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Abstract

Purpose Verify the acute responses of static stretching (SS) on the rectus femoris (RF), vastus medialis (VM), and vastus
lateralis (VL) elasticity and knee/hip range of motion (ROM). Additionally, to investigate if there are consistency among
quadriceps muscle elasticity after SS.

Methods Acute effect of SS on pre-post-intervention design. Thirtheen healthy participants (both genders) proposed for
a pre-post experimental design. RF, VM, and VL elasticity (strain ratio, SR) was evaluated bilaterally by ultrasound with
quasi-static elastography. Higher SR values refer to more rigid tissues. A SS protocol of 3 series of 30 s was applied at right
lower limb. The left lower limb was considered as control group. Also, photogrammetry evaluated the knee/hip ROM.
Results For SR muscle comparisons, VM was lower (less stiff) than VL and RF at pre- and post-SS. For time comparisons,
no differences were observed for SR and ROM at pre- and post-SS. However, the effect size of the quadriceps SR at SS
lower limb was higher than control.

Conclusion Acute effects of SS did not change the quadriceps SR or knee/hip ROM in healthy and active subjects. Non-
uniform quadriceps SR are observed (VM < VL and RF) independently of SS. Future studies should consider different
protocols, muscles, and populations.

Keywords Elasticity imaging techniques - Photogrammetry - Range of motion - Ultrasonography

Introduction

Static stretching (SS) involves the application of a main-
tained and controlled joint movement up to its maximum
range of motion (ROM) [1]. Stress could be promoted by
active contraction of the agonist muscles or using external
forces. Stretching protocols are often prescribed in sports
activity warm-ups and injury prevention [2], rehabilitation
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programs [3, 4], and indicated to improve patient or athlete
performance [5].

ROM is an outcome frequently measured in SS studies [4,
6-8] due to its important relationship with muscle function
and feasibility of measurement. The mechanisms involved
to explain the ROM increase after SS could be associated
with an expansion in stretching tolerance [9] and changes in
mechanical properties [10]. The evaluation of these proper-
ties represents a more objective and specific analysis of these
mechanisms.

This way, elastography technique allows the evaluation of
the mechanical properties of musculoskeletal tissue [11] in a
non-invasive [12] and safe way [13], producing information
in real-time. The application of elastography in musculo-
skeletal tissue has made it possible to identify mechanical
alterations in the myotendinous unit, especially in adapta-
tions related to interventions, such as stretching [6, 14, 15].
Furthermore, it allows the regional and individualized evalu-
ation [16], which allows comparisons in specific regions of
the same group of muscles.
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Some recent studies have shown regional differences
in stiffness of hamstrings of athletes [17] and healthy indi-
viduals [16] by elastography. It was verified that the greater
stiffness in the distal region of the semimembranous muscle
remained unchanged after the application of acute SS [16].
Static stretching response in hamstring and plantiflexors are
often studied [15, 18-20], however, few studies [20, 21] evalu-
ated the quadriceps.

Quadriceps muscle architecture differs regionally which
can generate distinct patterns of strength production, ROM,
and speed of contraction in each muscle [22]. In addition,
the quadriceps is constituted by uni and biarticular muscles
that are involved in stretch shortening cycle, such as jumping
and running, which makes it susceptible to injuries, espe-
cially considering the rectus femoris (RF) [20]. In this way,
the understanding of quadriceps mechanical properties and
its responses to exercise is clinically relevant.

Like so, the aim of present study was to verify the acute
responses of SS on the RF, vastus medialis (VM), and vas-
tus lateralis (VL) elasticity and knee/hip ROM. Addition-
ally, to investigate if there are uniformity among quadriceps
muscle elasticity after static stretching protocol. The main
hypothesis is that the application of a short duration stretch-
ing protocol promotes an increase of muscle elasticity on the
stretching side and no effects on the control side.

Methods

We examined the acute effect of SS on pre-post-intervention
design.

Participants

Thirteen young, physically active, and healthy individuals
(both genders) were included in the study. Those with pre-
vious osteoarticular injuries such as trauma, inflammation,
autoimmune and oncologic diseases, wounds or immedi-
ate postoperative, systemic diseases such as diabetes mel-
litus, hypertension, heart diseases, and malignant tumors
were excluded of this study. The sample was selected in a
non-probabilistic way, for convenience. They were asked to
refrain from strenuous exercise 24 h before the experiments.

All the individuals who participated in the research read
and signed the term of informed consent. The research was
approved by the local Ethics and Research Committee on
Human Beings (approval number 2.620.2040).

Primary outcome
Elastography

The volunteers answered a questionnaire containing personal
information, anthropometric data, and physical activity level.
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Later, in the orthostatic position, they were guided to main-
tain the equivalent weight discharge between the members.
The thigh length (distance between the greater trochanter
and fibula head) was measured with a tape measure and the
anterior region of 50% of this length was marked on the skin.

The participants laidy in the supine position and were
orientated to keep their lower limbs at rest during the test.
RF, VL, and VM were evaluated bilaterally. B-mode and
elastographic images were acquired by LOGIQTM Expert
ultrasound (S7, Massachusetts, USA), coupled to a linear
transducer (6—15 MHz) of 50 mm at an operating frequency
of 8 MHz. An experienced ultrasound examiner (9 years)
was responsible for all acquisition. A clinical water-based
gel layer (RMC, Sido Paulo, Brazil) was used for the acoustic
coupling between the transducer and the tissue.

To acquire the images, the examiner scanned the marked
region of the left and right anterior thighs with the trans-
ducer placed transversally to the limb. Approximately in the
middle region of the cross-sectional area of the RF, VL, and
VM muscles, the transducer was repositioned longitudinally
to the fibers (Fig. 1). When the fascicles were well visualized
in the ultrasound image, the elastographic mode was acti-
vated. In this mode, the examiner performed approximately
ten cycles of compressions with moderate pressure level,
as guided by the pressure feedback shown in the display
(Fig. 1). The elastographic images were displayed by a color
map within a rectangular area (elastogram) superimposed
on the B-mode image (Fig. 1). The color scale varies from
red (highest strain or lowest stiffness) to blue (lowest strain
or highest stiffness).

A video of approximately 20 s contained cycles of com-
pressions was recorded to each muscle, totaling six videos
per individual. Two circular regions of interest (ROI) of 0.5
and 0.1 cm diameter were selected in the central region of
the muscle and fat image, respectively (Fig. 1), by the ultra-
sound display. A semi-quantitative analysis was performed
by the strain ratio (SR), which represents the ratio between
the muscle and the reference region (fat) strain. The SR var-
ies from 0.0 to 10.0, which means that higher values refer to
more stiff tissues. Data containing all the SR were evaluated
on a graph of SR x time exhibited on the ultrasound display
and, subsequently, exported in text format.

Photogrammetry

Photogrammetry is a method that presents high intra and
interrater reliability (ICC 0.95) for angular measurements
[35]. This way, it was applied for verification of knee flexion
and hip extension ROM. Six reflex markers were positioned
bilaterally, being the knee flexion angle formed by the lateral
malleolus, fibula head, and greater trochanter markers, and
the hip extension angle formed by the fibula head and greater
trochanter markers (Fig. 2).
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Fig. 1 Elastographic (upper) and B-mode (bottom) images of the
rectus femoris (RF), vastus lateralis (VL) and vastus medialis (VM)
muscles. The strain ratio was determined by the ratio of muscle strain

In the orthostatic position, the participant flexed one knee
at a time until reaching a sufficient amplitude to promote
mild discomfort in the anterior region of the thigh. If knee
flexion did not induce slight discomfort, an extension of the
hip on the same side was allowed. The abdomen was sup-
ported on the wall to control possible trunk compensations.
The camera was positioned 1 m from the participant, and
two photos were acquired bilaterally before and immediately
after the SS program, totaling eight photos per individual.
After the acquisitions, the images were transferred to a com-
puter and analyzed through the SAPO posture assessment
software (v. 0.69). This software is available for free down-
load at http://pesquisa.ufabc.edu.br/bmclab/sapo/.

Static stretching protocol

Passive static stretching consisted of three series of 30 s with
30 s rest. SS was applied only in the right quadriceps. As the
left quadriceps did not receive any stimulus, it was consid-
ered a control group. The participant remained in left lateral
decubitus with the limb relaxed while the same examiner,
responsible for the application in all the volunteers, per-
formed the stretching, supporting one hand on the knee and
another stabilizing the pelvis. The border joint amplitude of
knee flexion and thigh extension used for muscle stretching

(green ROI) by reference tissue strain (fat, yellow ROI). Note that
color map varies from the largest strain (red color) to the smallest
strain (blue color)

was determined by the report of the discomfort of the sub-
ject, preceding the pain threshold [7]. The SS protocol was
performed between the SR and ROM evaluations. The time
interval between the end of SS and the beginning of the post-
test was approximately 1 min.

Statistical analysis

The data were analyzed through the Statistical Package for
the Social Sciences (SPSS). The normality of the data was
verified by the Shapiro—Wilk test. However, although the
SR values were classified as nonparametric, the univariate
multifactorial analysis of variance (ANOVA) test 2x2x 3
(left and right side; pre and post stretching; RF, VM, and
VL muscles) was used due to its robustness in relation to the
nonparametric tests [23]. Tukey’s Post Hoc test was applied
to verify the muscles that showed significant differences.
The t test for dependent samples was used to compare the
data obtained by photogrammetry.

In addition, effect size (ES) was calculated accordingly
to Cliif (8) and 95% CI using a tool available online https://
www.biorxiv.org/content/10.1101/073999v2.supplement
ary-material). Cliff's ES (6) was interpreted as: negligible
(<0.147), small (0.148-0.32), medium (0.33-0.474) and
strong (> 0.474) [24]. Photogrammetry and elastography
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Fig.2 Photo of a volunteer
with reflective markers and
self-reported maximum range
of motion. A Knee flexion angle
and B Hip extension angle

reliability was analyzed among 78 images on the left side
only (control) by the intraclass correlation coefficient (ICC),
whose values below 0.50 represent low reliability, 0.50 to
0.75 represents moderate reliability, 0.75 to 0.90 indicates
good reliability and values equal to or above 0.90 indicate
excellent reliability [25]. Also, to detect minimal changes
after SS protocol, the standard error of measurement (SEM)
and minimal detectable change (MDC) were calculated [26].

Results

The descriptive data of the participants were
26.30+3.40 years; 1.72+0.11 m and 75.50 + 13.90 kg.

Elastography

For SR muscle comparisons, we observed lower values for
VM compared to VL (p =0.00) and RF (»p=0.01), as we can
see in Fig. 3. There was no difference for SR between the
VL and RF (p=0.148).

In addition, there was no difference for the SR values
between the pre and post-stretching moments (p > 0.05) in
each of the three muscles analyzed. Comparing quadriceps
SR in the SS and control sides, right (R) and left (L) respec-
tively, no differences were observed (p > 0.05). There was
no interaction (p > 0.05) between the muscle, time and side
factors.
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Regarding the ES between pre and post-stretching, RF R
was 0.76. The ES of the VM R, VLR, RFL, VML, and VL
L were respectively: 0.27; 0.36; 0.28; 0.12, and 0.07.

Considering the reliability, the intra-rater and intra-ses-
sion ICC values were: 0.77, 0.39, and 0.61 for the RF, VM,
and VL muscles, respectively. The SEM and MDC for the
left lower limb muscles were: 0.06, and 0.17 (RF), 0.06,
and 0.17 (VM), and 0.09, and 0.26 (VL). For the right lower
limb were: 0.10 and 0.26 (RF), 0.09, and 0.24 (VM), 0.06,
and 0.15 (VL).

Photogrammetry

Photogrammetry analysis indicated that there was no dif-
ference for knee flexion and hip extension ROM between
left and right sides for the pre- and post-stretching moments
(p>0.05), as shown in Fig. 4.

The intra-rater ICC of ROM measurements varied from
0.98 to 0.99 and inter-rater, from 0.94 to 0.99. Regarding
ES between pre- and post-stretching, flexion R, flexion L,
extension R and extension L were respectively: 0.15; 0.29;
0.08, and 0.11.

Discussion

This study aimed to investigate the acute effects of SS on the
mechanical properties of quadriceps and if there are uniform
response among quadriceps musculature. Our findings sug-
gest that there is a significant strain difference between RF
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Fig.4 Box plots for A knee flexion range of motion (ROM) and B hip extension in the left lower limbs (LLL) and right lower limbs (RLL), at

pre- and post-stretching

compared to VM and VL compared to VM in pre-stretching
(Fig. 4), which was maintained in post-stretching. No dif-
ferences were found in the quadriceps strain after stretching
when compared to the control side (left limb).
Elastography stands out for allowing a regional and real-
time evaluation in the myotendinous unit. Our results show
that there is not uniformity at quadriceps strain (not related
to SS protocol). Different levels of passive tension were
found among VM, RF, and VL muscles during stretching
(RF>VM and VL) [20]. The authors explain this finding by
the biarticular characteristic of RF whose proximal insertion
becomes tensioned in the supine position. The same supine

position was adopted in the current study, which could also
explain RF and VM differences. However, there was no
difference between VL and RF strain, which indicates that
other factors also contribute to generating these regional
differences. These factors may be associated with the tasks
performed by individuals, as level and modality of physi-
cal training, frequency of muscle activation in functional
activities, specific tension, muscle anisotropy, curvature of
aponeuroses, and muscle architecture [27-29].

VM muscle showed lower reliability compared to VL.
and RF. Available data from human cadavers show a simi-
lar VM, VL, and RF fascicle length (approximately 70 mm)

@ Springer
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but with differences in pennation angles (VM =29.6°,
VL =18.4°, and RF=13.9°) [30] and cross-sectional areas
(VL>VM>RF) [31]. Higher pennation angles could gen-
erate higher anisotropy [28] which can make the acquisi-
tion more difficult. Moreover, the VM muscle architecture
is more complex than the other evaluated muscles because
it changes its angulation in more distal regions of insertion.

Acute responses

Understanding the acute effects of traditional SS protocols is
important for sports and rehabilitation areas. Many studies
have investigated the immediate effect of SS on myotendi-
nous unit stiffness [8, 19, 21, 32]. However, the originality of
this study comes from the use of the quasi-static elastogra-
phy technique to investigate the quadriceps elasticity region-
ally in physically active subjects after a passive stretching
protocol.

Some authors argue that the application of stretching pro-
motes changes in length and stiffness of the muscle tendon
unit [6, 15, 33]. However, Caliskan et al. [21] found no sig-
nificant reduction in RF stiffness after 2 min of SS which
corroborates with our study. When SS was applied during
a longer time (5 min), RF stiffness reduced its values [21].
The protocol used in the present study (90 s) may have been
insufficient to promote changes in the mechanical proper-
ties of the quadriceps. Another point, it is that the interval
between the application of the stretching protocol and the
start of the post-test may have exceeded the time of acute
response to stretching, i.e., the strain may have returned to
baseline values before the start of the post-test. However,
this time was only 1 min, which is less than the duration
of acute response described in the literature (approximately
20 min) [32]. Distinct ways of keeping the stress during SS
also could influence the results observed because accord-
ing to Hooke’s Law, elasticity is proportional to stress/strain
relation. For example, the joint angle during SS could be
maintained by the individual himself [32], while in the pre-
sent study, by an experienced evaluator.

Although we did not observe a significant difference in
SR values at pre- and post-stretching as well as MDC was
larger than these differences, the effect size after SS was
larger for the elongated side, mainly for RF (0.76). A study
with larger samples and different populations may elucidate
whether the stretching protocol can change the mechanical
properties of the quadriceps.

Range of motion
For ROM assessment, we use the high reliability and repro-
ducibility photogrammetry method [34, 35]. As elasticity

analysis, we did not observe knee flexion and hip extension
ROM changes post SS comparing to pre SS or control side,
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which suggests that the joint angle seems to be related to the
mechanical properties of the muscle. The ROM effect size at
pre- and post-stretching was considered small for both sides,
suggesting that the ROM did not change after SS.

In our previous study, we observed that a traditional
SS protocol (3 series of 30 s) applied on quadriceps did
not modify the the hip extension and knee flexion ROM in
young people [7]. The authors justify the fact that they con-
sidered in the sample volunteers physically active who used
to perform stretching in their daily activities. Future studies
should also evaluate different protocols as well as the role of
other components such as tendon, fascia, and titin.

Limitations

The present study has some limitations. The sample for this
study consisted of recreationally trained subjects which
results cannot be straightforwardly transferred to sedentary
or elite-athletes. Also, we did not evaluate different site por-
tions within each muscle which could identify intra-regional
stretching effects on quadriceps stiffness. We did not meas-
ure eletromiography activity to ensure that the muscle was
relaxed, but the voluntaries were well orientated to keep
the muscle relaxed. Additionally, the “maximal” ROM was
based on the own pain threshold of subjects. A dynamometer
was not used because we would like to simulate the stretch-
ing performed in clinical and sport environments. Also, we
did not measure the follow-up of static stretching. However,
we conducted a series of reliability and confidence statistical
tests to ensure all presented data.

Conclusion

Static stretching applied does not change the quadriceps
strain ratio. Non-uniform quadriceps strain ratios (vastus
medialis less stiff than vastus lateralis or rectus femoris)
were found independently of the stretching protocol applied.
Additionally, stretching did not promote a range of motion
increase as expected which can be associated with elasticity
findings.
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