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Abstract
Background: Altered muscle activation during pain is thought to redistribute stress within muscles and ultimately decrease
the load on painful structures. However, change in muscle stress during pain has not been directly tested. The aim of the
present study is to determine whether stress within muscle tissue is reduced during local acute experimental pain.
Methods and Results: Ten participants attended 2 experimental sessions that each involved isometric knee extension tasks
in 2 series of control trials and 1 series of test trials at ,10%MVC. Shear elastic modulus was measured from vastus lateralis
using a shear wave elastographic technique (Supersonic Shear Imaging). Prior to the test contractions, a bolus of hypertonic
(Pain) or isotonic saline (No-pain) was injected into vastus lateralis. Pain intensity was 5.261.0 during the painful
contractions. The intra-session repeatability of the shear elastic modulus determined between control trials was good (ICC:
0.95 and 0.99; SEM: 5.1 and 9.3 kPa for No-pain and Pain, respectively). Muscle shear elastic modulus did not change
systematically during Pain or No-pain contractions (all main effects and interaction P.0.14). Examination of data for
individual participants showed that stress either increased or decreased. If the absolute change in modulus is considered
between the control and the test trials, the change during Pain (16.269.5 kPa) was double that observed with No pain
(7.965.9 kPa; P = 0.046).
Conclusion: This is the first study to directly determine the change in stress within a muscle (change in shear elastic
modulus) during pain. We conclude that experimental pain induced by hypertonic saline does not induce a systematic
reduction in muscle stress during a single-joint isometric task. Therefore, the changes in muscle activity reported previously
during similar tasks are unlikely to systematically reduce load in the painful region. Whether the individual-specific increase
and decrease are physiologically relevant or purposeful requires further investigation.
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Introduction

been proposed that this change in recruitment (potentially to
preferentially activate motor units with a different force vector [9–
12]) would redistribute stress within and/or between muscles and
alters the load on painful structures with the outcome of reduced
pain or protection of the painful part from further injury [7,13,14].
Although such changes in load in painful tissues during pain
appear logical, this has not been directly tested.
Consistent with the hypothesis that the load distribution may be
changed in pain, the redistribution of muscle activity during acute
deep tissue pain is associated with changes in the direction of
external force production [7]. However, neither electromyographic (EMG) nor external force recordings can provide conclusive
evidence of altered load within the test muscle. Thus, it remains
unclear whether the observed changes in motor unit recruitment
[5,6,8] are sufficient to reduce stress in these acute pain studies.
The alternate view is that the change in motor unit recruitment is

Motor strategy changes during pain in multi-joint tasks, as
illustrated by limping with lower limb pain. Similarly, when pain is
experimentally induced in one leg, force is redistributed to the
non-painful leg during quiet stance [1] or bilateral plantar flexion
[2]. These data imply a purposeful strategy to reduce load within
the painful region. It is unclear if this adaptation occurs during an
isometric single joint task where substantially fewer options are
available for compensation.
Muscle activity is redistributed within and/or between synergist
muscles during simple force matched tasks when pain is induced in
[3–5] or near [6,7] the contracting muscle(s). This redistribution of
activity involves increased activity of some motor units (including
the recruitment of new units that were not recruited to perform the
same task before pain), and a coincident decreased activity of
others (including the cessation of firing of some units) [5,6,8]. It has
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unrelated to an attempt to change load and/or insufficient to
change tissue load in single joint tasks.
Here we assessed whether stress within a muscle is altered
during local acute pain, using an innovative shear wave
elastographic technique. Supersonic Shear Imaging (SSI) quantifies the shear elastic modulus of a localised area of tissue by
imaging the internal propagation of shear waves [15]. This
technique provides reliable measurement of muscle shear elastic
modulus during isometric contraction [16], with a strong linear
relationship between shear elastic modulus and individual muscle
force during non-fatiguing [17] and fatiguing contractions [18].
These results show that changes in muscle stress can be reliably
estimated by changes in shear elastic modulus. Consequently, the
use of SSI provides an opportunity to quantify if stress within
muscle tissue is reduced during acute pain, thus probing for
evidence of a mechanical outcome of the redistribution of motor
unit activity within a muscle during acute pain.
The aim of the present study was to determine whether stress
within muscle tissue is reduced during an acute experimental pain
episode. We hypothesised that shear elastic modulus would reduce
within the painful region, consistent with the proposition that pain
adaptations aim to reduce pain and/or protect the painful part
from further injury and/or pain [7,13,14].

Figure 1. Experiential set up. A) The ultrasound transducer was
placed on the distal part of the participant’s vastus lateralis muscle and
held in position throughout the experiment by a custom-made support
device. B) The location of saline injection (X) and region of reported
pain for each individual (red) are shown relative to the ultrasound
transducer placement on the upper leg.
doi:10.1371/journal.pone.0091899.g001

Methods

of linear material is well accepted in studies of muscle elastography
[15,21,22]. Maps of the shear elastic modulus were obtained at
1 Hz with a spatial resolution of 161 mm (Fig. 1B).
The ultrasound transducer was placed approximately 2/3
distally along the length of the vastus lateralis (VL), respecting
the muscle fibre direction when possible. A brace attached to a
custom-made device to support the ultrasound device was placed
around the test leg. This device maintained a constant position of
the ultrasound transducer throughout the experiment to avoid
position changes with respect to the muscle over time. Care was
taken to avoid inclusion of hyperechoic regions (areas of dense
connective tissue) within the region of interest (ROI) of the
ultrasound image as this may affect the accuracy of estimation of
shear elastic modulus. The location of the ROI for calculation of
the map within the test muscle (see Fig. 1B) was selected at the
beginning of the experimental session, and remained consistent
between conditions within a session. Force and SSI measurements
were temporally synchronised with a voltage pulse related to the
start of the SSI recording.

Participants
Ten males (age: 28.265.8 years), all left leg dominant,
participated in this study. All participants were healthy as
examined by a physician, and provided written informed consent.
The local ethics committee of Nantes Ouest IV approved the
experiment (CPP-MIP-002; ref 21/12) and all procedures adhered
to the Declaration of Helsinki. Each participant attended 2
experimental sessions (No-pain and Pain), separated by 5–7 days.
One participant exhibited large muscle tremors during all
contractions. As these tremors prevented an accurate measurement of the shear elastic modulus the data were excluded from
analysis.

Measurements
Knee extension torque. Participants sat on an isokinetic
dynamometer (Biodex System 3 Research, Biodex Medical, USA),
with their torso reclined by 10u from upright and the right knee
(test leg) flexed to 60u from the horizontal. Standard support straps
were placed around the chest, pelvis and left (non-test) leg to
minimise changes in body position throughout the experiment
(Fig. 1). The axis of the dynamometer was aligned with the
estimated axis of rotation of the right knee. Knee extension torque
was digitized with a 16-bit analog-to-digital converter (Bagnoli 16,
Delsys, USA) at 1000 Hz and low-pass filtered (6 Hz, 2nd
Butterworth filter).
Shear elastic modulus. An Aixplorer ultrasound scanner
(version 4.2; Supersonic Imagine, Aix-en-Provence, France),
coupled with a linear transducer array transducer (4–15 MHz,
SuperLinear 15-4, Vermon, Tours, France) was used in SWE
mode (musculo-skeletal preset) as in a manner similar to that
described previously [15,19]. Assuming a linear elastic behavior,
the muscle shear elastic modulus (m) was calculated as follow:

m~rVs2

Experimental Protocol
Prior to placement of the ultrasound transducer, participants
performed two maximal isometric voluntary knee extension efforts
for 3 s, separated by 90 s to allow recovery. The maximum torque
was considered the best performance (maximum voluntary
contraction; MVC). During the experimental task participants
matched a knee extension target torque set at 10% of MVC with
the exception of one participant who exhibited a high MVC
torque. For this subject the feedback was set at 7% of MVC to
prevent neuromuscular fatigue, which is known to develop more
rapidly at higher absolute torques [23]. The relatively low force
level was chosen for three reasons. First, this reduced the potential
for neuromuscular fatigue that could interfere with interpretation
of the data; second, this enabled comparison with changes in single
motor unit discharge patterns that have been observed during pain
with contractions at similar force levels [5,7,24]; third, greater
changes in muscle activation and between-muscles compensations
are more often observed at low contraction intensities (e.g. during
pain, see systematic review [25]; during fatigue [26,27]).

ð1Þ

Where r is the muscle mass density (1000 kg.m23) and Vs is the
shear wave speed. As discussed previously [16,20], the hypothesis
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identical quantity into the distal portion of VL. SSI measurements
were performed for 3610 s rest periods before and immediately
after the injection.

Participants performed 2 sessions on separate days. During each
session, three series of ten 15-s contractions and two 60-s
contractions at the target torque were performed, with 30-s rests
between each contraction. The first two series of ten 15-s
contractions (Control-1 and Control-2) were performed to
determine the variation of the shear elastic modulus measure
between contractions. During the second 60-s contraction (prior to
the third series of ten 15-s contractions), an injection of either
hypertonic saline (Pain) or isotonic saline (No-pain) was performed. The 60-s contraction was performed between the second
control and the saline conditions, such that the injection could be
performed with ultrasound guidance with the muscle in the
contracted state. This ensured that the injected area was included
in the region of the muscle from which the elastic modules was
estimated in the subsequent test contractions. In addition, a 60-s
contraction was also performed between Control-1 and Control-2,
to ensure consistent conditioning of the muscle between conditions. A single MVC was performed immediately after the
completion of the final contraction and was compared to the first
MVCs to investigate evidence of muscle fatigue.
The procedure was identical for both experimental sessions
except that hypertonic saline (0.5 mL bolus 6.7% NaCl) was
injected in one session to induce pain, and isotonic saline (0.7 mL
bolus 0.9% NaCl) was injected as a control in the other. The
isotonic saline was injected with larger volume to account for
possible greater diffusion of water from surrounding tissue
following the higher concentration hypertonic saline injection.
Saline was injected approximately 15 s after commencement of
the second 60-s contraction. In 5/10 participants, hypertonic
saline was injected in the first session. Saline was injected (25–
23 G624–38 mm hypodermic needle) into the vastus lateralis at
an angle ,45u with ultrasound guidance (Fig. 2). The needle was
inserted to a depth of ,1.5 cm, which corresponds to the upper
half of the analysed map. Participants rated pain intensity on an
11-point numerical rating scale (NRS), anchored with ‘‘no pain’’
at 0 and ‘‘maximum imaginable pain’’ at 10, at the mid point of
each 15-s contraction. After completion of the experiment
participants drew a surface representation of the region of pain,
either directly onto their leg (and a photograph was taken) or, onto
a photograph of their own leg [28]. As pain completely ceased
(reported pain = 0/10) for all participants before completion of the
ten 15-s contractions that followed the hypertonic saline injection,
maps of shear elastic modulus were only considered for analysis
from the first two 15-s contractions in this condition. For all
participants pain was reported as greater than or equal to 2/10
during these contractions. For consistency, data from two 15-s
contractions in the isotonic saline (No-pain) condition were
considered for analysis. Three participants reported slight pain
(1–2/10) during the first one to three 15-s contractions following
injection of isotonic saline. As the isotonic saline condition was
included to determine whether introduction of saline into the
muscle tissue (as distinct from the effect of pain) alters shear elastic
modulus measures, the two 15-s contractions that followed
complete resolution of this pain were analysed for these
participants.

Data Processing
Data were processed using Matlab (The Mathworks, Natick,
MA, USA). SSI recordings were exported (Version 4.2, Supersonic
Imagine, Aix en Provence, France) in ‘‘mp4’’ format and
sequenced into images (portable network graphics lossless image
compression). Image processing converted the colored map into
shear elastic modulus values. Before analysis of the shear elastic
modulus, the ROI was inspected for artefacts (e.g. areas of
saturation of the shear elastic modulus measurement at 266 kPa,
or no measurement (black) in the image). If artefacts were present
in any of the images to be analysed within a session, the ROI was
reduced in size to exclude the area of artefact from all images
within that session. The mean6SD areas of the ROI used for the
final analysis were 168624, and 176614 mm2 for Pain and Nopain sessions, respectively.
The middle 10 s (10 ultrasound images) of the 15-s contractions
was used for analysis. Shear elastic modulus data and corresponding knee extension torque were averaged for each series of 15-s
contractions separately (i.e. ten contractions for both of the control
conditions and two contractions following the injection of either
hypertonic or isotonic saline).

Statistical Analysis
Statistics were performed in Stata (StataCorp LP, Texas, USA).
To ensure normal distribution, data were transformed (log/square
root) if Shapiro-Wilk test for normality was significant (P,0.05).
First, the within-session repeatability of the shear elastic modulus
measurement was calculated between Control-1 and Control-2 for
the two sessions independently following recommendations of
Hopkins [29]. As repeatability was very high (interclass correlations (ICC): pain session: 0.96; no-pain session: 0.99; standard
error of measurement (SEM): Pain session: 9.9 kPa; No-pain
session: 5.1 kPa), Control data were averaged over the 2
repetitions within each session for inclusion in the repeated
measures ANOVA.
Then, torque and the mean shear elastic modulus were analysed
with separate repeated measures analysis of variance (ANOVA),
with Sessions (No-pain and Pain) and Conditions (Control, Saline)
as within subject variables. Post hoc testing was conducted with
Bonferroni correction. Torque was compared between MVC
efforts using an ANOVA with Time (beginning and end) and
Session (No pain and Pain) as within subject variables.
All data are reported as mean6SD unless stated otherwise.
Significance level alpha was set at P,0.05.

Results
Knee Extension Torque
One participant was unable to complete the final MVC during
the No-pain session because of muscle cramping, thus analysis of
MVC is based on data from 8 participants. MVC (240647 and
243648 Nm for the Pain and No-pain sessions respectively) did
not differ between sessions (main effect: Session P = 0.20) or
between contractions performed before and after the experimental
task (main effect: Time P = 1.00). The torque produced during the
submaximal contractions was not different between session (main
effect of Session: P = 0.85) and between conditions (main effect of
Condition: P = 0.61).

Additional Experiments
To confirm that the presence of saline alone does not alter
resting muscle shear elastic modulus (and thus the y-intercept of
the relationship between shear elastic modulus and stress) we
performed an additional control study in 4 participants. SSI was
used to quantify muscle shear elastic modulus at rest before and
after injection of isotonic or hypertonic saline. Participants were
seated as during the main protocol. Saline was injected with
PLOS ONE | www.plosone.org
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Figure 2. Injection of saline and example shear elastic modulus map. The approximate injection site and depth is shown relative to the
ultrasound transducer. The map of shear elastic modulus (top) and B-mode ultrasound image (bottom) were collected simultaneously. A reflection of
the needle is visible in the bottom ultrasound image.
doi:10.1371/journal.pone.0091899.g002

non-painful isotonic saline (Control: 85.7636.8 kPa, No-pain:
89.5630.5 kPa) (main effect of Condition: P = 0.14, main effect of
Session: P = 0.87, interaction Condition 6 Session: P = 0.22).
Examination of data for individual participants revealed
individual variation in shear elastic modulus during pain. An
increase of more than 10% was observed in 5/9 participants
during pain, a decrease by more than 10% in 1/9 participant, and
minor changes less than 10% were observed in the remaining 3
(Fig. 3). In view of this unexpected variation (with a propensity for
increased rather than decreased stress) we undertook additional
exploratory analyses of the data. If the absolute change in modulus
is considered between the second control and the saline
contractions, and a t-paired test performed, the change during
Pain (16.269.5 kPa) was double that observed with No pain
(7.965.9 kPa), P = 0.046.

Pain
All participants reported pain intensity of greater than 2/10 at
the beginning of contractions that followed hypertonic saline
injection, and had recovered to 0/10 in all participants before
completion of the ten series of contractions. During the first two
15-s contractions used for analysis the mean pain intensity was
5.261.0 (range: 3–6). The area of pain was confined to the region
of the injection, except for one participant who reported an
additional area of referred pain in the anterior knee region
(Fig. 1B).

Shear Elastic Modulus
When mean shear elastic modulus data were analysed for the
group there was no systematic reduction during Pain (Control:
83.2636.8 kPa, Pain: 94.7635.3 kPa) or following the injection of
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during single joint isometric tasks similar to that investigated in the
current study [5–7]. Without direct measurement of muscle stress
the outcome of the complex adaptations in muscle activation is
difficult to predict.
Although muscle stress can be assumed to be less when the force
output of the task is reduced [39] here we provide the first direct
evidence that when the objective of the task is to maintain a
constant force output in a single joint isometric task, there is no
systematic reduction of load in the painful muscle. Our
measurement of muscle stress provides unique insight into this
debate as changes in EMG do not directly infer a change in muscle
stress. This is because the relationship between EMG and stress is
complicated by numerous physiological(e.g. fibre membrane
properties, motor unit properties) and non-physiological (e.g.
anatomical/geometrical properties of the muscle and EMG
detection system properties, including crosstalk between muscles/regions of muscles, summation of action potentials from
multiple motor units) factors [40,41]. Whether the absence of
systematic reduction of muscle stress in this task infers that the
EMG changes are unrelated to a strategy to reduce stress,
insufficient to unload the painful tissues, or represent a more
complex solution to protect the painful part requires further
consideration.
Although no systematic change in shear elastic modulus was
observed, we did observe a change in this measure by .10%
during pain in 6/9 participants. The non-systematic change in
stress between individuals is consistent with non-systematic
changes in the direction of external force production during acute
deep tissue pain during a similar task [7]. The non-systematic
change in muscle stress could be a consequence of the
characteristics of the experimental task. This isometric, singlejoint, low force task presents the nervous system with few degrees
of freedom to modify yet maintain the goal of the task (matched
knee extension torque). This may have restricted the potential for
systematic redistribution of stress within and between-muscles,
with a resultant small and variable (individual specific) modification of stress on the painful tissue. Multi-joint tasks have greater
potential for compensation between segments. In that context the
redistribution of muscle activity or stress may be systematic and
predictable (e.g. redistribution of force between legs in bilateral
lower limb tasks [1,2]) or also demonstrate variation between
individuals (e.g. increased motion at hip or knee to compensate for
decreased spine motion secondary to experimental back pain
[42]).
The method of pain induction with hypertonic saline might also
complicate the interpretation of our findings. This is because
participants do not systematically report that pain from hypertonic
saline injection increases when the muscle is loaded with
contraction. We have observed that approximately half of our
participants report a small reduction (,1–2/10) of pain during
contraction, whereas others report no change or an increase.
Thus, some participants may achieve ‘‘pain relief’’ by loading the
tissue when pain is induced in this way, whereas others may not. If
alternative methods for pain induction (e.g., injection of Nerve
Growth Factor) can be shown to produce pain that consistently
increases with muscle contraction this might show more consistent
changes in muscle stress during pain.
The inclusion of a series of control contractions with injection of
non-noxious isotonic saline enabled determination of the potential
effect of saline/additional fluid in the muscle tissue on muscle
stress. If the presence of saline (in the absence of pain) affected
stress, this was expected to induce a consistent change in shear
elastic modulus (i.e. either increase or decrease stress) in all
participants. Rather, injection of isotonic saline induced no mean

Figure 3. Change in shear elastic modulus from Control.
Percentage of change in muscle shear elastic modulus from Control
condition is depicted for both isotonic saline (No-pain: black) and
hypertonic saline (Pain: red) condition. The absolute amplitude of
change (not shown) was greater following the hypertonic saline
injection, but whether shear elastic modulus increased or decreased
differed between participants.
doi:10.1371/journal.pone.0091899.g003

Additional Experiment
There was no change in the resting modulus in the 4
participants either following isotonic saline injection (2
0.160.5 kPa), or following the hypertonic saline injection when
pain was rated at 4.562.1/10 (20.161.0 kPa). This confirms that
the presence of saline alone does not alter resting muscle shear
elastic modulus (and thus the y-intercept of the relationship
between shear elastic modulus and stress).

Discussion
Changes in muscle activity during an acute noxious stimulus
(e.g. experimental pain) are hypothesised to alter the stress on
painful structures [7,13,14], but this has been never been directly
tested. Taking advantage of an innovative elastographic technique,
the present study is the first to assess the effect of experimental
pain on stress within a painful muscle. We provide evidence that
stress within a painful muscle does not systematically decrease.
Although unloading of a painful segment/muscle is observed in
multijoint balance tasks [30], this same reduction of stress is not
observed during acute pain in an isometric single joint task that
present limited options for compensation. This is contrary to the
predictions from earlier work [7,13]. It is therefore important to
consider that the variable change in stress may represent a more
complex solution to protect the painful part.
Consistent with the hypothesis of decreased load on painful
tissue, some studies report decreased gross myoelectric activity
level within a painful muscle [31,32]. However, this is not always
observed, especially at low contraction intensity [33–35]. Increased muscle activity during similar painful tasks has also been
reported [36,37] and a shift in the relative activation of muscle
regions has been observed using surface array electrodes during
acute muscle pain [4] in a manner that was independent of the site
of noxious stimulation to the muscle [3]. Interpretation of these
results from surface EMG recordings is not straightforward, as the
surface signal represents the summation of the activity of many
motor units and the discharge behaviour of individual units has
been shown to change in a variable manner during pain [38].
Discharge of single motor units has been shown to increase and
decrease within a single fine-wire EMG recording zone and this
varies between recording sites during acute experimental pain
PLOS ONE | www.plosone.org
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change in shear elastic modulus (Fig. 3). To further confirm that
the presence of saline alone does not alter resting muscle shear
elastic modulus (and thus the y-intercept of the relationship
between shear elastic modulus and stress) we performed an
additional control study in 4 participants where SSI was used to
quantify muscle shear elastic modulus at rest before and after
injection of isotonic and hypertonic saline. We found no change in
resting modulus (20.160.5 kPa following isotonic saline injection
(no pain), and 20.161.0 for the hypertonic saline injection when
pain was rated at 4.562.1/10.

individual variability requires further exploration to determine the
possible physiological relevance. We conclude that the change in
muscle activity during acute experimental pain in this single joint
task is unrelated to, or insufficient to unload the painful tissues.
Further work is required to determine if similar changes are
observed in more complex tasks, when there is greater opportunity
for compensation between muscles/segments such that the a
painful region can be unloaded while maintaining the objective of
the task.
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