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Tissue-directed stretching in-terventions can preferentially load
muscular or nonmuscular struc-tures such as peripheral nerves. How
these tissues adapt mechanically to long-term stretching is poorly
understood. This randomized, single-blind, controlled study used
ultrasonography and dynamometry to compare the effects of 12-wk
nerve-directed and muscle-directed stretching programs versus control
on maximal ankle dorsiflexion range of motion (ROM) and passive
torque, shear wave velocity (SWV; an index of stiffness), and
architecture of triceps surae and sciatic nerve. Sixty healthy adults
were randomized to receive nerve-directed stretching, muscle-directed
stretching, or no intervention (control). The muscle-directed protocol
was designed to primarily stretch the plantar flexor muscle group,
whereas the nerve-directed intervention targeted the sciatic nerve
tract. Compared with the control group [mean; 95% confidence
interval (CI)], muscle-directed intervention showed increased ROM
(+7.3°% 95% CI: 4.1-10.5), decreased SWV of triceps surae (varied
from — 0.8 to — 2.3 m/s across muscles), decreased passive torque
(—6.8 N'm; 95% CI: —11.9 to — 1.7), and greater gastrocnemius
medialis fascicle length (+0.4 cm; 95% CI: 0.1-0.8). Muscle-directed
intervention did not affect the SWV and size of sciatic nerve.
Participants in the nerve-directed group showed a significant increase
in ROM (+9.9% 95% CI: 6.2-13.6) and a significant decrease in
sciatic nerve SWV (> —1.8 m/s across nerve regions) compared with
the control group. Nerve-di-rected intervention had no effect on the
main outcomes at muscle and joint levels. These findings provide new
insights into the long-term mechanical effects of stretching
interventions and have relevance to clinical conditions where change
in mechanical properties has oc-curred.

NEW & NOTEWORTHY This study demonstrates that the mechan-
ical properties of plantar flexor muscles and sciatic nerve can adapt
mechanically to long-term stretching programs. Although interven-
tions targeting muscular or nonmuscular structures are both effective
at increasing maximal range of motion, the changes in tissue mechan-
ical properties (stiffness) are specific to the structure being preferen-
tially stretched by each program. We provide the first in vivo evidence
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that stiffness of peripheral nerves adapts to long-term loading stimuli
using appropriate nerve-directed stretching.

ankle range of motion; mechanical properties; muscle stretching;
sciatic nerve; triceps surae; ultrasound shear wave elastography

INTRODUCTION

Stretching of human skeletal muscles is commonly used in
sports and clinical practice with the aim of increasing muscle-
tendon extensibility and maximal joint range of motion
(ROM). Although it is widely accepted that chronic stretching
(i.e., specific repeated sessions over weeks) induces an increase
in maximal ROM, the large body of literature has failed to
demonstrate an effect of chronic interventions on the muscle-
tendon unit mechanical properties [Freitas et al. (21)]. The
absence of mechanical adaptations has led to the contention
that increased ROM following chronic stretching interventions
is mostly explained by an increase in stretch tolerance (21, 59).
However, despite this evidence, three major elements have to
be considered when interpreting the lack of changes in tissue
mechanical properties (21).

First, studies of chronic stretching have implemented rela-
tively short stretching training periods (i.e., < 8 wk); hence, it
is possible that the duration of the stretching intervention has
not been sufficient to trigger mechanical adaptations within the
muscle-tendon unit (21, 43). Second, the chronic adaptations in
mechanical properties of muscle-tendon units (e.g., hamstring
and plantar flexors) are typically assessed by measuring the
passive torque (21), a measure indicative of global resistance to
stretch at the joint level (23, 37). However, stretching may
trigger regional effects. Such effects may not be observable
using traditional research techniques such as a passive-torque
angle assessment utilizing a dynamometer (e.g., Biodex). Re-
gional effects in response to stretch could lead to heteroge-
neous adaptations within specific muscles of a muscle group
(27) or even within specific regions within individual muscles
(35). Thus, in some instances, global measurements of passive
torque may not be sensitive enough to detect changes in
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mechanical properties induced by tensile loading within indi-
vidual muscle-tendon unit structures. Third, nonmuscular
structures such as peripheral nerves and fascia have recently
been suggested as potential candidates to explain the limitation
of maximal ROM in some multijoint limb positions utilized in
stretching (43, 63). For example, a recent study found that the
maximal dorsiflexion ROM can be acutely increased with a
sciatic nerve stiffness decrement in the absence of any change
in tensile properties of plantar flexor muscles and the ankle
passive torque (3). Although the mechanical properties of
peripheral nerves are thought to influence the stretching am-
plitude in some multijoint configurations (40, 43), to our
knowledge, no previous studies have investigated the adapta-
tions in mechanical properties of peripheral nerves induced by
a longer-term stretching intervention in humans.

The present study was designed to investigate whether
chronic stretching interventions can induce changes in the
passive mechanical properties of either nerve or muscle (de-
pending on which structure was preferentially loaded during
the stretch). We compared the outcomes of two different 12-wk
interventions, named muscle-directed stretching or nerve-di-
rected stretching, versus a control group. The stretching inter-
ventions included exercises similar to those traditionally per-
formed in sports and rehabilitation programs. In addition to the
traditional measures, e.g., maximal ankle dorsiflexion ROM
and passive torque, a novel feature of the current work was that
the passive stiffness of both sciatic nerve and plantar flexor
muscles was estimated using ultrasound shear wave elastogra-
phy. We hypothesized that both chronic stretching protocols
would improve the maximal dorsiflexion ROM but trigger
different mechanical adaptations in the nerve and muscular
tissues.

MATERIALS AND METHODS
Participants, Ethical Approval, and Randomization

Sixty human volunteers of both gender (means *= SD; age:
20.5 £ 2.0 yr, height: 172.2 = 9.1 cm, mass: 63.8 = 9.0 kg) partici-
pated in this study. All participants were students recruited from the
Faculty of Sports Sciences between September and October 2016
utilizing posted flyers. Inclusion criteria comprised /) healthy and
asymptomatic status and 2) ages between 18 and 30 yr. Exclusion
criteria comprised /) recent (< 3 yr) musculoskeletal injury/disability
in spine or lower limbs; 2) severe cardiovascular, neurological, or
psychiatric disease; 3) a positive passive straight leg raising test (e.g.,
pain elicited with passive hip flexion with the knee in full extension),
which can be indicative of neuropathic pain and/or sciatic nerve or
nerve root pathology; and 4) recent engagement in any flexibility
training.

The Institutional Ethics Committee (Tours Ouest I, reference: no.
CCP MIP-08) approved the study, and all procedures conformed to
the Declaration of Helsinki.

After completion of the baseline assessment, participants were
randomly assigned to either sciatic stretching (nerve-directed; n = 21;
9 females), muscle stretching (muscle-directed; n = 21; 11 females),
or control (control, n = 18; 9 females) groups. Randomization was
performed by an investigator, not involved in recruitment or assess-
ments, using a computer-generated algorithm. All participants re-
ported their typical physical activity level to be greater than 8 h/wk
before and during the period of the study, and were informed about
methods before providing informed written consent.

Experimental Procedure

Dynamometry. An isokinetic dynamometer (System 3; Biodex
Medical Systems, Upton, NY) was used to perform passive ankle
rotations and measure the ankle torque during testing sessions per-
formed before and after stretching training period. The lateral malle-
olus was considered as an estimate of the ankle center of rotation and
aligned with the axis of the ergometer. The neutral position of the
ankle (0°) was defined as the angle of 90° between the footplate and
the shank. The foot was firmly strapped to minimize the potential heel
displacement from the dynamometer footplate during the ankle rota-
tions. The chest and the waist were strapped to minimize trunk motion
during ankle rotations. All measurements were performed on the right
ankle joint.

Angle and torque data were collected at 100 Hz with an analog/
digital converter (Biopac Systems Inc., Goleta, CA). Maximal dorsi-
flexion ROM was tested in two hip joint positions: flexed at 90°
(HIP-flexed; Fig. 1A) or neutral (HIP-neutral, 180°; Fig. 1B). Because
pilot testing demonstrated low reliability for sciatic elastography
measurements during full ankle ROM assessment in the HIP-flexed
position (unpublished data), elastograms were only performed in the
HIP-neutral position. A standard goniometer (MSD, Londerzeel, Bel-
gium) was used to measure the hip joint angle. For both conditions,
the knee joint was placed in full extension (i.e., 180°).

Ultrasound recordings: elastography and B-mode imaging. The
shear wave velocity of the sciatic nerve and triceps surae muscles
[gastrocnemius medialis (GM), gastrocnemius lateralis (GL), and
soleus] was assessed using an Aixplorer ultrasound scanner (version
6.1; Supersonic Imagine, Aix-en-Provence, France) coupled with a
linear transducer (a 50-mm, 4—15 MHz transducer for GM and GL
muscles; and a 38-mm, 2—10 MHz transducer for the sciatic nerve and
soleus muscle; Super Linear, Aix-en-Provence, France). Shear wave
velocity was used as an index of tissue stiffness [see details in Hug et
al. (29)]. Briefly, the shear wave velocity (Vs) is directly linked to the
shear modulus (p): o = pVs?, where p is the estimated density of soft
tissues (1,000 kg/m3). In an isotropic homogenous medium, the
Young’s modulus (E) can be approximated as three times the shear
modulus (), as follows: E = 3 . Ultrasound shear wave elastogra-
phy (longitudinal plane measurements) has been shown to provide an
accurate estimation of the biomechanical properties of anisotropic
musculoskeletal soft tissues, including muscles (19, 25) and, more
recently, peripheral nerves (50). During the past decade, shear
wave elastography has been used to reliably measure the shear
wave velocity of plantar flexors muscles (20, 35) and sciatic nerve
(5, 24, 31).

To map the effects of stretching in individual structures (Fig. 2),
shear wave elastography was measured in different regions of triceps
surae muscles and sciatic nerve tract. These regions were initially
identified using B-mode. Specifically, participants laid prone with the
knee of the tested lower limb in full extension (180°). The ankle was
positioned in a neutral position (0°). Three landmarks were first
identified to define the regions for the measurements in the sciatic
nerve: /) the midpoint between the ischial tuberosity and the greater
trochanter, 2) the point where sciatic nerve divides into tibial and
common peroneal nerves, and 3) the lateral femoral condyle. The
sciatic nerve was then divided into two equidistant proximal (sciat-
iCproximal) and distal (sciaticgistar) regions between points I and 2. The
elastography assessments were performed in the midpoint of each
region. The tibial nerve was assessed between points 2 and 3. The
sciatic nerve and its tibial branch were considered as the sciatic nerve
tract. Additional B-mode images (ankle position set at 0°) were
acquired in both longitudinal and transverse views to assess cross-
sectional area and thickness, respectively, within the different nerve
regions.

For each gastrocnemius muscle, the shear wave velocity was
measured at three equidistant regions of ~33% of each muscle length
as reported in Le Sant et al. (35): proximal (GMproxima and
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GLproximal)a intermediate (GMimermediale and GLimermediale)a and distal
(GMuistar and GLagistar). Soleus shear wave velocity was assessed in
two different regions (i.e., proximal and distal). Two landmarks were
utilized to define these regions: /) mid-distance between lateral and
medial malleoli and 2) popliteal fossa. The shear wave velocity of
both soleusgisiar and soleusproximal Was assessed at 10% and 50% of the
total length between point 1 and point 2, respectively. Soleusgisiar Was
assessed in the medial compartment of the lower leg, and
soleuSproximai Was measured underneath the GM muscle. B-mode
images of the intermediate regions of GM and GL were acquired
(ankle in neutral position) to measure the muscle architecture, includ-
ing fascicle length and thickness.

To scan each structure and region, the ultrasound transducer was
handheld by an experienced examiner. For all shear wave elastogra-
phy measurements at both nerve and muscle structures, the transducer
was aligned parallel to the tissue fibers with minimal tissue compres-
sion (Fig. 2). When necessary, the transducer orientation was slightly
adjusted in real time to maintain the longitudinal view of each
structure throughout ankle rotation.

The following shear wave elastography acquisition parameters
were set in the Aixplorer: penetration mode: 100% opacity, no

Fig. 1. A and B: testing positions used to
measure the maximal ankle dorsiflexion
range of motion (ROM). A: hip flexed at 90°
(HIP-flexed position). B: hip neutral (HIP-
neutral position). C and D: stretching inter-
ventions. CI and C2 correspond to the
stretching exercises performed by partici-
pants in the nerve-directed group to stretch
the sciatic nerve tract; DI and D2 show the
stretching exercises performed by the mus-
cle-directed group to load the plantar flexors.

temporal smoothing (persistence = OFF), and intermediate spatial
smoothing of 5/9. The maps of the shear modulus were obtained at 1
sample/s and with a spatial resolution of 1 X 1 mm. An analog trigger
signal originating from the ultrasound scanner at each elastography
measurement was used to synchronize shear wave velocity data with
mechanical and surface electromyography (EMG) data.

Electromyography. Myoelectrical activity was assessed using sur-
face EMG to check that the lower leg muscles remained passive
during the measurements. A pair of surface electrodes (Kendall 100
Series Foam Electrodes, Covidien, Mansfield, MA) was placed over
the GM and soleus muscles at the location recommended by the
Surface EMG for Non-Invasive Assessment of Muscles guidelines
(26). EMG data were acquired simultaneously with the mechanical
data (MP35, Biopac Systems Inc., Goleta, CA) and sampled at 1 kHz.
The EMG signals were amplified (gain = 1,000) and band-pass fil-
tered between 5 and 500 Hz.

Study Assessments

Participants were asked to avoid intense exercise (other than the trial
intervention) 48 h before the testing sessions performed before and after
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the stretching training. Thirty minutes before each testing session, par-
ticipants were familiarized with the testing setup and maximal ankle
dorsiflexion ROM assessments. Static stretching was avoided during
familiarization. Pre- and posttraining testing sessions were performed 24
h before the first stretch intervention and 24 h following the last stretch
intervention. Both testing sessions were conducted at the same period of
the day (% 3 h). Assessors at baseline were blinded to the intervention
allocation. For practical purposes, the assessor who performed the ultra-
sound scans was not blinded to the group after the allocation and
throughout the study.

At the start of each testing session, five preconditioning ankle rotations
were performed (at 5°/s) in the HIP-neutral position between 40° of
plantarflexion and 15° of dorsiflexion (44). Thereafter, the testing ses-
sions were divided into four steps. First, the passive maximal ankle
dorsiflexion ROM was assessed in both HIP-neutral and HIP-flexed
positions (randomized order, Fig. 1, A and B). Participants were asked to
completely relax with their eyes closed while the ankle was passively
rotated at 2°/s from 40° plantar flexion toward maximal dorsiflexion.
When the participants reached their maximum tolerable stretch limit (4),
they pressed a button to stop the passive movement immediately and
release the footplate to avoid static stretching occurring. For each hip
position, participants performed two trials of maximal dorsiflexion ROM
with 1-min rest in between. The greatest maximal dorsiflexion ROM
attained during these trials was utilized for further analyses (8). Second,
real-time elastography measurements (i.e., ultrasound video clip) were
performed for the different structures and regions with a random order.
Measurements were performed while the ankle was passively rotated

(2°/s) from 40° of plantar flexion to the maximal dorsiflexion ROM in the
HIP-neutral position, as assessed previously. A 1-min rest interval was
given between passive stretches, which allowed the ultra-sonographer to
reposition the transducer for a new region or structure between measure-
ments. Third, two ultrasound B-mode images of each gastrocnemius
muscle and sciatic nerve tract were performed to assess the effects of
stretching protocols on muscle architecture and nerve size. B-mode
measurements were performed in a randomized order. Finally, to nor-
malize the EMG signals, two maximal voluntary isometric plantarflex-
ions were performed with the ankle in a neutral position (0°). Participants
were positioned in supine. There was a 1-min rest interval between each
maximal effort trial.

Outcome measures. All outcome measures at pretesting were col-
lected before the allocation of participants into intervention and
control groups. After the 12-wk intervention ceased, the assessments
were repeated for all groups (posttesting). The coprimary outcomes
were passive ankle dorsiflexion ROM and sciatic nerve and triceps
surae muscles’ shear wave elastography. Secondary outcome mea-
sures were ankle passive torque and ultrasonographic architectural
properties (GM and GL fascicle length and thickness; cross-sectional
area and thickness of the sciatic nerve) and GM and soleus root mean
square (RMS) EMG.

Intervention

Participants in nerve-directed and muscle-directed experimental
groups were involved in a 12-wk stretching protocol, performed five



times per week between 10:00 AM and 3:00 PM. In each session,
participants performed two different static stretching exercises (de-
scribed below) according to their allocated group (i.e., sciatic or
muscle stretching). Each stretching exercise was maintained for 45 s
and performed five times. Participants were instructed to start the next
repetition immediately after release of the previous stretch (< 5-s rest
interval between stretches). The duration of stretch exposure was
identical between muscle-directed and nerve-directed groups (7.5
min), leading to a total stretch duration of 7.5 h over the 12-wk
training period. Stretching exercises were performed at the maximal
stretch tolerance, defined as the onset of pain during each exercise.
The stretching exercises that were chosen are commonly used in
rehabilitation and sports practice. Three independent training super-
visors were responsible for: /) delivering the nerve-directed interven-
tion and supervising the muscle-directed stretching sessions and 2)
ensuring that participants complied with the intervention.

Nerve-directed stretching group. Each session of the nerve-directed
group was composed of the following stretch exercises, performed in
a randomized order. Sciatic stretching I: from a seated position, the
supervisor passively flexed the hip toward a long sitting position,
followed by lumbar, thoracic, and cervical flexion. The knee joints
remained in full extension, and the ankle’s joint angle was maintained
in a neutral position (0°) to minimize the stretch of the plantar flexor
muscles (Fig. 1C1). Sciatic stretching 2: from a supine position with
the knees fully extended, the participant’s legs were passively
raised (i.e., hip flexion) by a supervisor with the ankle joints in a
relaxed position (Fig. 1C2). These exercises have been shown to be
effective at inducing acute changes in sciatic nerve mechanical
properties without affecting the mechanical properties of plantar
flexor muscles (3).

Muscle-directed stretching group. Participants in the muscle-di-
rected group performed the following plantar flexor stretch exercises
in a randomized order. Triceps surae stretching 1: the participant was
instructed to stand on the step, with the knees in full extension with
their heels hanging over the edge and the forefeet supporting body
weight. Then, the plantar flexor stretch was performed bilaterally by
dropping the heels slowly toward the floor until the maximal stretch
tolerance was achieved (Fig. 1D1). Triceps surae stretching 2: the
same exercise was performed with the knees flexed approximately at
70° (Fig. 1D2). These exercises were designed to preferentially stretch
the gastrocnemii (triceps surae stretching I) and soleus muscles
(triceps surae stretching 2) (35). Participants were allowed to touch a
wall (anterior to participant’s body) with their hands to minimize
active plantar flexor muscle activity and keep the balance. For both
stretching exercises, participants were also asked to maintain a relaxed
state in their calf muscles throughout the stretching time.

Control group. Participants in the control group were not engaged
in any specific flexibility training and were asked to maintain the same
level of physical activity for the duration of the stretching training
protocol.

Data Analysis

All data were processed using custom-made MATLAB scripts (The
MathWorks Inc., Natick, MA). All data remained coded so that the
data analyses could be undertaken in a blinded manner. Angle and
torque signals were low-pass filtered (10 Hz) with a second-order
Butterworth filter. The torque was corrected for gravity. Clip videos
were exported from the Aixplorer’s scanner in mp4 format and then
sequenced in jpeg images (1 Hz). The image processing converted
each pixel of the color map into a shear wave velocity value based on
the recorded color scale (scale = 0—18.3 m/s on our version of the
scanner). A region of interest (ROI) was first defined on the first map
as the largest muscle or nerve area (Fig. 2). Then, this ROI was
manually tracked image-by-image. Each image was then inspected for
artifacts (i.e., saturation) and signal void areas, and the ROI was
manually adjusted to be sure that artifacts were not included in the

averaged shear wave velocity. The shear wave velocity data extracted
from the ROI were then averaged, and this value was used for
statistical analysis. Importantly, in thin and stiff structures it is
possible that the shear wave propagation is guided, and hence the
thickness is likely to affect the group shear wave velocity (11). For
this reason, nerve thickness was assessed to ensure that shear wave
velocity would not have been influenced by pre- to posttraining
thickness changes (3).

The root mean square of the EMG signal (RMS EMG) was
calculated every second over a 500-ms window throughout the testing
procedures. Artifacts originating from the ultrasound beams (1 sam-
ple/s) were removed from the EMG signal. The RMS EMG values
were normalized to the maximal voluntary isometric muscle activa-
tion test.

For each participant, the pre- and postsciatic nerve (3 regions), GM
(3 regions), GL (3 regions), and soleus (2 regions) shear wave
velocity, ankle passive torque, and RMS EMG (2 muscles) data were
calculated every 2°, from 40° of plantarflexion to the maximal
ankle ROM in dorsiflexion. The maximal dorsiflexion angle attained
in the pretesting was used to examine the pre-to-post effects of
interventions. Pre- and postshear wave velocity, torque, and RMS
EMG outcomes measured at this ankle angle were then used for
further statistical analysis. In a few cases, the dorsiflexion angle at
posttesting was lower than the pretest angle; hence, the first was used
to examine the outcomes. A linear interpolation method was used to
calculate the outcome values at the selected angle. The effects of
interventions on ankle dorsiflexion ROM were further examined at the
same passive torque pre- and postintervention across groups.

Measurements of nerve size and muscle architecture were per-
formed using the static B-mode images. The examiner was blinded to
participant’s identity and group allocation. The fascicle length and
muscle thickness were calculated simultaneously from B-mode im-
ages of GMinermediate a1d GLintermediate muscles. Specifically, two
different images were processed for each muscle. Two straight lines
were superimposed digitally on each image to highlight superficial
and deep aponeuroses planes. The fascicle length was measured as the
length of the fascicle (straight line distance) between their intersec-
tions with the aponeuroses. When this length exceeded the ultrasound
field of view, an extrapolation of the fascicle length was conducted
using trigonometry (47). In each image, three distinct fascicles were
measured (at proximal, intermediate, and distal regions, respectively),
and the average length between the three fascicles was used in the
statistical analysis. Muscle thickness was calculated as the average of
a straight line between superficial and deep aponeuroses. Nerve
thickness was calculated using B-mode ultrasound images of
sciatiCproximal, SCiatiCaiscar, and tibial. It was calculated as the mean of
six different straight lines between superficial and deep nerve bound-
aries (superficial and deep epineurium, respectively) along the longi-
tudinal view of each nerve B-image. Nerve cross-sectional area was
measured three times on the same image, and it was calculated as the
area of nerve in a transversal B-mode image; the average was used for
further analysis. All nerve size and muscle architectural parameters
were calculated in two B-mode images. An average of two measure-
ments was used in the results.

Statistics

The IBM SPSS software (version 20.0; IBM Corporation, Armonk,
NY) was used for the statistical procedures. All data are reported as
means *= SD. The Kolmogorov—Smirnov test was used to confirm
whether all variables were normally distributed. For all outcome
variables, the effect of the intervention was determined using one-way
analysis of covariance (ANCOVA) with group (nerve-directed vs.
muscle-directed vs. control) as the between-subject factor (i.e., inde-
pendent variable), postintervention values as the dependent variables,
and preintervention values as covariate factors. The model was
checked for assumptions (data distribution, independence of covariate
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Fig. 3. Flow chart of study enrolment, allocation, and analysis.

and treatment, homogeneity of regression slopes and homoscedastic-
ity). Bonferroni adjustments were performed to account for multiple
comparisons between groups. Between-group ANCOV A-derived (ad-
justed) mean differences, P values, and 95% confidence intervals
(Cls) are presented. The partial n-squared (,m?) values were reported
as a measure of the effect size of the ANCOVA'’s findings. Values of
0.01, 0.06, and 0.14 were considered benchmarks for small, medium,
and large effects (48), respectively. Typical error and intraclass
correlation coefficient (ICC) (1, 2) were calculated to express the
within-subject reliability of maximal dorsiflexion ROM assessments
(trial 1 vs. trial 2). Typical error represents the within-subject stan-
dard deviation and was calculated as described by Hopkins (28). The
ICC indicates the error in measurements as a proportion of the total
variance in scores, and as a general rule we considered an ICC over
0.9 as high. The statistical significance was set at P < 0.05.

RESULTS
Participants

Figure 3 depicts a flowchart of this study. A total of 60
participants were enrolled and randomly allocated to the nerve-
directed (n = 21), muscle-directed (n = 21), and control (n =
18) groups. Characteristics of participants are described in
Table 1. One participant from the control group withdrew due
to anterior cruciate ligament tear unassociated with the stretch-
ing intervention. The number of participants completing the
study was 59 (21 in nerve-directed group, 21 in muscle-
directed group, and 17 in control group). One participant
(nerve-directed group) was excluded from data analysis be-
cause of imaging acquisition artifacts. Data from 58 partici-
pants were analyzed (nerve-directed: 20; muscle-directed: 21;
control: 17).

Effects of the Intervention

Table 2 presents the means * SD for all outcome measures
at baseline (preintervention) and after the 12 wk (postinterven-
tion) per group, together with the adjusted mean changes for
nerve-directed and muscle-directed groups versus the control
group.

Maximal ankle dorsiflexion ROM. Adjusting for baseline
data, significant main effects of group with large effect sizes
were observed for the maximum ankle dorsiflexion ROM
assessed for both HIP-neutral [F(2,54) = 17.7, P < 0.001,
»m° = 0.40] and HIP-flexed [F(2,54) =305, P < 0.001,
»m° = 0.53] positions. In the HIP-neutral condition, post hoc
analysis showed a significant increase in ankle dorsiflexion
ROM in the muscle-directed group compared with the control
group with a mean difference of 7.3° (95% CI: 4.1-10.5; P <
0.001), whereas the mean difference between the nerve-di-
rected group and the control group was not statistically signif-
icant (P = 0.313). In the HIP-flexed condition, participants in
the nerve-directed group showed a significant increase in ankle
dorsiflexion ROM compared with the control group, with a
mean difference of 9.9° (95% CI: 6.2-13.6; P < 0.001). There
was no significant difference between the muscle-directed and
the control groups in this testing position (P = 1). Between-
group differences and individual data are depicted in Fig. 4. In
this trial, typical error was 2° and 2.2° for HIP-neutral and
HIP-flexed, respectively. ICC was 0.932 (95% CI: 0.903—
0.952) and 0.963 (95% CI: 0.947-0.974) for HIP-neutral and
HIP-flexed, respectively.

For the HIP-neutral condition, there was a significant main
effect of group for the maximal dorsiflexion ROM at the same

Table 1. Participant characteristics at baseline for the nerve-directed, muscle-directed, and control groups

Total Sample

Nerve-Directed

Muscle-Directed Control

n 60 (31 men, 29 women) 21 (12 men, 9 women) 21 (10 men, 11 women) 18 (9 men, 9 women)
Age, yr 2052 195+ 1.1 2124 21.1 =2
Height, cm 172.2 £ 8.7 1744 = 8.7 1714 =93 1715+ 8.5
Weight, kg 63.7 9.1 65.8 £ 8.9 628 =94 62.2 = 8.9
BMI, kg/m? 213 £ 1.6 215+ 1.6 21319 21 £1.2

Data are presented as means = SD. BMI, body mass index.



Table 2. Effects of intervention

ANCOVA
Baseline 12-Wk Nerve-Directed Minus Control ~ Muscle-Directed Minus Control
Nerve- Muscle- Nerve- Muscle- Adj. Mean Diff. Adj. Mean Diff.
Outcomes Directed Directed Control Directed Directed Control (95% CI) P Value (95% CI) P Value
Ankle dorsiflexion range of motion

ROM, HIP-neutral,® 379 £7 36976 406*81 419%66 463*x72 41.7*58 21(-1.1t05.3) 0.313 7.3 (4.1 to 10.5) <0.001

ROM, HIP-flexed,® 88+9.2 14107 114 *£125 167+98 119*114 94*133  9.9(6.2to 13.6) <0.001 0(—3.6t03.7) 1

Ankle dorsiflexion range of motion at the same ankle torque

ROM, HIP-neutral,® 35766 347=x7 395+6.6 363*61 37779 385*62 1(—2.1t042) 1 3.3 (0.1to 6.4) 0.037

ROM, HIP-flexed, ° 86+84 122x103 87=*14 55x12 9.6 £106 7.7*x146 —2(-74t034) 1 —14(—6.7t04) 1

Triceps surae stiffness
GMproximal SWV, m/s 8718 93*x19 97x16 88*x22 84=*x23 105*19 —0.7(-19t00.5) 0493 —-1.6(-2t00.2) 0.004
GMintermediate SWV, m/s 98*21 10719 112*16 98*24 93*x22 116x1.6 —06(—1.6t00.5) 0.553 —=1.9(-2.9to —0.9) <0.001
GMuistarSWV, m/s 103 £2 112*x22 122*19 98*24 97*x06 128*26 —1.1(-27t004) 0208 —2.2(-3.6to —0.7) 0.001
GLproximal SWV, m/s 74 *2 79 1.8 87*+138 719 67*x21 95+22 —18(—32to—04) 0.009 -2.3(-3.7to—-1) <0.001
GLintermediate SWV, m/s 7.8 £2.1 83+x19 92*x2 72 x2.1 7522 94*18 —1.0(-21t0.1) 0.109 —=1.2(-=2.2to —0.1) 0.028
GLadistar SWV, m/s 8.6+ 1.9 9+2 9.8 £2.1 8119 79=x2 10 £22 —1(—2t00) 0.059 -1.5(-2.5to —0.4) 0.003
Soleusproximat SWV, m/s 36+ 1.1 3909 41*x14 3.0x08 3608 41x11 —08(—13t0o—0.2) 0.004 —0.3(—09t00.2) 0.372
Soleusdistat SWV, m/s 3809 441 45*13 38+ 1.1 3808 47x1.1 -0.6(-15t00.2) 0.198 —0.8(—1.6to0 0) 0.037
Sciatic nerve stiffness
Sciaticproximal SWV, m/s 6.1+ 1.5 62+08 67x2 49*13 64+08 71x19 -18(—24t0o—-12) <0.001 —0.4(-09t00.2) 0.439
Sciaticdistat SWV, m/s 72x17  72%12 81x14 S53x15 72=x1.1 8415 =-24(-32to—-1.6) <0.001 —-0.6(—13t00.2) 0.235
Tibial SWV, m/s 7314 77*16 9+15 63=*13 8+15 9.6 +12 —22(-31to—-13) <0.001 -0.7(—1.6t00.1) 0.127
Mechanical properties at ankle joint level
Ankle torque,
HIP-neutral, N-m 29+ 144 28126 33.7*138 276+ 137 237=*x133 36*169 -39(-9.1t012) 0.191 —6.8(—11.9to —1.7) 0.005
Ankle torque,
HIP-flexed, N-m 202*91 17211 153%=87 20.8*89 198*102 165=*74 0.7 (—3.8t05.2) 1 1.9(-25106.2) 0.897
Muscle architecture
GM fascicle length, cm 62+09 61=*1 59 *0.8 6.2 £ 0.8 6.6 = 0.9 6+ 0.8 0(—0.3t00.4) 1 0.4 (0.1 to 0.8) 0.017
GL fascicle length, cm 73*+13 7514 711 7114 79%x15 7111 —0.1(-0.7t00.4) 1 0.4 (—0.1t0 0.9) 0.220
GM thickness, cm 1.7+02 1.6 = 0.3 1.5+02 1702 1.7+02 1.6 = 0.1 0(—0.1t00.1) 1 0.1 (0t00.2) 0.196
GL thickness, cm 1.4 +0.2 1.3+0.2 14+02 1.3+0.2 1.3+0.2 1.3+0.1 0(—0.1t00.1) 1 0.1 (0t00.2) 0.078
Sciatic nerve size

Sciaticproximal CSA, cm? 0.5*0.1 0502 05=*0.1 0.5*0.1 05*02 05=*0.1 0(0to 0) 1 0(0to0) 0.932
Sciaticaistar CSA, cm? 0502 05=*0.1 0.5 *0.1 0502 04=*0.1 0.5 £0.1 0(0to0) 1 0(—0.1to0) 0.442

Tibial CSA, cm? 03 *0.1 03 *0.1 03 0.1 03 *+0.1 03 *0.1 03*0.1 0 (0to 0) 1 0 (0to 0) 1

SciatiCproximal thickness, cm 0.4 = 0.1 04 +0.1 04 +0.1 0.4 0.1 04 *0.1 04*0 0 (0 to 0) 0.972 0(0to0) 1

Sciaticdistal thickness, cm 0.5*0.1 04 £0.1 05*0 04 *£0.1 0.4 £0.1 0.5 £0.1 0(—0.1to0) 0.273 0(—0.1t00.1) 1
Tibial thickness, cm 0.4 *+0.1 04 *0.1 04 =*0.1 0.4 *+0.1 03 *=0.1 04 *0.1 0(—0.1to0) 0.365 0(—0.1to0) 0.299

Myoelectrical activity (RMS EMG)

GM, % 0909 1£1 0604 08%12 08*09 06=*04 0.2 (—0.6 t0 0.9) 1 0.1 (—0.6 t0 0.8) 1

Soleus, % 09 =1 1.1£1 0808 0704 08=x1 09*+08 —02(—0.7t00.2) 0.650 —0.3(—0.71t00.2) 0.502

Table shows mean between-group differences, adjusted for baseline values, with 95% confidence intervals (95% CI). CSA, cross-sectional area; EMG,
electromyography; HIP-flexed, hip flexed at 90°; HIP-neutral, hip neutral; GL, gastrocnemius lateralis; GM, gastrocnemius medialis; RMS, root mean squared;
ROM, range of motion; SWV, shear wave velocity. Bold values indicate P < 0.05.

ankle torque [F(2,54) = 3.7, P = 0.032, 1:772 = 0.12]. Post hoc
analysis revealed a significant increase in dorsiflexion ROM of
3.3° (95% CI: 0.1-6.4; P = 0.037) in the muscle-directed
group compared with the control group. There were no
statistical significant group effects on maximal dorsiflexion
ROM at the same ankle torque for the HIP-flexion condition
[F(2,54) = 18.9, P = 0.649, ,m° = 0.016].

Muscle shear wave velocity. There was a significant main
effect of group in triceps surae shear wave velocity for all assessed
muscle locations with moderate to large effects sizes: GMproximal
[F254)=59, P = 0005 ,m°=0.18], GMinermediate
[F(2,54) = 124, P < 0.001, ,n° = 0.32], GMgistal [F(2,54) = 7,
P = 0.002, ,n° = 0.21], GLproximal [F(2,54) = 9.3, P < 0.001,
0’ =0.26], GLinermediae [F(2,54) =39, P = 0.026,
7 = 0.13], GLgisr [F(2,54) = 6.3, P = 0.003, ,m° = 0.19],
soleusproximal [F(2,54) = 5.9, P = 0.005, pnz = 0.18], and sole-
USdiseal [F(2,54) = 3.5, P = 0.036, ,m° = 0.12]. Overall, partici-

pants receiving muscle-directed intervention showed significant
decreased triceps surae shear wave velocity (at all measured
muscle regions with the exception of soleusproximal) compared
with those in the control group (all P < 0.037). There were no
significant mean differences in shear wave velocity of triceps
surae in participants receiving nerve-directed intervention com-
pared with those allocated to the control group, with the exception
of GLproximal (P = 0.009) and soleusproximal (P = 0.004). Figure
5A depicts the between-group differences with individual data
points per intervention group for GMinermediate ad GLintermediate-
Supplemental Figs. S1-S3 (all Supplemental material is available
at https://doi.org/10.6084/m9.figshare.7963517) describe the pre-
to postintervention relationships between the ankle angle and the
muscles’ shear wave velocity for each intervention.

Sciatic nerve shear wave velocity. Significant main effects for
group, with large effects sizes, were observed for all sciatic nerve
locations: sciatiCproximal [F(2,54) = 31.3, P < 0.001, ,,nz = 0.54],
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Fig. 4. Effects of interventions on maximal ankle dorsiflexion range of motion (ROM) assessed in both hip neutral (HIP-neutral; A) and hip flexed at 90°
(HIP-flexed; B) positions. A: in the HIP-neutral condition, data showed a significant increase in ankle dorsiflexion ROM for the muscle-directed group compared
with the control group. B: in the HIP-flexed condition, participants in the nerve-directed group showed a significant increase in ankle dorsiflexion ROM compared
with the control group; positive and negative values correspond to ankle dorsiflexion and plantar flexion angles, respectively. C: effects of stretching intervention
on ankle passive torque assessed in HIP-neutral. Compared with the control group, the ankle passive torque significantly decreased in the muscle-directed group
(*P = 0.005). The lines denote individual data. A, individual data point at baseline (pretesting); O, individual data point after the 12-wk intervention (posttesting).
White and gray bars represent averaged ROM for each group before and after the intervention, respectively.*P < 0.001; P > 0.05.

sciaticgisea [F(2,54) = 35.6, P < 0.001, ,m° = 0.57], and tibial
[F(2,54) =214, P < 0.001, ,m° =0.44]. Post hoc analysis
showed that the nerve-directed group exhibited significantly de-
creased shear wave velocity at all nerve locations (all P < 0.001)
compared with the control group (Fig. 6), whereas nerve
shear wave velocity did not differ between the muscle-
directed and control groups (all P > 0.127). Supplemental
Figs. S5-S7 describe the pre- to postintervention relation-
ships between the ankle angle and the nerve shear wave
velocity for each group.

Ankle passive torque. There was a significant main effect
of group on the ankle passive torque with a large effect size
for the HIP-neutral condition [F(2,54) = 5.4, P = 0.007,
»M° = 0.17]. Compared with the control group, post hoc anal-
ysis showed that the ankle passive torque significantly de-
creased in the muscle-directed group with a mean difference of
—6.8 N-m (95% CI: —11.9-1.7; P = 0.005; Fig. 4C). There
was no evidence of a significant nerve-directed intervention
effect over the control group in ankle passive torque (P =
0.191).

There were no statistically significant group effects on ankle
passive for the HIP-flexed position [F(2,54) = 0.6, P = 0.562,
»m° = 0.021].

Supplemental Fig. S4 depicts the pre- to postintervention
relationships between the ankle angle and the passive torque
for each group and hip condition.

Muscle architecture. There were significant main effects of
group in fascicle length observed for the fascicle length of
both GM [F(2,54) = 5.5, P = 0.006, ,m*> = 0.17] and GL
[F(2,54) = 3.6, P = 0.034, an = 0.12]. Compared with the
control group, post hoc analysis showed a significant increase
in GM fascicle length of 0.4 cm (95% CI: 0.1-0.8; P = 0.017)
after the muscle-directed program (Fig. 5B), whereas no sta-

tistically significant mean differences were detected between
control and nerve-directed groups (P = 1). There was no
significant changes in fascicle length of GL following the
muscle-directed intervention [0.4 cm (95% CI: —0.1-0.9; P =
0.220)]. When compared with the control group, there were no
significant effects of muscle-directed and nerve-directed inter-
ventions on gastrocnemii thickness.

Nerve size. There were no statistically significant group
effects on nerve cross-sectional and thickness measures for all
nerve locations (P > 0.05), indicating that sciatic nerve size
was not affected by the nerve-directed and muscle-directed
long-term interventions.

RMS EMG. Soleus and GM RMS EMG were analyzed to
ensure that the effects of the intervention could be attributed to
changes in passive mechanical properties. There was no sig-
nificant main effect of group for both muscles. The average
RMS EMG was ~1% for both muscles across testing sessions
and experimental groups (Table 2). These results suggest that
muscle activity levels did not significantly change after the
intervention.

DISCUSSION

The results of this trial revealed that muscle-directed and
nerve-directed 12-wk stretching interventions were an effective
way to /) improve maximal ankle dorsiflexion ROM and 2)
induce chronic adaptations in the passive mechanical proper-
ties of either muscle or nerve tissues. The trial provides
evidence that the nature of the intervention (muscle-directed or
nerve-directed) determined whether the mechanical changes
occurred at the nerve, muscle, or joint elements. Whereas
participants in the nerve-directed group substantially improved
maximal dorsiflexion ROM in HIP-flexed and had a significant
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decrease in sciatic shear wave velocity (an estimate of stiff-
ness), the muscle-directed group increased dorsiflexion ROM
in HIP-neutral and exhibited an overall reduction in plantar
flexors’” shear wave velocity. These findings were in line with
the concept that adaptations in mechanical properties are spe-
cific to the tissue that is preferentially loaded by a particular
intervention.

The maximal dorsiflexion ankle ROM improved in both
nerve-directed and muscle-directed groups after the 12-wk
training protocols (Table 2). These results are in line with most
of the studies examining the long-term effects of stretching
interventions on joint mobility in both healthy [e.g., reviewed
in (6, 21, 62)] and clinical cohorts (45, 46), but not in reviews
of clinical cohorts (33). An interesting and novel finding was

that the muscle-directed group significantly improved the max-
imal ROM assessed in HIP-neutral by 7.3° (95% CI: 4.1-10.5),
but not in HIP-flexed. Conversely, the sciatic nerve-directed
intervention elicited a significant increase of 9.9° (95% CI:
6.2-13.6) in maximal ROM assessed in HIP-flexed in the
absence of a significant effect in the HIP-neutral position.
Together, these results indicate that improvements in joint
motion are specific to the limb configuration (i.e., positioning
of joints) used during a given stretching exercise. This suggests
that stretching effects are dependent on the main structures
being loaded during the exercise, which may be predominately
of muscular or nonmuscular soft tissue types. The present
findings support this rationale, which has been discussed in
previous literature (4, 40, 43).
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Fig. 6. Effects of the interventions on shear wave velocity (SWV) of the sciatic nerve tract. Compared with the control group, data show that the nerve-directed
group exhibited significantly decreased SWV following the intervention at sciatiCproxima (A), sciaticaistu (B), and tibial (C) nerve regions. The lines denote
individual data. A, individual data point at baseline (pretesting); O, individual data point after the 12-wk intervention (posttesting). White and gray bars represent
averaged range of motion for each group before and after the intervention, respectively. *P < 0.001; "*P > 0.05.

It should be noted that a modification in stretch tolerance has
also been suggested as a potential mechanism for increasing
maximal ROM following chronic stretching and cannot be
totally excluded from our findings (6, 21, 54, 59). Because
several studies have reported improvements in variables such
as range of motion in the absence of mechanical adaptations at
the joint level, chronic changes associated with long-term
stretching have most often been explained by an alteration of
sensation, which is referred to as the “sensory” theory in the
literature (21, 59). It is thought that stretching of either skeletal
muscles or peripheral nerves can modify their mechanosensi-
tivity threshold (10, 38), which could in turn provoke changes
in the stretch amplitude by increasing the tolerance for a
sensation (e.g., onset of pain).

Our results related to the different testing positions (i.e., hip
flexed and hip neutral) align with previous studies (3, 4, 40),
which have shown that maximal ankle dorsiflexion ROM
assessed in HIP-flexed position is decreased (mean differences
~18-22°) when compared with that measured at HIP-neutral.
Such findings have suggested that whereas the maximal dor-
siflexion ROM may be primarily influenced by the passive
stretch of plantar flexor muscle-tendon units in HIP-neutral
(23, 43, 59), nonmuscular structures spanning multiple joints
can potentially influence the dorsiflexion stretch amplitude in
HIP-flexed position (3, 43). Indeed, some stretching exercises
or postures have been shown to load the sciatic nerve tract
independently of surrounding mechanical interfaces such as
muscle-tendon units (3, 13, 14, 24).

Studies evaluating the effects of chronic stretching on me-
chanical properties of muscle-tendon units have traditionally
implemented stretching protocols shorter than 8 wk (59), and
often they did not observe mechanical adaptations (21). The
present trial examined the effects of stretching over a longer
intervention period (12 wk). Interestingly, the muscle-directed
group showed changes in the mechanical properties of the

plantar flexor muscles, which can potentially explain the me-
chanical adaptations also observed at a joint level. The de-
crease in ankle passive torque may reflect the stiffness decrease
that occurred within the main plantar flexor muscles units
acting across this joint (23, 37). In contrast, we observed a
nerve stiffness decrease accompanied with a lack of changes in
ankle passive torque in the nerve-directed group. This finding
provides additional evidence that nonmuscular structures may
contribute only marginally to global torque measurements (43).

Participants in the muscle-directed group showed a decrease
in triceps surae stiffness following intervention compared with
the control group. These results are in line with previous
findings reporting reductions in the shear modulus of hamstring
(30) and plantar flexor (2) muscle groups. Interestingly, our
results revealed that triceps surae (with the exception of sole-
USproximal) €Xhibited significant stiffness adaptations across all
tested muscles and regions within individual muscles. The
magnitude of these changes differed substantially between
triceps surae muscles and across different regions of the same
muscle. The decrease in shear wave velocities ranged from
0.8-2.2 m/s. These findings (and variability) have not been
possible to observe in vivo using the traditional passive torque-
angle procedures. They highlight the importance of using
localized approaches, such as shear wave elastography, to
better quantify the effects of stretching on mechanical proper-
ties of musculoskeletal structures.

The muscle stiffness adaptations to stretching may be at least
partly explained by a greater fascicle length (59). We observed
a significant increase in fascicle length of GM following the
muscle-directed intervention, in the absence of significant
changes in muscle thickness. A tendency for an increase in
fascicle length (albeit not significant) was also observed on the
GL. This finding is consistent with previous studies that uti-
lized ultrasound imaging to assess the muscle architectural
adaptations to long-term exercise programs, such as passive



stretching (22, 46), and eccentric muscle actions (7) in both
healthy and clinical populations. The increase in fascicle length
is also in line with studies involving animals subjected to
prolonged immobilization in a lengthened position [e.g., (56,
60, 61)]. Evidence from such studies suggests that increased
fascicle length is related to a greater number of sarcomeres in
series, which occurs at the ends of the muscle fibers (56). The
changes in sarcomere number are likely dependent on the
muscle length used during the immobilization and the time of
immobilization (56) rather than the active muscle tension (16).

Another important finding was that the sciatic nerve adapted
mechanically to the nerve-directed intervention (decrease in
shear wave velocity >1.8 m/s for all assessed locations). Our
results also demonstrate that nerve size parameters, including
cross-sectional area and thickness, were unaffected by the
intervention. From a technical perspective, as changes in these
parameters could influence the shear wave velocity indepen-
dently of any change in mechanical properties (11), the ab-
sence of adaptations in nerve thickness and cross-sectional area
provides evidence that the change in shear wave velocity was
most likely related to actual nerve stiffness changes. Where
those stiffness changes might be occurring can only be spec-
ulated. Most of the mechanical resistance of peripheral nerves
to loading is provided by three well-organized layers of con-
nective tissue (endoneurium, perineurium, and the epineurium)
(57). Among these, the perineurium is considered to be the
primary load-bearing structure of the nerve to stretching in the
longitudinal axis (49, 57), and hence it is most likely to be
affected by our intervention. It has been reported that periph-
eral nerves can adapt in length when subjected to loads fol-
lowing limb lengthening procedures (12). Indeed, recent stud-
ies involving animals have shown that moderate tensile loads
(under physiological limits) can accelerate both nerve growth
capacity and rate of elongation (1, 36), without impaired
function (52). Consistent with such findings and in line with
our results, in a nerve repair experiment Bora et al. (9) showed
that although there was an initial increase in nerve tension
immediately after excising a segment, the nerve returned to its
uncut state of tension after seven weeks, with increased com-
pliance within neural connective tissue observed. Additionally,
the stiffness adaptations may also be related to changes in
neural collagen fibril type and density (39) and in the meso-
epi-perineurium connections (55). However, such evidence is
either indirect or based on studies with animals, whose growth
and adaptation patterns differ from humans.

From a clinical standpoint, the concept of structural differ-
entiation is an essential part of neurodynamics testing, which
has been largely used by health professionals (e.g., physical
therapists) to make a distinction between the involvement of
neural and nonneural structures in nerve disorders (57). Evi-
dence for neurodynamics is supported by studies involving
animals and human cadavers, which have demonstrated that
nerves can be tensioned mechanically while they are elongated
in a longitudinal direction. This is possible by combining
movements of one or several joints that induce displacement of
the nerve endings in opposite directions (51, 57). Our results
are of importance to human movement and health fields (e.g.,
orthopedic and physical therapy) because they clearly show,
for the first time, that it is possible to reduce nerve stiffness and
improve joint ROM. Such interventions could be particularly
beneficial in neuromusculoskeletal disorders that induce local-

ized mechanical dysfunction, including increased local nerve
stiffness in conjunction with impaired maximal joint ROM
(e.g., carpal tunnel syndrome in upper limb or disk pathology
within the lumbar spine) (17, 32, 42). In many instances,
however, it is difficult to determine whether nerves or fascia
may be responsible for limiting stretch amplitude (43). Indeed,
the fascial system and the main peripheral nerves in the lower
limb have similar biomechanical behavior when under load.
They act mechanically as a continuum, spanning joints of axial
and appendicular human body segments (53, 63). For instance,
the displacement of the GM deep fascia has been shown to be
highly correlated with pelvic motion (i.e., forward tilting)
confirming, in vivo, a myofascial connectivity between the
trunk and lower leg (15), as reported in some anatomical
studies (53). Therefore, it is reasonable to assume that the
nerve-directed exercises could also influence the fascia of the
leg (i.e., crural fascia), contributing to the mechanical changes
observed in muscle and nerves (63). Further research is needed
to clarify the role of fascial tissue in joint function and its
adaptations to mechanical stretching stimuli.

We acknowledge the following study limitations. First, the
sample comprised healthy young adults, so the findings cannot
be generalized to older aged groups where architecture and
tissue mechanical properties are likely to be different. Second,
a small eccentric active lengthening component during the
stretching intervention (i.e., heel-drop phase) cannot be totally
excluded for the muscle-directed group. We did not measure
the muscle activity during the stretching sessions. However,
the time duration for this muscle activity is small compared
with the time spent in the fully loaded position of the stretch.
Participants were also asked to maintain a totally relaxed state
in their calf muscles during the stretch. Additionally, we
ensured that minimal muscle activation was present during the
ankle rotations performed on the pre- and posttesting sessions
(18, 34). Specifically, EMG RMS of GM and soleus was lower
than 2%, and we did not observe an intervention effect on this
variable. Thus, involuntary muscle activity is unlikely to have
biased the primary outcome measures and ankle passive
torque. Finally, fascicle length was derived from a linear
extrapolation method. This process is prone to error, as fascicle
and aponeurosis curvature may exist and muscle architecture is
not homogeneous throughout the muscle (58). However, gas-
trocnemii fascicles present a relatively linear arrangement, and
the measurement error associated with the fascicles’ curvature
has been demonstrated to be negligible in resting GM muscle
(41). Furthermore, typical gastrocnemii fascicle length is ap-
proximately the size of the (linear array) transducer used for
the assessments; i.e., 5 cm. A further analysis of our data
indicated that the amount of extrapolation was 13.2% = 10.9%
and 26.4% * 13.6% for the GM and GL, respectively. Addi-
tionally, we ensured that the B-mode pre- and postintervention
images were performed in the same muscle region, with
minimal pressure and the same positioning of subjects.

Conclusions

Our findings showed that in healthy adults it is possible to
target and induce chronic changes in the mechanical properties
of nerve or muscular structures through specific stretching
exercises. These tissue adaptations were associated with im-
provements in maximal joint ROM. Additionally, this study



demonstrates for the first time that human peripheral nerves
can adapt chronically to mechanical loading. These findings
provide new perspectives for understanding chronic effects of
stretching interventions and have relevance to clinical condi-
tions where a shortening of soft tissue structures has occurred.

ACKNOWLEDGMENTS

We thank Sébastien Guillard, Thomas Icre, and Kaoutar Kabbaj for their
assistance in supervising the stretching protocols.

GRANTS

This study was financially supported by the Région des Pays de la Loire
(QUETE project, no. 2015-09035) and the University of Nantes (Interdisci-
plinary Program). R. J. Andrade was supported by the French Ministry of
Higher Education, Research and Innovation, and by the Griffith University
Postdoctoral Fellowship Scheme award.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

RJ.A., SRF., FH, GL.S., LL., R.G., PM., and A.N. conceived and
designed research; R.J.A., G.L.S., and J.-B.Q. performed experiments; R.J.A.,
S.R.F, J.-B.Q., and A.N. analyzed data; R.J.A., SR.F, FH, GL.S., LL.,
R.G., J-B.Q., P.M., and A.N. interpreted results of experiments; R.J.A.
prepared figures; R.J.A. drafted manuscript; RJ.A., SR.F., FH., GL.S.,LL.,
R.G., J.-B.Q., P.M.,, and A.N. edited and revised manuscript; R.J.A., S.R.F.,
FH., GL.S, LL, R.G, J.-B.Q., P.M., and A.N. approved final version of
manuscript.

REFERENCES

1. Abe I, Ochiai N, Ichimura H, Tsujino A, Sun J, Hara Y. Internodes can
nearly double in length with gradual elongation of the adult rat sciatic
nerve. J Orthop Res 22: 571-577, 2004. doi:10.1016/j.orthres.2003.08.
019.

2. Akagi R, Takahashi H. Effect of a 5-week static stretching program on
hardness of the gastrocnemius muscle. Scand J Med Sci Sports 24:
950-957, 2014. doi:10.1111/sms.12111.

3. Andrade RJ, Freitas SR, Hug F, Le Sant G, Lacourpaille L, Gross R,
McNair P, Nordez A. The potential role of sciatic nerve stiffness in the
limitation of maximal ankle range of motion. Sci Rep 8: 14532, 2018.
doi:10.1038/s41598-018-32873-6.

4. Andrade RJ, Lacourpaille L, Freitas SR, McNair PJ, Nordez A.
Effects of hip and head position on ankle range of motion, ankle passive
torque, and passive gastrocnemius tension. Scand J Med Sci Sports 26:
41-47, 2016. doi:10.1111/sms.12406.

5. Andrade RJ, Nordez A, Hug F, Ates F, Coppieters MW, Pezarat-
Correia P, Freitas SR. Non-invasive assessment of sciatic nerve stiffness
during human ankle motion using ultrasound shear wave elastography. J
Biomech 49: 326-331, 2016. doi:10.1016/j.jbiomech.2015.12.017.

6. Blazevich AJ. Adaptations in the passive mechanical properties of skel-
etal muscle to altered patterns of use. J Appl Physiol 126: 1483-1491,
2019. doi:10.1152/japplphysiol.00700.2018.

7. Blazevich AJ, Cannavan D, Coleman DR, Horne S. Influence of
concentric and eccentric resistance training on architectural adaptation in
human quadriceps muscles. J Appl Physiol (1985) 103: 1565-1575, 2007.
doi:10.1152/japplphysiol.00578.2007.

8. Blazevich AJ, Cannavan D, Waugh CM, Miller SC, Thorlund JB,
Aagaard P, Kay AD. Range of motion, neuromechanical, and architec-
tural adaptations to plantar flexor stretch training in humans. J Appl
Physiol (1985) 117: 452-462, 2014. doi:10.1152/japplphysiol.00204.
2014.

9. Bora FW Jr, Richardson S, Black J. The biomechanical responses to
tension in a peripheral nerve. J Hand Surg Am 5: 21-25, 1980. doi:10.
1016/S0363-5023(80)80037-2.

10. Bove GM, Light AR. The nervi nervorum: missing link for neuro-
pathic pain? Pain Forum 6: 181-190, 1997. doi:10.1016/S1082-
3174(97)70011-4.

11. Brum J, Bernal M, Gennisson JL, Tanter M. In vivo evaluation of the
elastic anisotropy of the human Achilles tendon using shear wave disper-

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

sion analysis. Phys Med Biol 59: 505-523, 2014. doi:10.1088/0031-9155/
59/3/505.

. Bueno FR, Shah SB. Implications of tensile loading for the tissue

engineering of nerves. Tissue Eng Part B Rev 14: 219-233, 2008.
doi:10.1089/ten.teb.2008.0020.

Coppieters MW, Alshami AM, Babri AS, Souvlis T, Kippers V,
Hodges PW. Strain and excursion of the sciatic, tibial, and plantar nerves
during a modified straight leg raising test. J Orthop Res 24: 1883-1889,
2006. doi:10.1002/jor.20210.

Coppieters MW, Crooke JL, Lawrenson PR, Khoo SJ, Skulstad T,
Bet-Or Y. A modified straight leg raise test to differentiate between sural
nerve pathology and Achilles tendinopathy. A cross-sectional cadaver
study. Man Ther 20: 587-591, 2015. doi:10.1016/j.math.2015.01.013.
Cruz-Montecinos C, Gonzalez Blanche A, Lopez Sanchez D, Cerda M,
Sanzana-Cuche R, Cuesta-Vargas A. In vivo relationship between pelvis
motion and deep fascia displacement of the medial gastrocnemius: ana-
tomical and functional implications. J Anat 227: 665-672, 2015. doi:10.
1111/joa.12370.

de la Tour EH, Tabary JC, Tabary C, Tardieu C. The respective roles
of muscle length and muscle tension in sarcomere number adaptation of
guinea-pig soleus muscle. J Physiol (Paris) 75: 589-592, 1979.

Dikici AS, Ustabasioglu FE, Delil S, Nalbantoglu M, Korkmaz B,
Bakan S, Kula O, Uzun N, Mihmanli I, Kantarci F. Evaluation of the
tibial nerve with shear-wave elastography: a potential sonographic method
for the diagnosis of diabetic peripheral neuropathy. Radiology 282: 494—
501, 2017. doi:10.1148/radiol.2016160135.

Diong J, Gandevia SC, Nguyen D, Foo Y, Kastre C, Andersson K,
Butler JE, Héroux ME. Small amounts of involuntary muscle activity
reduce passive joint range of motion. J Appl Physiol (1985) 127: 229-234,
2019. doi:10.1152/japplphysiol.00168.2019.

Eby SF, Song P, Chen S, Chen Q, Greenleaf JF, An KN. Validation of
shear wave elastography in skeletal muscle. J Biomech 46: 2381-2387,
2013. doi:10.1016/j.jbiomech.2013.07.033.

Freitas SR, Andrade RJ, Larcoupaille L, Mil-homens P, Nordez A.
Muscle and joint responses during and after static stretching performed at
different intensities. Eur J Appl Physiol 115: 1263-1272, 2015. doi:10.
1007/s00421-015-3104-1.

Freitas SR, Mendes B, Le Sant G, Andrade RJ, Nordez A, Milanovic
Z. Can chronic stretching change the muscle-tendon mechanical proper-
ties? A review. Scand J Med Sci Sports 28: 794-806, 2018. doi:10.1111/
sms.12957.

Freitas SR, Mil-Homens P. Effect of 8-week high-intensity stretching
training on biceps femoris architecture. J Strength Cond Res 29: 1737-
1740, 2015. doi:10.1519/JSC.0000000000000800.

Gajdosik RL. Passive extensibility of skeletal muscle: review of the
literature with clinical implications. Clin Biomech (Bristol, Avon) 16:
87-101, 2001. doi:10.1016/S0268-0033(00)00061-9.

Greening J, Dilley A. Posture-induced changes in peripheral nerve
stiffness measured by ultrasound shear-wave elastography. Muscle Nerve
55:213-222, 2017. doi:10.1002/mus.25245.

Haen TX, Roux A, Soubeyrand M, Laporte S. Shear waves elastogra-
phy for assessment of human Achilles tendon’s biomechanical properties:
an experimental study. J Mech Behav Biomed Mater 69: 178184, 2017.
doi:10.1016/j.jmbbm.2017.01.007.

Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of recom-
mendations for SEMG sensors and sensor placement procedures. J Electrontyogr
Kinesiol 10: 361-374, 2000. doi:10.1016/S1050-6411(00)00027-4.

Hirata K, Miyamoto-Mikami E, Kanehisa H, Miyamoto N. Muscle-
specific acute changes in passive stiffness of human triceps surae after
stretching. Eur J Appl Physiol 116: 911-918, 2016. doi:10.1007/s00421-
016-3349-3.

Hopkins WG. Measures of reliability in sports medicine and science.
Sports Med 30: 1-15, 2000. doi:10.2165/00007256-200030010-00001.
Hug F, Tucker K, Gennisson JL, Tanter M, Nordez A. Elastography for
muscle biomechanics: toward the estimation of individual muscle force. Exerc
Sport Sci Rev 43: 125-133, 2015. doi:10.1249/JES.0000000000000049.
Ichihashi N, Umegaki H, Ikezoe T, Nakamura M, Nishishita S, Fujita
K, Umehara J, Nakao S, Ibuki S. The effects of a 4-week static
stretching programme on the individual muscles comprising the ham-
strings. J Sports Sci 34: 2155-2159, 2016. doi:10.1080/02640414.2016.
1172725.

Jiang W, Huang S, Teng H, Wang P, Wu M, Zhou X, Xu W, Zhang
Q, Ran H. Diagnostic performance of two-dimensional shear wave
elastography for evaluating tibial nerve stiffness in patients with diabetic


https://doi.org/10.1016/j.orthres.2003.08.019
https://doi.org/10.1016/j.orthres.2003.08.019
https://doi.org/10.1111/sms.12111
https://doi.org/10.1038/s41598-018-32873-6
https://doi.org/10.1111/sms.12406
https://doi.org/10.1016/j.jbiomech.2015.12.017
https://doi.org/10.1152/japplphysiol.00700.2018
https://doi.org/10.1152/japplphysiol.00578.2007
https://doi.org/10.1152/japplphysiol.00204.2014
https://doi.org/10.1152/japplphysiol.00204.2014
https://doi.org/10.1016/S0363-5023%2880%2980037-2
https://doi.org/10.1016/S0363-5023%2880%2980037-2
https://doi.org/10.1016/S1082-3174%2897%2970011-4
https://doi.org/10.1016/S1082-3174%2897%2970011-4
https://doi.org/10.1088/0031-9155/59/3/505
https://doi.org/10.1088/0031-9155/59/3/505
https://doi.org/10.1089/ten.teb.2008.0020
https://doi.org/10.1002/jor.20210
https://doi.org/10.1016/j.math.2015.01.013
https://doi.org/10.1111/joa.12370
https://doi.org/10.1111/joa.12370
https://doi.org/10.1148/radiol.2016160135
https://doi.org/10.1152/japplphysiol.00168.2019
https://doi.org/10.1016/j.jbiomech.2013.07.033
https://doi.org/10.1007/s00421-015-3104-1
https://doi.org/10.1007/s00421-015-3104-1
https://doi.org/10.1111/sms.12957
https://doi.org/10.1111/sms.12957
https://doi.org/10.1519/JSC.0000000000000800
https://doi.org/10.1016/S0268-0033%2800%2900061-9
https://doi.org/10.1002/mus.25245
https://doi.org/10.1016/j.jmbbm.2017.01.007
https://doi.org/10.1016/S1050-6411%2800%2900027-4
https://doi.org/10.1007/s00421-016-3349-3
https://doi.org/10.1007/s00421-016-3349-3
https://doi.org/10.2165/00007256-200030010-00001
https://doi.org/10.1249/JES.0000000000000049
https://doi.org/10.1080/02640414.2016.1172725
https://doi.org/10.1080/02640414.2016.1172725

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

peripheral neuropathy. Eur Radiol 29: 2167-2174, 2019. doi:10.1007/
s00330-018-5858-4.

Kantarci F, Ustabasioglu FE, Delil S, Olgun DC, Korkmazer B, Dikici
AS, Tutar O, Nalbantoglu M, Uzun N, Mihmanli I. Median nerve
stiffness measurement by shear wave elastography: a potential sono-
graphic method in the diagnosis of carpal tunnel syndrome. Eur Radiol 24:
434-440, 2014. doi:10.1007/s00330-013-3023-7.

Katalinic OM, Harvey LA, Herbert RD, Moseley AM, Lannin NA,
Schurr K. Stretch for the treatment and prevention of contractures.
Cochrane Database Syst Rev CD007455: CD007455, 2010. doi:10.1002/
14651858.CD007455.pub2.

Le Sant G, Gross R, Hug F, Nordez A. Influence of low muscle
activation levels on the ankle torque and muscle shear modulus during
plantar flexor stretching. J Biomech 93: 111-117, 2019. doi:10.1016/j.
jbiomech.2019.06.018.

Le Sant G, Nordez A, Andrade R, Hug F, Freitas S, Gross R. Stiffness
mapping of lower leg muscles during passive dorsiflexion. J Anat 230:
639-650, 2017. doi:10.1111/joa.12589.

Love JM, Bober BG, Orozco E, White AT, Bremner SN, Lovering
RM, Schenk S, Shah SB. mTOR regulates peripheral nerve response to
tensile strain. J Neurophysiol 117: 2075-2084, 2017. doi:10.1152/jn.
00257.2016.

Magnusson SP. Passive properties of human skeletal muscle during
stretch maneuvers. A review. Scand J Med Sci Sports 8: 65-77, 1998.
doi:10.1111/5.1600-0838.1998.tb00171.x.

Magnusson SP, Simonsen EB, Aagaard P, Sgrensen H, Kjaer M. A
mechanism for altered flexibility in human skeletal muscle. J Physiol 497:
291-298, 1996. doi:10.1113/jphysiol.1996.sp021768.

Mason S, Phillips JB. An ultrastructural and biochemical analysis of
collagen in rat peripheral nerves: the relationship between fibril diameter
and mechanical properties. J Peripher Nerv Syst 16: 261-269, 2011.
doi:10.1111/5.1529-8027.2011.00352.x.

Mitchell B, Bressel E, McNair PJ, Bressel ME. Effect of pelvic, hip, and
knee position on ankle joint range of motion. Phys Ther Sport 9: 202-208,
2008. doi:10.1016/j.ptsp.2008.08.002.

Muramatsu T, Muraoka T, Kawakami Y, Shibayama A, Fukunaga T.
In vivo determination of fascicle curvature in contracting human skeletal
muscles. J Appl Physiol (1985) 92: 129-134, 2002. doi:10.1152/jappl.
2002.92.1.129.

Neto T, Freitas SR, Andrade RJ, Vaz JR, Mendes B, Firmino T,
Bruno PM, Nordez A, Oliveira R. Noninvasive measurement of sciatic
nerve stiffness in patients with chronic low back related leg pain using
shear wave elastography. J Ultrasound Med 38: 157-164, 2019. doi:10.
1002/jum.14679.

Nordez A, Gross R, Andrade R, Le Sant G, Freitas S, Ellis R, McNair
PJ, Hug F. Non-muscular structures can limit the maximal joint range of
motion during stretching. Sports Med 47: 1925-1929, 2017. doi:10.1007/
s40279-017-0703-5.

Nordez A, McNair P, Casari P, Cornu C. Acute changes in hamstrings
musculo-articular dissipative properties induced by cyclic and static
stretching. Int J Sports Med 29: 414—418, 2008. doi:10.1055/s-2007-
964980.

Pradines M, Baude M, Marciniak C, Francisco G, Gracies JM, Hutin
E, Bayle N. Effect on passive range of motion and functional correlates
after a long-term lower limb self-stretch program in patients with chronic
spastic paresis. PM R 10: 1020-1031, 2018. doi:10.1016/j.pmrj.2018.02.
013.

Pradines M, Ghedira M, Portero R, Masson I, Marciniak C, Hicklin
D, Hutin E, Portero P, Gracies JM, Bayle N. Ultrasound structural

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

changes in triceps surae after a l-year daily self-stretch program: a
prospective randomized controlled trial in chronic hemiparesis. Neurore-
habil Neural Repair 33: 245-259, 2019. doi:10.1177/1545968319829455.
Randhawa A, Jackman ME, Wakeling JM. Muscle gearing during
isotonic and isokinetic movements in the ankle plantarflexors. Eur J Appl
Physiol 113: 437-447, 2013. doi:10.1007/s00421-012-2448-z.
Richardson JT. Eta squared and partial eta squared as measures of effect
size in educational research. Educ Res Rev 6: 135-147, 2011. doi:10.1016/
j-edurev.2010.12.001.

Rydevik BL, Kwan MK, Myers RR, Brown RA, Triggs KJ, Woo SL,
Garfin SR. An in vitro mechanical and histological study of acute
stretching on rabbit tibial nerve. J Orthop Res 8: 694701, 1990. doi:10.
1002/jor.1100080511.

Schrier VJMM, Lin J, Gregory A, Thoreson AR, Alizad A, Amadio
PC, Fatemi M. Shear wave elastography of the median nerve: a mechan-
ical study. Muscle Nerve 61: 826—833, 2020. doi:10.1002/mus.26863.
Silva A, Manso A, Andrade R, Domingues V, Brandao MP, Silva AG.
Quantitative in vivo longitudinal nerve excursion and strain in response to
joint movement: a systematic literature review. Clin Biomech (Bristol,
Avon) 29: 839-847, 2014. doi:10.1016/j.clinbiomech.2014.07.006.
Stanitski DF. Limb-length inequality: assessment and treatment options.
J Am Acad Orthop Surg 7: 143-153, 1999. doi:10.5435/00124635-
199905000-00001.

Stecco C, Hammer WI. Functional Atlas of the Human Fascial System.
United Kingdom: Elsevier Limited, 2015.

Stgve MP, Hirata RP, Palsson TS. Muscle stretching—the potential role
of endogenous pain inhibitory modulation on stretch tolerance. Scand J
Pain 19: 415-422, 2019. doi:10.1515/sjpain-2018-0334.

Sung J, Sikora-Klak J, Adachi SY, Orozco E, Shah SB. Decoupled
epineurial and axonal deformation in mouse median and ulnar nerves.
Muscle Nerve 59: 619-628, 2019. doi:10.1002/mus.26437.

Tabary JC, Tabary C, Tardieu C, Tardieu G, Goldspink G. Physio-
logical and structural changes in the cat’s soleus muscle due to immobi-
lization at different lengths by plaster casts. J Physiol 224: 231-244, 1972.
doi:10.1113/jphysiol.1972.sp009891.

Topp KS, Boyd BS. Structure and biomechanics of peripheral nerves:
nerve responses to physical stresses and implications for physical therapist
practice. Phys Ther 86: 92—109, 2006. doi:10.1093/ptj/86.1.92.

Van Hooren B, Teratsias P, Hodson-Tole EF. Ultrasound imaging to
assess skeletal muscle architecture during movements: a systematic review
of methods, reliability, and challenges. J Appl Physiol (1985) 128: 978—
999, 2020. doi:10.1152/japplphysiol.00835.2019.

Weppler CH, Magnusson SP. Increasing muscle extensibility: a matter
of increasing length or modifying sensation? Phys Ther 90: 438449,
2010. doi:10.2522/ptj.20090012.

Williams PE, Goldspink G. Changes in sarcomere length and physiolog-
ical properties in immobilized muscle. J Anat 127: 459468, 1978.
Williams PE, Goldspink G. The effect of immobilization on the longi-
tudinal growth of striated muscle fibres. J Anat 116: 45-55, 1973.
Young R, Nix S, Wholohan A, Bradhurst R, Reed L. Interventions for
increasing ankle joint dorsiflexion: a systematic review and meta-analysis.
J Foot Ankle Res 6: 46, 2013. doi:10.1186/1757-1146-6-46.

Ziigel M, Maganaris CN, Wilke J, Jurkat-Rott K, Klingler W, Wear-
ing SC, Findley T, Barbe MF, Steinacker JM, Vleeming A, Bloch W,
Schleip R, Hodges PW. Fascial tissue research in sports medicine: from
molecules to tissue adaptation, injury and diagnostics: consensus state-
ment. Br J Sports Med 52: 1497, 2018. doi:10.1136/bjsports-2018-099308.


https://doi.org/10.1007/s00330-018-5858-4
https://doi.org/10.1007/s00330-018-5858-4
https://doi.org/10.1007/s00330-013-3023-7
https://doi.org/10.1002/14651858.CD007455.pub2
https://doi.org/10.1002/14651858.CD007455.pub2
https://doi.org/10.1016/j.jbiomech.2019.06.018
https://doi.org/10.1016/j.jbiomech.2019.06.018
https://doi.org/10.1111/joa.12589
https://doi.org/10.1152/jn.00257.2016
https://doi.org/10.1152/jn.00257.2016
https://doi.org/10.1111/j.1600-0838.1998.tb00171.x
https://doi.org/10.1113/jphysiol.1996.sp021768
https://doi.org/10.1111/j.1529-8027.2011.00352.x
https://doi.org/10.1016/j.ptsp.2008.08.002
https://doi.org/10.1152/jappl.2002.92.1.129
https://doi.org/10.1152/jappl.2002.92.1.129
https://doi.org/10.1002/jum.14679
https://doi.org/10.1002/jum.14679
https://doi.org/10.1007/s40279-017-0703-5
https://doi.org/10.1007/s40279-017-0703-5
https://doi.org/10.1055/s-2007-964980
https://doi.org/10.1055/s-2007-964980
https://doi.org/10.1016/j.pmrj.2018.02.013
https://doi.org/10.1016/j.pmrj.2018.02.013
https://doi.org/10.1177/1545968319829455
https://doi.org/10.1007/s00421-012-2448-z
https://doi.org/10.1016/j.edurev.2010.12.001
https://doi.org/10.1016/j.edurev.2010.12.001
https://doi.org/10.1002/jor.1100080511
https://doi.org/10.1002/jor.1100080511
https://doi.org/10.1002/mus.26863
https://doi.org/10.1016/j.clinbiomech.2014.07.006
https://doi.org/10.5435/00124635-199905000-00001
https://doi.org/10.5435/00124635-199905000-00001
https://doi.org/10.1515/sjpain-2018-0334
https://doi.org/10.1002/mus.26437
https://doi.org/10.1113/jphysiol.1972.sp009891
https://doi.org/10.1093/ptj/86.1.92
https://doi.org/10.1152/japplphysiol.00835.2019
https://doi.org/10.2522/ptj.20090012
https://doi.org/10.1186/1757-1146-6-46
https://doi.org/10.1136/bjsports-2018-099308



