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Abstract
During a force-matched bilateral task, when pain is induced in one limb, a shift of load to the

non-painful leg is classically observed. This study aimed to test the hypothesis that this

adaptation to pain depends on the mechanical efficiency of the non-painful leg. We studied

a bilateral plantarflexion task that allowed flexibility in the relative force produced with each

leg, but constrained the sum of forces from both legs to match a target. We manipulated the

mechanical efficiency of the non-painful leg by imposing scaling factors: 1, 0.75, or 0.25 to

decrease mechanical efficiency (Decreased efficiency experiment: 18 participants); and 1,

1.33 or 4 to increase mechanical efficiency (Increased efficiency experiment: 17 partici-

pants). Participants performed multiple sets of three submaximal bilateral isometric plantar-

flexions with each scaling factor during two conditions (Baseline and Pain). Pain was

induced by injection of hypertonic saline into the soleus. Force was equally distributed

between legs during the Baseline contractions (laterality index was close to 1; Decreased
efficiency experiment: 1.16±0.33; Increased efficiency experiment: 1.11±0.32), with no sig-

nificant effect of Scaling factor. The laterality index was affected by Pain such that the pain-

ful leg contributed less than the non-painful leg to the total force (Decreased efficiency
experiment: 0.90±0.41, P<0.001; Increased efficiency experiment: 0.75±0.32, P<0.001),
regardless of the efficiency (scaling factor) of the non-painful leg. When compared to the

force produced during Baseline of the corresponding scaling condition, a decrease in force

produced by the painful leg was observed for all conditions, except for scaling 0.25. This

decrease in force was correlated with a decrease in drive to the soleus muscle. These data

highlight that regardless of the overall mechanical cost, the nervous system appears to pre-

fer to alter force sharing between limbs such that force produced by the painful leg is

reduced relative to the non-painful leg.
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Introduction
As a consequence of motor redundancy, the goal of a motor task can theoretically be achieved
by a variety of motor strategies [1]. However, a limited set of solutions is typically used. For
example, although multiple solutions are available to share load between the limbs during a
bilateral task involving the homologous muscle(s), the preferred strategy is to share the force
equally [e.g. bilateral plantarflexion [2,3] and bimanual tasks [4,5]].

Although a stereotypical motor strategy that shares the load between limbs is commonly
used, the strategy can be modified by altering factors such as the efficiency of a component of
the task. Hu and Newell [4] manipulated effector asymmetry during a bimanual force-match-
ing task by imposing different scaling coefficients on force produced by the index finger of
each hand. The unequal scaling coefficients altered the “strength” or the relative mechanical
efficiency of the index fingers [increased efficiency of one side (e.g. force scaled by ×1.8) and
decreased efficiency of the other (e.g. force scaled by ×0.2)]. Participants altered the force shar-
ing strategy between index fingers such that the finger with the greater mechanical efficiency
produced more actual force. This adaptation was interpreted to produce a more efficient motor
strategy, i.e. more drive to the muscle with the larger force-generating capacity resulting in less
total force actually exerted [4]. In these studies, participants were aware of the manipulation of
limb efficiency and the imposed coefficients [4–6]. It is unclear whether participants would
have adapted in the same manner in the absence of conscious awareness, i.e. with only an inter-
nal representation of the effort based on sensorimotor feedback and the efference copy of the
motor output.

Changes in force sharing strategy are also provoked by nociceptive stimulation. When pain
is induced by injection of hypertonic saline into one leg, the force produced by the painful leg
is less than before pain during bilateral isometric plantarflexion [2] and squatting [7]. During
these force-matching tasks with pain, the reduced force exerted by the painful leg is compen-
sated by increased force produced by the non-painful leg [2,7]. This shift of load to the non-
painful leg is hypothesised to be a purposeful strategy to reduce load within the painful region
to protect from further pain and/or injury [8,9].

As the preferred strategy for a motor task is likely to depend on an interaction between com-
peting trade-offs [10], the motor adaptations to pain might be affected by task constraints [7].
For example, modifying the “cost” of compensation with the non-painful leg might affect the
amount to which the load is reduced within the painful region. This case would require tradeoff
between the benefit (e.g. unloading, protection) and cost of adaptation in terms of effort or
neural control (e.g. uncoupling the drive to the two limbs). Therefore, adaptation in force shar-
ing between legs might be lessened if the mechanical efficiency of the non-painful leg were
reduced such that unloading the painful leg incurs additional effort and control cost. Address-
ing this question is crucial to understand why reduced load within the painful region is not
consistently observed [11–13].

Here we studied a bilateral task that allowed flexibility in the relative force produced with
each leg, but constrained the sum of forces from both legs to match a target. We manipulated
the mechanical efficiency of one leg by imposing different scaling factors on the force pro-
duced. We multiplied the force produced by one leg by 0.25 and 0.75 to produce a decrease in
mechanical efficiency (Decreased efficiency experiment), or by 1.33 and 4 to increase mechani-
cal efficiency (Increased efficiency experiment). The primary aim was to test the hypothesis that
the adaptation to pain (i.e. modified force sharing between legs) depends on the mechanical
efficiency of the non-painful leg. More precisely, we tested whether increasing the cost of using
the non-painful leg would reduce the amount of adaptation, and decreasing the cost of using
the non-painful leg would increase the amount of adaptation. In order to test this hypothesis,
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we first determined whether force sharing between legs during a pain-free Baseline condition
adapts to account for change in mechanical efficiency of one leg, in the absence of conscious
awareness of this change. Myoelectric activity of agonist and antagonist muscles was recorded
to determine whether the decrease in force produced by the painful limb was related to a
decrease in drive to the painful muscle. In this case it would support the prediction of most
pain theories that decrease in load within the painful region is a purposeful adaptation [8,9].
Alternatively, any decrease in plantarflexion force could be associated with an increase in co-
activation of agonist and antagonist muscles. In this case, there would be no evidence to sup-
port the interpretation that adaptation to pain aims to decrease load in the painful tissue.

Materials and Methods

Participants
A total of 35 healthy volunteers participated in this study. Of these, 18 participated in the
Decreased efficiency experiment (25±7 years, 69±10 kg, 173±8 cm, 6 females) and 17 partici-
pated in the Increased efficiency experiment (24±5 years, 62±9 kg, height: 169±8 cm; 8 females).
The two experiments were performed on different participants to ensure that no interference
was possible between experiments. Participants provided informed written consent. The local
ethics committee (The University of Queensland, approval n° 2004000654) approved the
experiment and all procedures adhered to the Declaration of Helsinki.

Experimental set up
The experimental setup has been described in detail elsewhere [2] and was identical for the two
experiments. Briefly, participants sat on a chair with the feet on separate force plates. The hip,
knee and ankle were positioned at ~90° from full extension to limit contribution of gastrocne-
mii muscles to plantarflexion [14]. A horizontal bar that pressed against the distal thighs
resisted movement of the legs during the isometric plantarflexion. To minimize movement of
the body and changes in posture between contractions, the hips were fixed with a strap
attached to the chair and the location of the feet was marked on the force plates.

Force data
Separate force plates (Model 9260AA6, Kistler, Switzerland) measured the plantarflexion force
produced by each leg. Data were sampled at 1 kHz (Power1401 Data Acquisition System, Cam-
bridge Electronic Design, UK) and low-pass filtered (5 Hz, 4th order Butterworth filter) off-
line. Total plantarflexion force (Fztot) was calculated as the sum of the left and the right plantar-
flexion force (FzL and FzR, respectively) produced by the participants with no scaling factor
applied. Effective plantarflexion force (Fzeff) was calculated as the sum of the left and right
plantarflexion force after a scaling factor was applied (see below). For each condition, the target
force required and feedback of Fzeff was provided on a standard 21 inch computer screen ~ 1m
in front of the participants at eye level. The temporal resolution was set at 10 s for full screen
width, and the Y scale was optimized to the target force and remained the same for all scaling
factor conditions.

Electromyography data
Myoelectric activity was recorded bilaterally with surface electromyography (EMG) from the
Soleus muscle (SOL) and its antagonist, the tibialis anterior muscle (TA). The SOL is the most
mechanically efficient plantarflexor muscle when the knee is flexed at 90° [14]. For each mus-
cle, a pair of self-adhesive Ag/AgCl electrodes (Blue sensor N, Ambu, Denmark) was attached
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to the skin with an inter-electrode distance of 20 mm (center-to-center). Before electrode appli-
cation, the skin was cleaned with abrasive gel (Nuprep, D.O. Weaver & Co, USA) and alcohol.
The ground electrode (half a Universal Electrosurgical Pad, 3M Health Care, USA) was placed
over the right tibia. EMG data were pre-amplified 1,000 times, band-pass filtered on-line
between 20–500 Hz (Neurolog, Digitimer, UK), and sampled at 1 kHz using a Power1401 Data
Acquisition System with Spike2 software (Cambridge Electronic Design, UK).

Experimental tasks
Before commencement of the experimental trial, two bilateral maximal isometric voluntary
plantarflexions were performed for 3 s and separated by 90 s. If the total plantarflexion forces
differed by more than 10%, a third contraction was performed. Maximum Fztot was defined as
the maximum bilateral voluntary contraction force (MVC). The experimental task involved
matching a target force set at 30% of MVC during�10–15 s isometric contractions, with 30 s
rest between each repetition. Each participant received the following instruction: “We need you
to produce force to the target on the screen. The feedback you will receive is the sum of the force
produced by both legs.We do not care about the balance between the legs, just the total force
produced.”

To decrease the mechanical efficiency of one leg, we scaled its force by 0.75 or 0.25 for the
Decreased efficiency experiment. For example, when the force was scaled by 0.25, participants
needed to develop 4 times the force to maintain the same contribution of this leg to Fzeff. For
the Increased efficiency experiment, mechanical efficiency was increased by scaling the force by
1.33 or 4. For example, when the force was scaled by 4, participants needed 0.25 times the force
to maintain the same contribution of this leg to Fzeff. Importantly, the participants were not
informed of the scaling. Scaling was always applied to the leg that would not receive nociceptive
stimuli (see Experimental Pain, below).

For both experiments, contractions with no change in scaling were considered as the control
contractions. The no-pain condition (referred to as Baseline within the manuscript) started
with three control contractions used to familiarize the participant with the task. Then, nine
contractions (3 for each scaling factor) were performed in a randomized order. Following Base-
line contractions, the contractions were repeated with pain. During the pain condition, two
sets of three contractions (one for each scaling factor) were performed. The fewer number of
sets during pain than baseline was motivated by the relatively short duration of pain (up to 10
minutes). The order of the three contractions within each set was randomized. As changes in
motor control with pain do not necessarily resolve immediately after pain has ceased [15,16],
the Baseline condition was systematically performed prior to the pain condition. At the end of
the protocol the participants were asked: “Did you feel that some contractions were of higher or
lower intensity than others?”

Experimental Pain
Hypertonic saline (1 mL bolus 5% NaCl) was injected using a 25G × 19 mm hypodermic needle
into the lateral soleus, approximately 1/3 of the distance from the ankle to the posterior knee
crease. This location was confirmed by manual palpation during gentle plantarflexion efforts.
The leg in which pain was induced was counterbalanced for each experiment. Participants
rated pain intensity on an 11-point numerical rating scale (NRS), anchored with “no pain” at 0
and “worst imaginable pain” at 10. Contractions during the pain trial began after pain intensity
was rated> 2/10. Immediately following each contraction, participants rated the pain inten-
sity. After completion of the experiment, participants recorded the area of pain on a standard-
ized diagram of the lower leg (Fig 1). Note that we have previously demonstrated that injection
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of non-painful saline (isotonic saline) does not alter the force sharing between limbs during a
similar bilateral task [2]. Therefore, isotonic saline was not used as a control in our experiment.

Data analysis
All data were processed using Matlab (The Mathworks, Nathick, USA). From each force-
matched contraction, a 5-s window of data at the middle of the force plateau was used for anal-
ysis [7,11]. The Baseline force (i.e. weight of the legs and force applied though placement of the
horizontal bar on the thigh) measured prior to each contraction was subtracted from subse-
quent contraction force data. To determine the force sharing between legs, we calculated the
ratio of force, called “laterality index”: Fz non scaled leg/Fz scaled leg [17]. In this way, a ratio of 1
indicates an even distribution of actual force between legs. If the contribution of the non-scaled
leg was lower than the scaled leg, the ratio would be<1. The average amplitude of FzL, FzR,
Fztot and Fzeff during each contraction was calculated. To determine how accurately the partici-
pants performed the force-matching task, we calculated the absolute error between the target
force and Fzeff. The mean laterality index and absolute error were calculated over the 5-s win-
dow of each contraction. We further explored the possibility of changes in laterality index or

Fig 1. Area of perceived pain for each experiment. The injection site (arrow) and the area of reported pain
for each participant (red) are shown. To enable comparison the pain location is overlaid on a left leg
regardless of the actual side of injection.

doi:10.1371/journal.pone.0154524.g001
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absolute error over time within contractions, by comparing the start (average of the first 250
ms) and the end (average of the last 250 ms) of each 5-s window.

EMG amplitudes of SOL and TA were quantified as Root Mean Square (RMS) calculated
over the same 5-s period as that used for the mechanical data. SOL EMG data were normalized
to the peak EMG RMS measured during MVC contraction over a 500-ms window. The EMG
laterality index was calculated for the SOL as RMS EMG non scaled leg/RMS EMG scaled leg and
used to assess the balance of neural drive between legs. As no maximal dorsiflexion was per-
formed, TA EMG amplitude was not normalized to MVC and compared between conditions
using un-normalized data (for the statistical analysis) or normalized data as percentage change
from Baseline.

Statistical analysis
Statistical analyses were performed using Statistica (Statsoft, USA). Distributions consistently
passed the Shapiro-Wilk normality test and thus all data are reported as mean±SD. Because
different subjects participated in the Increased and Decreased efficiency experiments, statistical
analyses were performed for each experiment separately.

The force produced during the bilateral MVCs was first compared between legs using a
paired t-test to verify that the force-generating capacity did not differ between legs. Then, for
each scaling factor, within-session repeatability of the force sharing strategy was assessed
between the 3 contractions performed during Baseline. To this end, both the Intraclass Correla-
tion Coefficient (ICC) and the Standard Error of Measurement (SEM) of the force laterality
index were calculated. Then, data were averaged across the contractions (i.e. three and two con-
tractions for the Baseline and Pain conditions, respectively). To determine whether the mean
absolute error between target force and Fzeff was altered by pain and/or scaling factor, a
repeated measure ANOVA was performed with Conditions (Baseline and Pain) and Scaling
factors (control, 0.75 and 0.25 for the Decreased efficiency experiment; and control, 1.33 and 4
for the Increased efficiency experiment) as within subject variables. To determine whether this
was modified throughout the 5-s contractions, another repeated measure ANOVA was per-
formed with Time (start and end), Conditions and Scaling factors as within subject factors.

Pain intensity was compared using a repeated measure ANOVA with Scaling factor as a
within subject variable. To determine whether the force sharing between legs during Baseline
(no pain) adapted to account for the change in mechanical efficiency of one leg, we compared
laterality index measured during Baseline using a repeated measure ANOVA with Scaling fac-
tor as a within subject variable. To satisfy the primary aim, the force laterality index, EMG
laterality index, plantarflexion force of each leg (separately) and FzTot were compared using
separate repeated measures ANOVA, with Conditions and Scaling factors as within subject
variables. To determine whether the laterality index of force changed throughout the 5-s period
a repeated measure ANOVA was performed with Time (start and end), Conditions and Scaling
factors as within subject variables. When required, post hoc analyses were performed using the
Bonferroni test. Note that the pairwise comparisons of plantarflexion force were only consid-
ered within the same scaling condition, i.e. the force produced during pain for a given scaling
factor was compared to the force produced during Baseline for the same scaling factor. P-values
below 0.05 were considered significant (adjusted P values provided by the statistical software
are provided in the Results). Cohen’s d values were calculated for the main outcomes (standard
deviation of Baseline as the standardizer) as measures of effect size with 0.2, 0.5 and 0.8 as
small, moderate and large effect, respectively [18].

Finally, to determine whether changes in plantarflexion force produced by the painful leg
were associated with changes of SOL or TA activation, a correlation analysis was performed
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between change in plantarflexion force from Baseline and change in EMG signal amplitude
from Baseline for each scaling factor condition.

Results
Regardless the experimental condition (Baseline—when no pain was present, or Pain—imme-
diately following the induction of pain), the leg in which pain was induced and to which no
scaling was applied is referred to as the “painful leg” and the leg for which the force was scaled
but to which no pain was induced is referred to as the “non-painful leg”.

Maximal voluntary contractions
The contribution to bilateral MVC did not differ between legs (Decreased efficiency experiment:
50.2±4.4 vs. 49.8±4.4% of FzTot—P = 0.44; Increased efficiency experiment: 51.1±3.0 vs. 48.9
±3.0% of FzTot—P = 0.14; for painful and non-painful legs, respectively). Regardless of which
leg was selected for pain induction, the mean difference between the left and right legs mea-
sured during bilateral MVC was -2.8% and -2.5% of MVC for the Decreased and Increased effi-
ciency experiments, respectively.

Pain
For both experiments, pain was reported to originate within the soleus close to the site of
hypertonic saline injection, except for one participant in the Decreased efficiency experiment
who reported pain in the proximal calf (Fig 1). The averaged±SD pain intensity reported after
each contraction was 4.8±1.5, 5.3±1.3 and 5.3±1.6 for control, scaling 0.75 and scaling 0.25,
respectively (Decreased efficiency experiment) and 4.7±1.3, 4.8±1.5 and 4.6±1.3 for control,
scaling 1.33 and scaling 4, respectively (Increased efficiency experiment). A main effect of Scal-
ing factor was found for pain intensity in the Decreased efficiency experiment (F2, 34 = 5.39,
P = 0.009). Post hoc testing resolved that pain intensity was higher when the efficiency of the
non-painful leg was reduced compared to the control contractions (P = 0.037 [Cohen’s
d = 0.39] and P = 0.015 [Cohen’s d = 0.34] for scaling 0.75 and 0.25, respectively). No effect of
Scaling factor was found for Increased efficiency experiment (F2, 32 = 0.51, P = 0.78).

Force performance
Regardless the experiment, the Scaling factor, or the Condition, the mean absolute error was
low (< 5.9% of the target value; average = 2.7±1.2% of the target value), indicating that the par-
ticipants performed all tasks well. However, some differences were observed. For the Decreased
efficiency experiment, the mean absolute error was higher during Pain (2.6±0.2% of the target
value) than Baseline (2.0±0.2% of the target value; F1, 17 = 4.71, P = 0.044; Cohen’s d = 0.80).
Although significant, the increase in the absolute error was small (0.6% of the target value).
There was neither a significant main effect of Scaling factor (F2, 34 = 0.95, P = 0.40) nor an
interaction of Scaling factor × Condition (F2, 34 = 0.71, P = 0.50) for the mean absolute error.
For the Increased efficiency experiment, there was a significant main effect of Scaling factor (F2,
32 = 4.29, P<0.0001). Post hoc analysis revealed that the mean absolute error was higher during
scaling 4 contractions (4.7±1.7% of the target value) than during both control (2.2±1.0% of the
target value; P<0.0001; Cohen’s d = 1.8) and scaling 1.33 contractions (2.3±0.9% of the target
value; P<0.0001; Cohen’s d = 1.6). There was no significant main effect of Condition (F1, 16 =
2.19, P = 0.16), nor an interaction between Scaling factor and Condition (F2, 32 = 3.00,
P = 0.06) for the mean absolute error in the Increased efficiency experiment
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The absolute error did not change between the start and the end of the 5-s window in either
experiment. Although there was a significant Time × Scaling factor × Condition interaction for
the Decreased (F2, 34 = 6.41, P = 0.004) and the Increased efficiency experiments (F2, 30 = 4.63,
P = 0.017), post hoc analysis did not show any significant change between Times (all P
values> 0.3). The force laterality index did not change between the start and the end of the 5-s
window during either experiment. Again, the significant Time × Condition interaction for the
Decreased (F1, 17 = 7.84, P = 0.012) and Increased efficiency experiments (F1, 16 = 8.24,
P = 0.012) was not associated with any significant changes between Times upon post hoc analy-
sis (all P values> 0.4).

Changes in force sharing in the absence of pain
During the control contractions performed during Baseline, the laterality index was close to 1
(1.16±0.33 and 1.11±0.32 for the Decreased and Increased efficiency experiments, respectively).
For both experiments, repeatability of the laterality index between the 3 contractions per-
formed within each scaling factor during the Baseline was fair to excellent (for both experi-
ments: ICC ranged from 0.55 to 0.88; SEM ranged from 0.14 to 0.34).

There was no main effect of Scaling factor on the laterality index, either when scaling
decreased the efficiency of one limb (Decreased efficiency experiment: F2, 34 = 0.17, P = 0.84; all
Cohen’s d values<0.07), or when scaling increased the efficiency of one limb (Increased effi-
ciency experiment: F2, 32 = 0.18, P = 0.84; all Cohen’s d values<0.07; Fig 2). This result indicates
that participants did not change the force sharing strategy between the legs when the virtual
force-generating capacity of one of the legs was modified. Consequently, FzTot (actual total
plantarflexion force produced by the sum of both legs) produced during the Baseline condition
was altered (main effect of Scaling factor: F2, 34 = 216.36, P<0.0001 and F2, 32 = 160.73,
P<0.0001 for experiment I and II, respectively). For the Decreased efficiency experiment, FzTot
was higher when Scaling at 0.75 (33±2% of MVC; P<0.0001) and 0.25 (45±5% of MVC;
P<0.0001) than control (29±2 of MVC) and higher for scaling 0.25 than 0.75 (P<0.0001). For
the Increased efficiency experiment, FzTot was lower for both scaling 1.33 (26±3% of MVC;
P<0.0001) and 4 (13±2% of MVC; P<0.0001) than control (30±3% of MVC). FzTot was also
lower for scaling 4 than scaling 1.33 (P<0.0001).

According to their responses to questioning after the experiment, 11/18 and 14/17 partici-
pants consciously perceived a change in the total load of the task during the Decreased and
Increased efficiency experiments, respectively.

Changes in force sharing during pain
During both experiments, the laterality index was affected by pain (main effect Pain: Decreased
efficiency experiment–F1, 17 = 16.20, P<0.001; Increased efficiency experiment—F1, 16 = 20.50,
P<0.001). As there was no interaction between Pain × Scaling factor (Decreased efficiency
experiment–F2, 34 = 1.31, P = 0.29; Increased efficiency experiment—F2, 32 = 1.23, P = 0.31) this
indicates that the change in laterality index was similar, despite the manipulation of the effi-
ciency of the non-painful leg (Fig 2). When averaged across the 3 scaling factors, the laterality
index decreased from 1.16±0.32 to 0.90±0.41 (Decreased efficiency experiment) and from 1.12
±0.36 to 0.75±0.32 (Increased efficiency experiment), which indicates that the force sharing
strategy was altered by pain but did not depend on the mechanical efficiency of the non-painful
leg.

Because of the difference in the mechanical efficiency between limbs, a similar change in the
laterality index is not necessarily associated with a similar decrease in force (i.e. unloading of
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the painful tissue) across all scaling conditions. The change in laterality index indicates that the
painful limb was less loaded than the non-painful limb, but this may not have led to a
decreased load compared to Baseline (no pain) with the same scaling factor. To determine
whether the painful limb was unloaded relative to Baseline we need to consider the plantarflex-
ion force produced by the limbs independently.

Fig 2. Laterality index.During Baseline, when the mechanical efficiency of the non-painful leg was manipulated (Decreased efficiency experiment, A; or
Increased efficiency experiment, B), laterality index (distribution of force between the legs) did not change. That is, participants did not alter the force sharing
strategy between the legs (open circles). Compared to Baseline, the contribution of the painful leg to total force decreased during pain (grey circles) for both
experiments, and for all scaling factors. This decreased the laterality index during pain. *—P<0.05 for main effect of pain. Cohen’s d values calculated
between no pain and pain are depicted for each scaling condition.

doi:10.1371/journal.pone.0154524.g002
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Changes in plantarflexion force during pain
Decreased efficiency experiment. When the mechanical efficiency of the non-painful leg

was decreased, the average plantarflexion force produced by the painful leg was affected by a
significant interaction between Condition × Scaling factor (F2, 34 = 7.64, P = 0.002). For each
scaling factor, the plantarflexion force produced during pain was compared to the force pro-
duced during Baseline of the corresponding scaling condition. As shown in Fig 3, the force pro-
duced by the painful leg was less during Pain than Baseline for both control (i.e. non-scaled)
(P<0.0001, Cohen’s d = -0.34) and scaling 0.75 contractions (P<0.0001, Cohen’s d = -0.38).
However, no reduction in plantarflexion force was observed in the painful leg when the
mechanical efficiency of the non-painful leg was greatly decreased, i.e., for scaling 0.25 contrac-
tions (P = 1, Cohen’s d = -0.08).

There was a significant interaction between Condition × Scaling factor (F2, 34 = 3.41,
P = 0.045) on the force produced by the non-painful leg. The force produced by the non-pain-
ful leg was higher during Pain than Baseline for all scaling factors (all P values<0.0006; Cohen’s
d ranged from 0.69 to 1.12).

Increased efficiency experiment. When the mechanical efficiency of the non-painful leg
was increased, there was a significant main effect of Condition (F1, 16 = 17.64, P = 0.0007) for
the plantarflexion force produced by the painful leg. The force produced by the painful leg was
less during Pain than Baseline regardless the mechanical efficiency of the non-painful leg (Fig
3). The effect size was moderate to large (Cohen’s d = -0.68, -0.65 and -0.94 for Control, scaling
1.33 and scaling 4, respectively). Although close to the threshold of significance, there was no
significant interaction between Condition × Scaling (F2, 32 = 2.64, P = 0.084), indicating that
there was similar adaptation to pain regardless of the degree of increased mechanical efficiency
of the non-painful leg.

Fig 3. Actual plantarflexion force (N). Actual plantar flexion force generated by each leg is depicted for both experiments and each scaling factor. The force
produced by each leg was compared between Baseline (white) and Pain (grey) within each scaling factor. *—P<0.05 for comparison to Baseline; £—P<0.05
for main effect of Pain for the painful leg; this indicates that the force produced by the painful leg decreased regardless of the scaling factor.

doi:10.1371/journal.pone.0154524.g003
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Considering the force produced by the non-painful leg, there was a significant interaction
between Condition × Scaling factor (F2, 32 = 13.89, P<0.0001). The force produced by the non-
painful leg was higher during Pain than Baseline for both control (P<0.0001, Cohen’s d = 0.72)
and scaling 1.33 (P<0.0001, Cohen’s d = 0.72). No difference was found for scaling 4 (P = 1,
Cohen’s d = 0.43).

Relationship between muscle activation and plantarflexion force
For both experiments, a moderate to strong positive correlation was found between change in
force produced by the painful limb and change in SOL EMG amplitude (r values ranged from
0.45 to 0.86; Fig 4). This indicates that the decrease in force observed during pain (with the
exception of scaling 0.25) was explained, at least in part, by decreased drive to the main plan-
tarflexor muscle. Similarly, a moderate to strong positive correlation was found between
changes in force produced by the painful limb and changes in antagonist muscle activity (TA; r
values ranged from 0.46 to 0.75; Fig 4) for all conditions/scaling factors, except scaling 0.25
(r = 0.17). This positive correlation indicates that antagonist activity decreased as force pro-
duced by the painful leg decreased.

Note that the EMG laterality index calculated from SOL exhibit the same changes with pain
as those reported for the laterality index calculated from plantarflexion force. During both
experiments, the EMG laterality index was affected by pain (main effect Pain: Decreased effi-
ciency experiment–F1, 17 = 6.98, P = 0.017; Increased efficiency experiment–F1, 15 = 13.72,
P = 0.002) and this change in EMG laterality index was similar, despite the degree of manipula-
tion of the efficiency of the non-painful leg. When averaged across the 3 scaling factors, the
laterality index decreased from 1.14±0.39 to 0.92±0.42 (Decreased efficiency experiment) and
from 1.04±0.25 to 0.85±0.27 (Increased efficiency experiment) during pain.

Discussion
We aimed to determine whether the motor adaptation to nociceptive input/pain is influenced
by the mechanical efficiency of the non-painful leg. We did this by investigating potential
changes in laterality index (i.e. force sharing) between legs as a measure of motor adaptation in
situations where the mechanical cost of adaptation was increased or decreased. Our study has
two major findings. First, during pain-free contractions, our data show that if participants are
not informed of a manipulation of virtual mechanical efficiency of one limb, they maintain
near equal force generation with both legs. Second, during nociceptive stimulation in the con-
trol condition, and regardless of the virtual change in mechanical efficiency of the non-painful
leg, the sharing of force between legs was altered such that some plantarflexion force was trans-
ferred from the painful limb to the non-painful limb. The decrease in plantarflexion force pro-
duced by the painful leg was positively correlated with a decrease in drive to the soleus muscle.
A decrease in force produced by the painful leg during pain was observed for all conditions,
except when the efficiency of the non-painful limb was greatly decreased (scaling 0.25). Taken
together, these data highlight that regardless of the overall energy cost, the nervous system
appears to prefer to reduce the force produced by the painful leg relative to the non-painful leg.
This supports the notion that protection of painful tissue is prioritized by the nervous system.

Force sharing is not affected by an undeclared unilateral change in
mechanical efficiency (in the absence of pain)
It has been proposed that the central nervous system controls force sharing to be optimal in the
sense that it minimizes costs such as energy expenditure or force variability (for review see Pri-
lutsky and Zatsiorsky [19]; but cf. de Rugy et al. [20] for an alternative perspective). Although
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Fig 4. Correlation between changes in plantarflexion force produced by the painful leg and changes in EMG amplitude of both agonist (soleus:
SOL) and antagonist (tibialis anterior: TA) muscles. For both experiments, a moderate to strong positive correlation was found between change in force
produced by the painful limb and change in EMG amplitude of soleus and tibialis anterior. This indicates that the decrease in force observed during pain (with
the exception of scaling 0.25) was explained by decreased drive to the main plantarflexor muscle and its antagonist.

doi:10.1371/journal.pone.0154524.g004
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the idea that the CNS seeks to optimise force sharing between limbs is supported by previous
studies in which modifications to efficiency were known to the participants [4,5,21], there was
no change in laterality index in the present study when the mechanical efficiency of one leg was
increased or decreased without participants being explicitly informed of the change. There are
several possible interpretations of this finding.

First, the controller may not necessarily optimise force sharing to minimize mechanical
cost, and other “costs”may have been prioritised. For instance, from a neural control perspec-
tive there may have been additional cost associated with decoupling of the forces between legs.
Although dissociation of the output between legs in the present paradigm was clearly possible,
it was not observed in the absence of pain. Maintenance of similar outputs from both limbs in
a bilateral task may be simpler to control than producing asymmetric outputs to each leg.
Greater “control costs” associated with asymmetric drive could have several neural bases. For
instance, bilateral efforts involve some degree of common drive to both limbs [22]. During
bilateral tasks, particularly those of a postural nature, the soleus muscle of each limb receives
some common drive which results in synchronised discharge of motor units [23]. In this way,
some have suggested the majority of drive to both limbs in submaximal bilateral efforts may be
controlled by a single cortical hemisphere [22], and separation of control between limbs would
impose a control cost.

Second, the absence of adaptation in the present study could be explained by an inability of
participants to detect a unilateral change in efficiency, in the absence of explicit information
about this modification, rather than a choice to not compensate. In contrast to previous work
[4,5,21], participants were not informed that mechanical efficiency could differ between limbs
in the present study. Although most participants detected a change of the total force demand
due to scaling, it is possible that they did not detect the difference in efficiency between limbs.
As participants were only provided feedback of total force, identifying an efficiency asymmetry
would have required complex integration of visual feedback of bilateral force with perceived
effort of contraction in each limb. Therefore, the lack of adaptation might be explained by a
failure to identify that the change in total demand of the task was related to changes in the
mechanical efficiency of a single limb.

Third, the lack of adaptation in the present study might be explained by the limited expo-
sure to the change in mechanical efficiency. However, this short testing period was sufficient to
observe systematic adaptations in force sharing when challenged by pain.

Overall, even if our results cannot definitely address the question on how the nervous system
adapts to change in mechanical efficiency of one leg (which was not our primary aim), we manip-
ulated the required force (cost) of compensation to pain and therefore, the protocol was still valid
to determine whether adaptations to pain depend on the cost of using the non-painful limb.

Force sharing is modified during pain, regardless of the mechanical
efficiency of the non-painful limb
We used an isometric bilateral task to study pain adaptation as it offers an obvious solution to
alter force sharing and thus load within the painful limb. A systematic shift in force toward the
non-painful limb during force-matched bilateral tasks has been shown [2,7]. In line with these
results, a significant change in the laterality index leading to decreased (~16–20%) force pro-
duced by the painful leg was observed during the control contractions (when efficiency of the
non-painful leg was unchanged) for both experiments. Notably, this reduction in the laterality
index was observed for all conditions, regardless of mechanical efficiency. This means that
regardless of the additional energy cost associated with bias of force towards the non-painful
limb, the change in strategy was similar.
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The motor adaptation to pain is thought to purposefully reduce load within the painful tis-
sue [8,9]. This conjecture is supported by the present finding that decreased plantarflexion
force of the painful leg was associated with decreased drive to the SOL muscle. However, we
report considerable variability in the change in SOL and TA muscle activity between individu-
als (highlighted in Fig 4). This variability in motor adaptation is consistent with other pain lit-
erature (e.g. [24,25]). In addition, although the force produced by the painful leg was
systematically reduced relative to the non-painful leg, the force produced by the painful leg was
not always significantly less than the same condition (same modification to mechanical effi-
ciency) without pain (during Baseline). That is, the painful limb was not unloaded relative to
the force required to perform the task for scaling 0.25 in the Decreased efficiency experiment.
This observation has several possible interpretations.

First, in the context of a bilateral effort that normally involves equal force production with
both legs, the nervous system may perceive a reduction in force relative to the contralateral
homologous muscle as beneficial for tissue loading. In view of the theory of pain proposed by
Wall et el. [26], this act of having “taken action” to reduce the threat by generating less force
than the contralateral muscle, despite a failure to reduce the load relative to a pain-free condi-
tion, may be perceived by the nervous system as beneficial.

Second, a failure to unload the painful leg when the non-painful leg was scaled by 0.25
might be associated with an unacceptably high “control” cost due to the requirement to dra-
matically decouple drive to the two legs in the bilateral task. For any given decrease in force
produced by the painful leg (i.e. to unload the painful tissue) in this case, participants would
have had to increase the force produced by the non-painful leg four-fold. Specifically, to main-
tain the task while accommodating a force reduction equivalent to the average pain adaption
observed during the control condition (40 N), an extra 160 N would be required from the non-
painful leg. In this case, the laterality index would have decreased to ~0.6, which is lower than
the lowest values observed during the two experiments. This high “control” cost hypothesis is
in-line with results of a previous study on bimanual force-matching task where task asymmetry
was manipulated by imposing different scaling factors on force produced by the index fingers
of each hand [6]. The changes in force sharing were relatively limited (the laterality index
between sides ranged between 0.74 and 1.47) although the scaling coefficient ratios ranged
twenty-fold. These authors also showed that, as the weighting coefficients became more
uneven, force output ratios tended to plateau [5]. The potential for a “control” cost to increase
as the laterality index moves away from 1 (i.e. the load sharing becomes more uneven) could
also explain why the increased efficiency of the non-painful leg did not trigger further changes
during the Increased efficiency experiment. In the Increased efficiency experiment, the shift of
the force toward the more efficient non-painful leg was an efficient strategy both to unload the
painful leg and to decrease the overall energetic demand of the task. However, the optimal
strategy here would have been to drastically decrease force produced by the painful leg and pro-
duce the majority of force with the more efficient leg. Instead, participants maintained the
same laterality index that was observed during control contractions with pain.

Third, the reduction in force produced by the painful limb may be related to an altered
internal representation of the force produced during pain. When pain is induced in one arm
during a bilateral force-matching task, the force produced by the painful limb is overestimated,
leading participants to produce less force in the painful than the non-painful limb [27]. In this
case, the consistent change in laterality index (i.e. force sharing) may be explained by an over-
estimation of force produced by the painful limb, and an attempt to maintain equal force
between legs, rather than a purposeful adaptation to unload the painful tissue. Our observations
of a consistent proportional change in laterality index, and a failure to consistently unload the
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painful limb with extreme changes in efficiency, supports this hypothesis and requires further
investigation.

Note that pain intensity was higher when the mechanical efficiency of the non-painful leg
was less than the control contractions. However, the size of this affect was small to moderate
(<0.5/10; Cohen’s d<0.39). We are unaware of evidence that pain levels differ systematically
depending on force produced by a painful muscle, particularly within the range of 30–45% of
MVC (as was the case in the current Decreased efficiency experiment). Rather, we previously
found no systematic differences in reported pain levels when contraction intensity ranged from
10 to 70% of MVC, and between contraction and rest [2]. With this in mind, we do not inter-
pret the small differences in pain intensity reports to be of practical significance.

Conclusion
These data provide evidence that sharing of force between legs is altered during unilateral pain,
independent of the mechanical efficiency of the non-painful leg. Although the painful limb
always produced less force than the non-painful limb in a given contraction with pain, the con-
stant change in force sharing observed between limbs, under various experimental manipula-
tions of relative limb efficiency, did not ensure a systematic unloading of the painful tissue
relative to corresponding pain free trials. These results have implications for the evolving the-
ory of pain adaptation. There may be a trade-off between a perceived benefit of unloading the
painful part (e.g. decreased pain, protection from further injury) and additional costs related to
potential motor adaptation options. In the current study, the additional cost presumably relates
to the dissociation of drive between the legs during the bilateral task and/or the overall increase
in force level. An alternative explanation, related to the change in internal representation of the
force produced during pain, requires further investigation.

Supporting Information
S1 Table. Force data for the decreased efficiency experiment. Data are presented in Newtons.
Note that regardless the experimental condition (Baseline—when no pain was present, or Pain
—immediately following the induction of pain), the leg in which pain was induced and to
which no scaling was applied is referred to as the “painful leg” and the leg for which the force
was scaled but to which no pain was induced is referred to as the “non-painful leg”.
(XLSX)

S2 Table. Force data for the increased efficiency experiment. Data are presented in Newtons.
Note that regardless the experimental condition (Baseline—when no pain was present, or Pain
—immediately following the induction of pain), the leg in which pain was induced and to
which no scaling was applied is referred to as the “painful leg” and the leg for which the force
was scaled but to which no pain was induced is referred to as the “non-painful leg”.
(XLSX)

S3 Table. Laterality index data for the decreased efficiency experiment. The “laterality index
was calculated as: Fz non scaled leg(painful leg)/Fz scaled leg(non painful leg). Note that for
some conditions, some participants performed only one contraction with pain. It is because
pain decreased<2/10 before the second repetition.
(XLSX)

S4 Table. Laterality index data for the increased efficiency experiment. The “laterality index
was calculated as: Fz non scaled leg(painful leg)/Fz scaled leg(non painful leg). Note that for
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Author Contributions
Conceived and designed the experiments: FH PH TC KT. Performed the experiments: FH
EdM JM KT. Analyzed the data: FH JM EdM. Contributed reagents/materials/analysis tools:
FH KT. Wrote the paper: FH PH TC KT.

References
1. Bernstein N (1967) Coordination and regulation of Movements: Oxford: pergamon.

2. Hug F, Hodges PW, Salomoni SE, Tucker K (2014) Insight into motor adaptation to pain from between-leg
compensation. Eur J Appl Physiol 114: 1057–1065. doi: 10.1007/s00421-014-2840-y PMID: 24514948

3. Sarabon N, Markovic G, Mikulic P, Latash ML (2013) Bilateral synergies in foot force production tasks.
Exp Brain Res 227: 121–130. doi: 10.1007/s00221-013-3494-4 PMID: 23568657

4. Hu X, Newell KM (2011) Aging, visual information, and adaptation to task asymmetry in bimanual force
coordination. J Appl Physiol (1985) 111: 1671–1680.

5. Hu X, Newell KM (2011) Modeling constraints to redundancy in bimanual force coordination. J Neuro-
physiol 105: 2169–2180. doi: 10.1152/jn.01086.2010 PMID: 21346203

6. Hu X, Newell KM (2011) Adaptation to bimanual asymmetric weights in isometric force coordination.
Neurosci Lett 490: 121–125. doi: 10.1016/j.neulet.2010.12.040 PMID: 21185353

7. Hug F, Hodges PW, Tucker K (2014) Task dependency of motor adaptations to an acute noxious stimu-
lation. J Neurophysiol 111: 2298–2306. doi: 10.1152/jn.00911.2013 PMID: 24647431

8. Hodges PW, Tucker K (2011) Moving differently in pain: a new theory to explain the adaptation to pain.
Pain 152: S90–98. doi: 10.1016/j.pain.2010.10.020 PMID: 21087823

9. Lund JP, Donga R, Widmer CG, Stohler CS (1991) The pain-adaptation model: a discussion of the rela-
tionship between chronic musculoskeletal pain and motor activity. Can J Physiol Pharmacol 69: 683–
694. PMID: 1863921

10. NelsonWL (1983) Physical principles for economies of skilled movements. Biol Cybern 46: 135–147.
PMID: 6838914

11. Hug F, Hodges PW, van den Hoorn W, Tucker KJ (2014) Between-muscle differences in the adaptation
to experimental pain. J Appl Physiol (1985): jap 00561 02014.

12. Tucker K, Hodges PW, Van den HoornW, Nordez A, Hug F (2014) Does stress within a muscle change
in response to an acute noxious stimulus? PLoS One 9: e91899. doi: 10.1371/journal.pone.0091899
PMID: 24626150

13. Bank PJ, Peper CE, Marinus J, Beek PJ, van Hilten JJ (2013) Motor consequences of experimentally
induced limb pain: a systematic review. Eur J Pain 17: 145–157. doi: 10.1002/j.1532-2149.2012.
00186.x PMID: 22718534

14. Cresswell AG, Loscher WN, Thorstensson A (1995) Influence of gastrocnemius muscle length on tri-
ceps surae torque development and electromyographic activity in man. Exp Brain Res 105: 283–290.
PMID: 7498381

15. Moseley G, Hodges P (2006) Reduced variability of postural strategy prevents normalization of motor
changes induced by back pain: a risk factor for chronic trouble? Behav Neurosci 120: 474–476. PMID:
16719709

16. Tucker K, Larsson A, Oknelid S, Hodges P (2012) Similar alteration of motor unit recruitment strategies
during the anticipation and experience of pain. Pain 153: 636–643. doi: 10.1016/j.pain.2011.11.024
PMID: 22209423

17. Salimpour Y, Shadmehr R (2014) Motor costs and the coordination of the two arms. J Neurosci 34:
1806–1818. doi: 10.1523/JNEUROSCI.3095-13.2014 PMID: 24478362

18. Cohen JH (1988) Statistical power analysis for the behavioral sciences: Lawrence Earlbaum.

19. Prilutsky BI, Zatsiorsky VM (2002) Optimization-based models of muscle coordination. Exerc Sport Sci
Rev 30: 32–38. PMID: 11800497

20. de Rugy A, Loeb GE, Carroll TJ (2012) Muscle coordination is habitual rather than optimal. J Neurosci
32: 7384–7391. doi: 10.1523/JNEUROSCI.5792-11.2012 PMID: 22623684

Motor Adaptation to Pain during a Bilateral Task

PLOS ONE | DOI:10.1371/journal.pone.0154524 April 26, 2016 16 / 17

http://dx.doi.org/10.1007/s00421-014-2840-y
http://www.ncbi.nlm.nih.gov/pubmed/24514948
http://dx.doi.org/10.1007/s00221-013-3494-4
http://www.ncbi.nlm.nih.gov/pubmed/23568657
http://dx.doi.org/10.1152/jn.01086.2010
http://www.ncbi.nlm.nih.gov/pubmed/21346203
http://dx.doi.org/10.1016/j.neulet.2010.12.040
http://www.ncbi.nlm.nih.gov/pubmed/21185353
http://dx.doi.org/10.1152/jn.00911.2013
http://www.ncbi.nlm.nih.gov/pubmed/24647431
http://dx.doi.org/10.1016/j.pain.2010.10.020
http://www.ncbi.nlm.nih.gov/pubmed/21087823
http://www.ncbi.nlm.nih.gov/pubmed/1863921
http://www.ncbi.nlm.nih.gov/pubmed/6838914
http://dx.doi.org/10.1371/journal.pone.0091899
http://www.ncbi.nlm.nih.gov/pubmed/24626150
http://dx.doi.org/10.1002/j.1532-2149.2012.00186.x
http://dx.doi.org/10.1002/j.1532-2149.2012.00186.x
http://www.ncbi.nlm.nih.gov/pubmed/22718534
http://www.ncbi.nlm.nih.gov/pubmed/7498381
http://www.ncbi.nlm.nih.gov/pubmed/16719709
http://dx.doi.org/10.1016/j.pain.2011.11.024
http://www.ncbi.nlm.nih.gov/pubmed/22209423
http://dx.doi.org/10.1523/JNEUROSCI.3095-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24478362
http://www.ncbi.nlm.nih.gov/pubmed/11800497
http://dx.doi.org/10.1523/JNEUROSCI.5792-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22623684


21. Hu X, Newell KM (2011) Dependence of asymmetrical interference on task demands and hand domi-
nance in bimanual isometric force tasks. Exp Brain Res 208: 533–541. doi: 10.1007/s00221-010-
2502-1 PMID: 21132279

22. Oda S (1997) Motor control for bilateral muscular contractions in humans. Jpn J Physiol 47: 487–498.
PMID: 9538273

23. Mochizuki G, Semmler JG, Ivanova TD, Garland SJ (2006) Low-frequency commonmodulation of
soleus motor unit discharge is enhanced during postural control in humans. Exp Brain Res 175: 584–
595. PMID: 16783557

24. Hodges PW, Coppieters MW, Macdonald D, Cholewicki J (2013) New insight into motor adaptation to
pain revealed by a combination of modelling and empirical approaches. Eur J Pain.

25. Hug F, Hodges PW, Tucker KJ (2013) Effect of pain location on spatial reorganisation of muscle activ-
ity. J Electromyogr Kinesiol 23: 1413–1420. doi: 10.1016/j.jelekin.2013.08.014 PMID: 24055532

26. Wall PD (1978) The gate control theory of pain mechanisms. A re-examination and re-statement. Brain
101: 1–18. PMID: 205314

27. Weerakkody NS, Percival P, Canny BJ, Morgan DL, Proske U (2003) Force matching at the elbow joint
is disturbed by muscle soreness. Somatosens Mot Res 20: 27–32. PMID: 12745442

Motor Adaptation to Pain during a Bilateral Task

PLOS ONE | DOI:10.1371/journal.pone.0154524 April 26, 2016 17 / 17

http://dx.doi.org/10.1007/s00221-010-2502-1
http://dx.doi.org/10.1007/s00221-010-2502-1
http://www.ncbi.nlm.nih.gov/pubmed/21132279
http://www.ncbi.nlm.nih.gov/pubmed/9538273
http://www.ncbi.nlm.nih.gov/pubmed/16783557
http://dx.doi.org/10.1016/j.jelekin.2013.08.014
http://www.ncbi.nlm.nih.gov/pubmed/24055532
http://www.ncbi.nlm.nih.gov/pubmed/205314
http://www.ncbi.nlm.nih.gov/pubmed/12745442

