and Duchateau



European Journal of Applied Physiology (2019) 119:1691-1700

1693

2004; Kubo et al. 2002), with some individuals having their
dominant leg in the experimental group and others in the
control group. Leg dominance was determined by asking
the participant which leg is preferred to kick a ball. EL was
exposed to constant-angle muscle stretching training for
6 weeks, as described below, and CL remained untrained.
Seven participants were assigned their dominant limb and
six were assigned their non-dominant limb as the experi-
mental limb (EL).

In the first week of this study, participants attended two
testing sessions with at least 48 h between, to be familiarized
with the testing procedures and to determine test—retest reli-
ability intraday. Data from the second testing day were used
for pre- and post-training comparisons. Participants were
tested pre- and post-training for: (1) maximum hip/knee
range of motion (ROM); (2) passive torque; (3) passive stift-
ness; (4) dynamic knee flexion peak torque; and (5) active
optimum joint angle. In addition, EL was tested during the
first and last training sessions for: (6) first stretch sensation
measured during the stretching procedure. From the second
to the seventh week of the study, participants performed the
flexibility training. Post-training assessments were com-
pleted 2—4 days after the last training session, although one
participant was tested at 5 days. The same investigator con-
ducted all the evaluations and the same instructions were
given at all times.

Flexibility training

Participants completed two training sessions per week on
non-consecutive days for 6 weeks (i.e., 12 training sessions).
The knee flexor muscles were stretched using a passive, con-
stant-angle stretch on an isokinetic dynamometer (Cybex
Norm; Ronkonkoma, NY, USA) by rotating the knee from
flexion (~90°) to extension (~0°) with the participants in
a seated position. The thigh rested on a customized device
that elevated it to 30° from horizontal (i.e., with hip angle at
30° flexion), similar to that used in a previous study (Brusco
et al. 2018), thus moving the knee into extension and stretch-
ing the hamstring muscles (0 = full knee extension).

Before each training session, the participants warmed-up
on a cycle ergometer (Movement Technology; SP, Brazil)
for 5 min with the device’s minimum load at a self-selected,
comfortable and non-exhausting cadence. Prior to admin-
istration of the stretching procedure, ROM was determined
with the participant seated on the dynamometer chair. The
examiner passively and slowly moved the lower leg towards
knee extension at a slow, constant speed (~5°/s; the Cybex
system is unable to do this automatically), and the movement
was terminated when the participant informed the examiner
that they reached their maximum tolerable stretch amplitude
irrespective of the timing or magnitude of pain onset. Dur-
ing the flexibility training sessions, the participants were

instructed and encouraged to (1) reach their maximum toler-
able stretch amplitude irrespective of the timing or magni-
tude of pain onset; (2) remain relaxed and not to offer any
voluntary resistance to the movement; and (3) always reach
maximum knee ROM. In each training session, participants
were carefully instructed to leave the lower limb and the
foot relaxed, to not offer any resistance to the movement.
Visual feedback was not provided (i.e., screen display was
not allowed) during the test to prevent participants from
monitoring their ROM. These procedures were performed
in every training session to determine the maximum ROM,
and training intensity was then set as the maximum ROM
that could be reached at the beginning of that training ses-
sion (see Fig. 1).

For the stretch maneuvers, the dynamometer passively
extended the knee at 5°/s to the pre-determined angle
(dynamic phase), and maximal ROM was maintained for
60 s (static phase). Eight 60-s repetitions were performed,
totaling 480 s per session and a total training volume of
5760 s over 6 weeks. A 30-s rest interval was allowed
between repetitions. The same examiner supervised all train-
ing sessions and the average temperature in the room during
training sessions was controlled at 22 °C.

Fig.1 Stretching maneuver, showing the a start and b end position
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Pre- and post-training evaluations
Range of motion assessment

Maximum range of motion was assessed by two different
tests using a maximum passive straight-leg raise test (PSLR)
and a passive knee extension in the isokinetic dynamometer.
Both tests followed the same procedures, were performed
once on each limb, and the examiner passively moved the
limb until the maximum ROM was informed by the partici-
pant regardless of the timing or magnitude of pain onset;
participants were stabilized and were instructed to remain
relaxed and to not offer any voluntary resistance to the
movement.

For the PSLR, the participant was placed in a supine posi-
tion with legs straight and the non-tested leg stabilized with
Velcro© straps positioned right above the knee and ankle.
One examiner passively and slowly lifted the participant’s
leg into hip flexion and a second examiner positioned the
manual goniometer on the hip joint to measure ROM (Ayala
et al. 2013). For the knee extension test, participants were
positioned in the isokinetic dynamometer according to the
position described for the flexibility training. The exam-
iner passively and slowly lifted the participant’s leg into
maximum knee extension, and the angle displayed by the
isokinetic dynamometer was used as the maximum ROM.
Visual feedback was not provided (i.e., screen display was
not allowed) during the tests to prevent participants from
monitoring their ROM.

Passive torque assessment

Passive torque during stretch was measured in the isokinetic
dynamometer in the sitting position and the dynamometer’s
torque and angle data were recorded at a frequency of
2000 Hz per channel and exported to a personal computer.
The participants were placed and stabilized according to the
position described for the flexibility training, and ROM was
set as the maximum knee extension reached in the ROM test.
For the passive torque test, the dynamometer’s lever arm
passively extended the knee at 5°/s to the pre-determined
angle achieved in the ROM assessment (described above),
then the leg was immediately returned to the starting posi-
tion. Participants were instructed to remain relaxed and not
offer any voluntary resistance to the dynamometer’s lever
arm movement. Passive torque was obtained at two points:
(1) relative passive torque was obtained at the same maxi-
mum joint angle reached before training to examine changes
in passive torque after training and (2) maximum ROM that
was obtained both before and after the training.

Muscle electrical activity was recorded during the
maximal isometric voluntary contraction and the passive
torque tests to ensure that during the passive torque test
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the electrical activity was minimal (i.e., <5%) (Blazevich
et al. 2014). To normalize the electromyography (EMG)
signal during the passive test, two attempts of 3-s maximal
isometric knee flexion contractions at 40° of knee flexion
(0° =full knee extension) where performed with a 3-min
recovery between attempts with the participant in the sitting
position. Skin preparation and electrode placement for the
biceps femoris and semitendinosus followed the SENIAM
guidelines. Electrode position was carefully mapped using
a transparent sheet to ensure replication of positioning at
post-training testing (Brusco et al. 2018). EMG signals were
recorded using an eight-channel electromyographic system
(Miotool 800 Wireless, Miotec Equipamentos Biomédicos,
Porto Alegre, RS, Brazil) and digitized at sample frequency
of 2000 Hz per channel. The EMG signals were Butterworth
filtered using cut-off frequencies of 20 Hz (high pass) and
500 Hz (low pass). After filtering, EMG root mean square
(RMS) was obtained in three 1000-ms time windows, at the
beginning, middle and end of the movement (which was
defined as the first 1 s of the passive movement, the mid-
dle of the torque—time data, and the last 1 s of the passive
movement), and the average was expressed as a ratio to the
maximal EMG activity measured in the maximal voluntary
isometric contraction.

Passive stiffness assessment

Passive stiffness was calculated using passive torque and
angle data from pre- and post-training passive torque evalu-
ation. The passive torque—angle curve was divided into
thirds and was used for analyses the change in passive
torque divided by change in position of the last third of the
curve (Cabido et al. 2014; Magnusson et al. 1996a). Passive
stiffness was calculated in two different ways: (1) with the
angles relative to the maximum ROM reached before and
after training (maximum passive stiffness) and (2) the same
angle reached before training were used to calculate the pas-
sive stiffness after training (relative passive stiffness).

Active peak torque and active optimum angle assessments

To determine whether the active optimum angle changed
after the stretching training program, dynamic ham-
string knee flexion torque was measured on the isokinetic
dynamometer and the active optimum angle (i.e., peak
torque angle) was captured during the test. Before test-
ing, the system was calibrated and participants were seated
with their hips flexed at 85° (0° =anatomical position), the
dynamometer’s axis of rotation was aligned with the lateral
femoral condyle of the tested limb, and straps were secured
across the thigh, torso, and pelvis to restrict compensatory
movements. A warm-up of 10 submaximal dynamic contrac-
tions at 60°/s was performed. Maximal dynamic torque and
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active optimum angle were then assessed through five con-
secutive concentric contractions at 60°/s. The highest peak
torque values and the joint angle at which the maximum
peak torque occurred were used for analysis. Participants
received verbal encouragement to perform maximal force
in the tests and visual feedback was provided on a monitor.

First and last training session evaluations
First stretch sensation

The first stretch sensation was evaluated in the first and last
training sessions during the stretching movement in EL only.
As the CL did not perform any flexibility training, this evalu-
ation was not measured in the control leg. Before the test-
ing, the participants were carefully instructed that their leg
would be passively moved by the dynamometers’ lever arm
and a button should be pressed at the moment they first felt
stretching in the hamstrings. To facilitate instruction com-
prehension, comparison was made with the stretching per-
formed in the PSLR and with the determination of maximum
ROM tests, where the limb was passively moved, and at
some point, the sensation of stretch was first perceived. The
participants then determine whether it coincided with their
maximum ROM. The measurement was only performed
after the participant was confident with the instructions.
To measure the first stretch sensation, the participants were
placed and stabilized and were given a button to be pressed
at the moment they first felt stretching in the hamstrings as
the limb was passively moved by the dynamometers’ lever
arm.

The manual trigger button was connected to a computer
that was also connected to the isokinetic dynamometer, and
passive torque and position data were digitized at a fre-
quency of 2000 Hz per channel and recorded synchronously
on a personal computer. The moment the trigger button was
pressed, a mark was made in the passive torque and angle
position curves. Passive torque and angle position data of the
first repetition of the stretch maneuver in the first and the last
training sessions were used for analysis.

Statistical analysis

To compare pre-training data between groups, student’s ¢
tests for independent data were used. To verify the adapta-
tions to the flexibility training, two-way analysis of vari-
ance (ANOVA) with repeated measures (group [EL and CL]
X time [pre-training and post-training]) was used. When a
time X group interaction was found, ¢ tests were used to
locate differences. The effect sizes for the effects of the
flexibility training on measured variables were calculated
according to Cohen (Cohen 1988).

For analysis of the first stretch sensation, a paired-sam-
ples ¢ test was used. To compare ROM reached through-
out all training sessions, an analysis of variance (ANOVA)
with repeated measures was used. Significance level was
set at  <0.05. All analyses were performed with the soft-
ware SPSS 17.0 (IBM, Somers, NY, USA), and results are
reported as mean (SD).

Results
Participants

Adherence to the training program was 99.4%, with only one
participant missing one training session.

Adaptations to flexibility training (pre-
and post-training evaluations)

Before the flexibility training, no significant difference
(p>0.05) was found between EL and CL for any outcome
(Table 1). The ranges of motion reached in each training
session are displayed in Fig. 2. The ANOVA revealed a sig-
nificant main effect for time (p <0.0001) and group X time
interaction (p <0.0001) for PSLR. Only EL significantly
increased PSLR ROM (p < 0.0001) from pre- to post-train-
ing. Maximum knee extension ROM showed a significant
main effect for time (p=0.001) and a group X time inter-
action (p <0.001). Only EL significantly increased maxi-
mum knee extension ROM (p <0.0001) from pre- to post-
training. However, relative passive torque, maximum, and
relative passive stiffness showed no significant main effect
for time (p=0.95, p=0.55, and p=0.29, respectively) or
group X time interaction (p=0.32, p=0.33, and p=0.55,
respectively). Peak passive torque showed a significant
main effect for time (p=0.01) and a group X time interaction
(»p=0.001), with only EL significantly increasing (p =0.002)
from pre- to post-training. No significant main effect for time
(»p=0.07 and p=0.58, respectively) or group X time interac-
tion (p=0.57 and p=0.58, respectively) was observed for
dynamic torque or active optimum angle.

First and last training session evaluations
First stretch sensation

For the first stretch sensation (Fig. 3), paired-samples ¢
tests showed significant (p =0.004) increases (26.3%) in
passive torque from pre- (47.7+10.8 Nm) to post-train-
ing (58.4+9.4 Nm) and a significant (p <0.001) increase
(34.6%) in angle from pre- (34.9°+11.9) to post-training
(22.3°+9.7, i.e., a more stretched position).
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Table 1 Absolute values [(means (SD)] of before and after flexibility sive torque, passive stiffness, dynamic peak torques, active optimum
training for passive straight-leg rise (PSLR ROM) and knee exten- angle, and rate of torque development
sion range of motion (knee extension ROM), relative and peak pas-

Experimental leg (EL) Control leg (CL) Effect size
Pre-training  Post-training A% Pre-training  Post-training A%
PSLR ROM (°) 59.4+8.1 70.3+9.8+" 19.0+132  63.2+6.8 64.1+82 1.5+7.5 0.68
Knee extension ROM (°) 283+7.6 185452+  —322+4245 267+8.7 26.5+6.2 —-5.9+34.7 139
Relative passive torque (Nm) 53.1+11.7 55.0+9.2 6.3+209 54.7+89 547+9.6 —1.8+21.1 0.03
Peak passive torque (Nm) 5314117  64.9+12.3% 25.1+24.7 54.7+89 52.6+6.0 -21+17.2 1.27
Maximum passive stiffness (Nm/°) 0.83+£040 0.86+0.28 24.1+884  0.79+£0.32  0.69+0.25 2.8+42.3 0.78
Relative passive stiffness (Nm/°) 0.83+0.40  0.80+0.25 129+657 0.79+032  0.68+0.21 — 3.3+40.1 0.39
Dynamic torque (Nm) 110.2+19.4 106.3+18.1 —-27+14.0 107.2+11.4 100.1+20.6 -72+139 031
Active optimum angle (°) 39.7+11 372+75 —-03+32.1 40.5+84 40.5+10.1 3.7+30.6 0.37

*p <0.05 (significantly different from pre-training)
Tp <0.05 (significantly different from control leg)
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Fig.2 Mean range of motion reached in each training session. *Sig-
nificantly different (p <0.05) from training sessions 1, 2, 4, 5, 7, and

8. The range of motion reached increased throughout the 12 training B
sessions, but significant increases were found only in training session

12 when compared to training sessions 1, 2,4, 5, 7, and 8
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Discussion 407

The main finding of the present study was that 6 weeks of
progressive constant-angle flexibility training induced sig-
nificant increases in ROM in both specific (isokinetic) and
non-specific (straight-leg raise) tests (~ 19-32%), which —e
were accompanied by increases in peak passive torque in
the experimental leg (EL) only; however, no alterations
were found in relative passive torque, passive stiffness,
dynamic torque, and in optimum angle. Furthermore,
it was found that subjects’ perception of stretch sensa-
tion occurred at a greater ROM and with greater passive ~ Fi9-3 Individual passive torque (a) and position (b) of the first
. .. .. . stretch sensation measured in the knee extension test in the first
torque in the stretch applied in the last training session. . . . - . -
. . 3 (session 1) and in the last (session 12) training session. Significant
These findings suggest that the increases in ROM were  increases were found for a passive torque and b for the angle of the
first stretch sensation (p =0.004 and p <0.001, respectively)
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-
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underpinned by neural mechanisms rather than mechanical
alterations and reinforce the sensory theory that has been
suggested by Halbertsma and Goeken (Halbertsma and
Goeken 1994) and others (Freitas et al. 2017; Magnusson
et al. 1996b; Weppler and Magnusson 2010).

Two main theories have been suggested to be involved in
ROM increases after stretch training: the mechanical (Guis-
sard and Duchateau 2004; Kubo et al. 2002; Nakamura
et al. 2012) and the sensory theories (Ben and Harvey 2010;
Chan et al. 2001; Halbertsma and Goeken 1994; Magnus-
son et al. 1996b; Weppler and Magnusson 2010). Regard-
ing the mechanical theory, alterations in the muscle—tendon
unit mechanical properties after a stretch training program,
with decreased passive stiffness (Guissard and Duchateau
2004), decreased MTU stiffness (Kubo et al. 2002) and
decreased passive torque at a given length (Nakamura et al.
2012) being reported. It is suggested that these alterations
might be related to adaptations in non-contractile muscle
proteins and extracellular connective tissue structures (Gaj-
dosik 2001; Nakamura et al. 2012). Although no altera-
tions in relative passive torque and muscle stiffness were
found in the present study, it cannot be excluded that some
modification of connective tissue or of extracellular matrix
properties occurred. The passive torque test may not be a
sensitive test to detect small changes in individual tissues
(Blazevich et al. 2014), as it represents the global resistance
developed by the neuromusculoskeletal complex (Nordez
et al. 2017); therefore, more specific tests (e.g., ultrasound
elastography) should be performed to determine whether
some tissues are specifically affected by the stretch train-
ing. It is important to note that the aforementioned studies
reporting mechanical alterations evaluated a different muscle
group than in the present study (i.e., plantar flexors) and also
that only one experimental study assessing the hamstring
muscles has reported an increase in resting muscle fascicle
length (Freitas and Mil-Homens 2015). In addition, those
previous studies also used a higher training frequency (i.e.,
more than three training sessions per week) and intensity
(i.e., constant-torque method was used) than in the present
study (i.e., twice a week using the constant-angle method).
Nonetheless, such intensities and frequencies of stretch are
not requisite for ROM adaptations to be evoked, as shown
in the current and previous studies. Similarly, no significant
changes in the active optimum angle or dynamic peak torque
were found in the present study. The lack of shift in active
optimum angle in particular may be illustrative of a lack of
change in muscle characteristics such as sarcomere num-
ber, since change in sarcomere number have been associated
with changes in active force—length properties even when no
changes in passive force—length properties are observed in
animal models (Goldspink et al. 1974; Tabary et al. 1972).
In this regard, the current results are consistent with find-
ings from the previous stretch training studies (Aquino et al.

2010; Blazevich et al. 2014). However, the results are not
consistent with other studies in which a higher total training
volume and weekly training frequency were used and a shift
in the optimum angle towards a longer hamstring muscle
length was reported (Chen et al. 2011; Ferreira et al. 2007).
Regardless, the lack of change in the active components of
the muscle further support the possibility that the increase
found in ROM was underpinned by neural rather than mus-
cular adaptations.

In the present study, ROM was measured using two dif-
ferent techniques; the PSLR was used to allow comparison
to other studies, because it is commonly used in rehabili-
tation settings, and the isokinetic knee extension test was
performed to evaluate the effects of training using a test
identical to that used in training. Significant increases in
both ROM tests (PSLR: 10.9° and isokinetic: 9.8°) were
observed that are similar to those reported in studies using
a comparable training period (Ben and Harvey 2010; Fer-
reira et al. 2007; Reid and McNair 2004) as well as longer
training periods (Ayala et al. 2013; Chan et al. 2001; e Lima
et al. 2015) in which increases in the peak passive torque
(similar to our findings for the first stretch sensation) were
observed. It is thus believed that the increases found in ROM
in the present study were predominantly underpinned by
neural adaptations. This assumption is based on the lack
of alteration in the mechanical properties observed in the
present study (i.e., relative passive torque and muscle stiff-
ness) and also the findings of an altered first stretch sensa-
tion, which occurred at a greater ROM and with higher pas-
sive torque values, indicating that the participants increased
their stretch tolerance after training. The alteration of stretch
perception seems to be a determining factor in stretching
exercises, and it has been shown to be correlated with the
joint angle increase (Freitas et al. 2015b). It may, therefore,
be suggested that stretching performed at higher intensities
could induce greater acute joint ROM gains than submaxi-
mal intensities (Freitas et al. 2015b).

The intensity of the stretch protocol used in the present
study was maximal in every training session. Care was taken
to stimulate the participants to always reach their maximum
ROM; however, variations in the angle reached during the
training sessions (i.e., not always towards longer muscle
lengths) occurred along the flexibility training program,
probably due to daily variations in the stretch perception.
It should be noted that the pathways that modulate the
stretch perception are still not clear. The determination of
the maximal ROM is dependent upon not only the muscular
tissues but also on non-muscular structures (e.g., tendons,
ligaments, joint capsule, skin, fascia, nerves, vessels, etc.)
and the nervous system, and fascia are believed to play an
important role in the stretch perception and in the limita-
tion of the maximal range of motion (Nordez et al. 2017).
It is possible that the stretch perception in these structures

@ Springer



1698

European Journal of Applied Physiology (2019) 119:1691-1700

varies day to day and this, therefore, mediates the maximum
ROM reached in each training session. As the provision of
ROM information by direct measurement did not seem to
be determining for the increments observed, and if the par-
ticipants’ pain perceptions modulate the maximum ROM
reached, then it might be suggested that individuals should
be encouraged to always reach maximum ROM without the
necessity to measure the joint amplitude reached when per-
forming stretches exercises.

The stretch protocol necessary for the purposes of the
present study was the constant-angle method; therefore,
the stretch was performed to maximum ROM only in the
first stretch repetition and (as the same range of motion was
maintained) intensity was probably submaximal for the sub-
sequent repetitions. Studies investigating responses to a sin-
gle stretch session have indicated that the effects of stretch-
ing on joint and muscle depend on its intensity (Freitas et al.
2015a), where higher stretching intensities elicit greater
gains in maximum ROM (Freitas et al. 2015b). Nevertheless,
to the best of the authors’ knowledge, only one recent study
(Muanjai et al. 2017) has examined the chronic adaptations
induced by constant-torque stretching at different intensities
and the researchers reported no differences in the adapta-
tions induced by groups that stretched to the point of pain
or to the point of discomfort without pain. There is a lack
of studies comparing the chronic adaptations induced by
different modalities of stretch training (i.e., constant angle,
constant torque, ballistic, and stretch in active muscles).
Since constant-torque stretching allows a greater intensity
of stretch than constant-angle stretching, and the produc-
tion of a greater negative work by muscle—tendon unit and,
subsequently, greater acute alterations (Herda et al. 2011;
Konrad et al. 2017), flexibility training programs using the
constant-torque method are likely able to induce greater
chronic adaptations.

It is also important to note that the changes found after
the stretch training program were observed in the stretched
leg (EL), whereas no alteration was found in the contralat-
eral control limb (CL) for both PSLR and knee extension
ROM tests, and also for peak passive torque, in agreement
with the previous research (Guissard and Duchateau 2004;
Kubo et al. 2002). This indicates that the central (i.e., neural)
adaptations were not sufficiently broad as to alter ROM in
an untrained limb. Nonetheless, in a recent review, Nordez
et al. (Nordez et al. 2017) suggested that a flexibility train-
ing might increase an individuals’ overall stretch tolerance
which could increase ROM in non-stretched muscle (Behm
et al. 2016; Chaouachi et al. 2017). Little is known about the
possible adaptations induced in non-stretched limbs (i.e.,
contralateral effect), as it has been rarely examined. There-
fore, the reasons for the discrepancies between the current
findings and previous (Behm et al. 2016; Chaouachi et al.
2017) are not clear. As no alterations were found in CL in
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the present study, we believe that the cross-transfer effect
was negligible and it is possible to attribute the adaptations
found in the EL to the training program only.

In summary, the 6-week flexibility training used in the
present study induced significant increases in ROM in tests
that were both specific (isokinetic knee extension test) and
non-specific (passive straight-leg raise test) to the training
exercise without inducing alterations in muscle—tendon or
joint mechanical properties in men with limited hamstrings’
flexibility. These increases occurred simultaneously with
increases in both ‘stretch tolerance’ (i.e., peak passive
torque during stretch) and the ROM at which stretch was
first perceived by the participants (i.e., stretch perception)
and without detectable alterations in the active force—length
and velocity properties of the muscle, which clearly points
to a neural basis for the increase in ROM.

Limitations

A possible limitation of the present study is that the first
stretch sensation was only measured in EL. As it was meas-
ured in the first and in the last training sessions and no
stretch training stimuli were imposed on CL, the present
study design allowed the measurement of EL only. Future
studies might check this assumption by including the meas-
urement of the first stretch sensation in the non-trained limb
to better understand possible cross-transfer effects. However,
it is important to note that no increases in ROM or peak pas-
sive torque were detected in CL, and it is possible that if any
alteration might have occurred in the first stretch sensation, it
was not sufficient to result in an increase in maximal ROM;
thus, any adaptation must have been negligible.

Perspectives

The constant-angle flexibility training program used in the
present study induced significant increase in ROM that are
believed to be related to neural adaptations; however, the
mechanism that allow to increase ROM without alteration in
the muscle mechanical components are still not clear. Future
studies should explore the possible neural mechanism under-
pinning the increase in ROM and the alteration in stretch
sensation after a stretching training program. In addition,
the comparison of different types of stretching training using
different training volumes, intensities (i.e., constant torque
vs. constant angle) and weekly frequency should be further
investigated to test the possible different neural and mechan-
ical adaptations induced by different training programs and
also its effects on the possible cross-transfer effect in the
non-trained limb.
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