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Abstract

Introduction: When performing an exercise or a functional test, pain that is
evoked by movement or muscle contraction could be a stronger stimulus for
changing how individuals move compared to tonic pain. We investigated whether
the decrease in muscle force production is larger when experimentally-induced
knee pain is directly associated to the torque produced (movement-evoked) com-
pared to a constant painful stimulation (tonic).

Methods: Twenty-one participants performed three isometric knee extension
maximal voluntary contractions without pain (baseline), during pain, and after
pain. Knee pain was induced using sinusoidal electrical stimuli at 10 Hz over
the infrapatellar fat pad, applied continuously or modulated proportionally to
the knee extension torque. Peak torque and contraction duration were averaged
across repetitions and normalized to baseline.

Results: During tonic pain, participants reported lower pain intensity during the
contraction than at rest (p < 0.001), whereas pain intensity increased with contrac-
tion during movement-evoked pain (p <0.001). Knee extension torque decreased
during both pain conditions (p <0.001), but a larger reduction was observed dur-
ing movement-evoked compared to tonic pain (p <0.001). Participants produced
torque for longer during tonic compared to movement-evoked pain (p =0.005).
Conclusion: Our results indicate that movement-evoked pain was a more potent
stimulus to reduce knee extension torque than tonic pain. The longer contrac-
tion time observed during tonic pain may be a result of a lower perceived pain
intensity during muscle contraction. Overall, our results suggest different motor
adaptation to tonic and movement-evoked pain and support the notion that
motor adaptation to pain is a purposeful strategy to limit pain. This mechanistic
evidence suggests that individuals experiencing prevalently tonic or movement-
evoked pain may exhibit different motor adaptations, which may be important

for exercise prescription.
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1 | INTRODUCTION

Knee pain is a common cause of decreased sport partici-
pation,' absence from competition,” and a key symptom
to monitor recovery after sport injuries.> Since painful
stimuli are interpreted as potential threats to body in-
tegrity, individuals adopt a range of motor adaptations
from movement avoidance to subtle changes in motor
strategies, with the common goal of protecting the po-
tentially injured tissue.* The direct association between
movement and pain as a potential driver for motor adap-
tation prompted several groups to propose a shift of focus
from “pain and movement” to “pain with movement”.>°
This is specifically relevant during exercise and sport,
where movement can cause an increase, a decrease, or
be unrelated to pain. For instance, patellofemoral pain is
diagnosed as pain that is exacerbated by load-bearing ac-
tivities,” but a large proportion of individuals also report
pain at rest.® Similarly, individuals with patellar tendinop-
athy report sudden increases of pain when landing from a
jump,9 but sustained isometric contractions alleviate the
pain sensation over time.'® If motor adaptation occurs to
limit pain,* these heterogeneous pain presentations would
necessarily lead to different motor adaptations. A better
understanding of whether motor adaptation to pain de-
pends on the association between movement and pain
could help develop tailored exercise prescriptions in indi-
viduals with pain.

Experimental pain models have been widely used in
healthy individuals to investigate how the central nervous
system adapts to different types of pain. A consistent find-
ing across systematic reviews is that most of the studies
that investigated motor adaptation to pain have used ex-
perimental models of tonic pain.'™'? These approaches
have led to significant advances in our understanding of
how the central nervous system adapts to a tonic nocicep-
tive input. However, spontaneous and movement-induced
pain are defined as different features of musculoskeletal
pain,'® and therefore tonic pain models may not accurately
replicate the motor adaptations induced by movement-
evoked pain, which is commonly observed in pathologies
such as patellofemoral pain’ and patellar tendinopathy.'*
In fact, it has been reported that pain induced with injec-
tion of hypertonic saline solution is often alleviated by
movement or muscle contraction.'*'*'® When investigat-
ing motor adaptations to pain, this paradoxical association
between movement and pain may lead to a perception of
movement as less threatening than what occurs when the

movement elicits pain. Thus, it is possible that experimen-
tal approaches that induce movement-evoked pain will re-
sult in larger motor adaptations to pain compared to tonic
pain.

Painful electrical stimulation has traditionally been
used to induce transient pain.'”'® More recently, this
technique has been used to investigate whether motor ad-
aptations are a purposeful strategy to reduce the noxious
stimulation.'®*! For instance, by modulating in real time
the amplitude of the stimulation based on the load applied
to the right leg on the ground, we showed that participants
were able to decrease their perceived pain intensity by
redistributing the amount of weight between legs.** To-
gether with the fact that painful electrical stimulation de-
livered as low-frequency sinusoidal waveforms results in
minimal habituation over time,* this experimental pain
model offers a unique opportunity to directly compare
motor adaptation to tonic and movement-evoked pain.

The purpose of this study was to test the hypothesis
that movement-evoked pain induces larger motor adapta-
tion than tonic pain. Movement-evoked pain was induced
by modulating the intensity of the electrical stimulation
in real time according to the amount of knee extension
torque. Since the presence of pain is known to reduce
maximal torque production,’>** we hypothesized that
knee extension torque would be reduced more during
movement-evoked pain compared to tonic pain. Addition-
ally, since a motor adaptation to pain model suggests that
the activity of antagonist may be increased by pain,* we
sought to determine whether the decrease in knee exten-
sion torque production during pain was due to increased
activation of the antagonist muscle (biceps femoris).

2 | METHODS

2.1 | Participants

Twenty-one healthy volunteers (12 males and 9 fe-
males; age: 25.6 +6.9years; height: 175.5+8.7cm; mass:
71.1+16.9kg) were recruited from the staff and stu-
dent population at University of Birmingham. Based on
changes in isometric knee extension maximal volun-
tary contraction (MVC) from 97.4+1.7% at baseline to
88.1+14.4% during experimentally-induced pain (Co-
hen's d,=0.67 for a correlation between groups=0.3),"
an a priori sample size calculation revealed that 20 partici-
pants would be needed to obtain a power of 80%. For this
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analysis, G*Power 3.1.9.7%* was used with the test family,
statistical test and type of power analysis defined as “t-
tests (two tails),” “difference between matched pairs,” and
“a priori”, respectively. All participants were free of lower
limb injury, had no history of lower limb surgery or disor-
ders and were not taking pain or antidepressants medica-
tion. In addition, participants were asked to not consume
caffeine prior to the experimental sessions. This study was
approved by the Research Ethics Committee at the Uni-
versity of Birmingham (ERN_19-1018A) and conformed
to the latest Declaration of Helsinki. All participants pro-
vided written informed consent prior to the experimental
procedures and completed a pre-test health screen to en-
sure no contraindications to exercise.

2.2 | Study design

In a repeated measures design, participants took part in
two experimental sessions, separated by at least 3days
(median [1st quartile, 3rd quartile]: 9 [7, 16] days). Par-
ticipants were asked to avoid any strenuous exercise be-
fore each session. All experiments were conducted at the
School of Sport, Exercise and Rehabilitation Sciences
(University of Birmingham) from June 29, 2021 to Octo-
ber 9, 2021. Motor adaptation was quantified as changes in
maximal torque production of the knee extensors, which
has consistently been shown to decrease in response to
tonic experimental pain'>**** and in individuals with
clinical knee pain such as patellofemoral pain.*® During
both sessions, participants were asked to perform isomet-
ric knee extension MVCs without pain (baseline), during
experimental knee pain (pain) and after pain (post-pain).
In both sessions, the experimental knee pain was induced
using electrical stimulation, but in one session the stimu-
lation intensity was tonic (i.e., constant) and in the other
session the stimulation intensity was movement-evoked
(i.e., modulated proportionally to the amount of knee ex-
tension torque). To control for order effects, the order of
sessions was randomized among participants using the
website random.org.

2.3 | Data collection

At the beginning of each session, participants were com-
fortably seated and secured onto a dynamometer chair
(Biodex System 3), with their dominant (19 right leg and
2 left leg; determined by the preferred leg used to kick a
ball)'®; knee flexed at 80° (0° means full extension) and
aligned as coaxially as possible to the dynamometer axis of
rotation (Figure 1A). Participants were then familiarized
with the task by performing three submaximal isometric

contractions of knee extension?’ at approximately 50%,
75%, and 100% of their self-perceived maximum effort,
with a rest-in-period of 1min. After this warm up, par-
ticipants performed isometric knee extension MVCs for
baseline, pain, and post-pain conditions. Three repetitions
were conducted for each condition, with a 2-min rest be-
tween repetitions. All participants were instructed to per-
form the MVC as hard and as fast as possible and to exert
force for 5s. This amount of time was standardized using
a timer, and the investigators verbally encouraged the
participant throughout the task. When the 55 elapsed, the
investigators stopped encouraging the participant. Torque
signals were sampled in volts at 2000 Hz using a PCI-6229
board (National Instruments).

Two pairs of bar electrodes (10 x 1 mm electrode size;
10mm interelectrode distance; Delsys Bagnoli, Delsys
Inc.) were used to sample surface EMG signals from the
vastus lateralis (VL) and biceps femoris (BF) muscles
during the MVCs. We chose to assess the VL muscle as
this muscle has the highest physiological cross-sectional
area among the quadriceps and therefore a greater poten-
tial to generate force.”>** The electrodes were positioned
in accordance with SENIAM guidelines® and fixed to
the skin with a bi-adhesive foam. A reference electrode
(16 mm diameter; AMBU WhiteSensors) was placed on
the head of the fibula. Prior to electrode placement, the
skin over the VL and BF was cleaned with abrasive gel
(NUprep, Weaver and Co), and shaved when necessary.
Bipolar surface EMG signals were amplified by a factor
of 100 and digitized at 2000 Hz using the PCI-6229 board
(16-bit A/D converter; =10V range). The torque signal
provided by the dynamometer and EMG signals were
sampled synchronously using a custom written Simulink
model (Matlab, The MathWorks Inc.).

2.4 | Painful electrical stimulation

Knee pain was induced by electrical stimulation delivered
through two surface electrodes (3.0 X 3.5cm, TEON1S3545,
SpesMedica) placed on the medial and lateral aspects of
the infrapatellar fat pad,* which was manually identified
by palpation (Figure 1A). In line with a previous study,*!
this location was chosen because the fat pad is highly
innervated by nociceptors and electrical stimulation at
this location was shown to induce localized pain with-
out muscle twitching. An electrical stimulator designed
for constant stimulation (Digitimer DS5 Isolated Bipolar
Constant Current Stimulator) was used to deliver sinusoi-
dal waveforms at 10 Hz. At the start of the stimulation, a
transition from O0mA (no stimulation) to the sinusoidal
current profile introduces a large artifact on the EMG.*
This artifact cannot be removed by high-pass filtering at
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FIGURE 1 Experimental setup. (A) shows the position of the participants on the dynamometer chair and the position of stimulation
and electromyography (EMG) electrodes. (B) illustrates the tonic pain condition in which the intensity of the stimulation painful (10Hz sine
wave) was constant and set to induce a pain intensity of 4/10 (numeric rating scale). (C) illustrates the movement-evoked pain condition in
which the stimulation intensity was modulated proportionally to the knee extension torque exerted by participants. When the knee torque
produced was < than 10% and > than 90% of baseline peak torque, the amplitude of stimulation was set to induce a pain intensity of 1/10 and
4/10, respectively. When the torque produced was between 10% and 90% of the baseline peak torque (gray area), the amplitude of painful
electrical stimuli was modulated linearly between the intensities required to generate a pain of 1/10 and 4/10.

20Hz because this transition contains frequencies larger
than the frequency of the sinusoid used for the electrical
stimulation. In order to smooth the transition and reduce
the artifact on the EMG, the stimulation signal contain-
ing the “no stimulation” and the sinusoidal waveform at
10Hz was low-pass filtered at 20 Hz using a sixth order
Butterworth filter to remove the high frequencies at the
transition. The stimulator was controlled using an analog
signal created in a custom written Simulink model and
generated at 2000 samples using a PCI-6229 board with
16-bit resolution. These stimulation parameters were
chosen because minimal habituation of pain intensity rat-
ings over time and minimal stimulation artifacts on the
EMG were observed with this configuration in a previous

study.*! Moreover, delivery of sinusoidal waveforms at
10Hz, instead of lower frequencies, was considered to
provide the most continuous sensation of pain during
pilot testing. The stimulation intensity was set to induce
a pain intensity of 4/10 measured using a verbal numeric
rating scale (NRS) from 0 to 10 (0 being no pain and 10 the
worst pain imaginable). We target a pain intensity of 4/10
because is similar to what participants reported in other
experimental knee pain studies.>*' This intensity was
determined before the baseline condition by an ascend-
ing stimulation protocol, which started with a stimulus
amplitude of 0.5mA and increased with steps of 0.5mA.
During this protocol, each painful electrical stimulus
was delivered for 2s with a rest-in-period of ~5s, and the
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stimulation intensities to induce a pain of 1/10 and 4/10
(NRS) were recorded for each participant.

2.5 | Experimental task

For the tonic pain condition, the stimulation intensity
was constant and set to induce a pain intensity of 4/10
(NRS). Participants were instructed to perform the iso-
metric knee extension MVCs (Figure 1B) approximately
5s after the start of the stimulation, and the stimulation
was stopped approximately 3s after the end of the MVC.
Conversely, for the movement-evoked pain condition,
the stimulation intensity was modulated proportionally
to the amount of knee extension isometric torque pro-
duced by the participant. Similar to a recently described
methodology,”! the torque signal was collected and in-
putted in a Simulink model to modulate the amplitude
of the stimulation in near real-time. The maximal knee
extension peak torque obtained at baseline MVCs was
used to determine the thresholds to modulate the pain-
ful stimulation intensity (Figure 1C). When knee exten-
sion torque produced was equal to or lower than 10% of
baseline peak torque, the amplitude of stimulation was
set to induce a pain intensity of 1/10 NRS (minimal pain).
When the torque produced was between 10% and 90%
of the baseline peak torque, the amplitude of the pain-
ful electrical stimuli was modulated linearly between the
intensities required to generate a pain of 1/10 and 4/10
(NRS). Specifically, the 10 Hz sinusoidal waveform of uni-
tary amplitude was scaled proportionally to the instanta-
neous normalized knee extension torque. Finally, when
the torque produced was equal to or higher than 90% of
the baseline peak torque, the amplitude of painful electri-
cal stimulation corresponded to a pain intensity of 4/10
(NRS). The average time delay between the input torque
and the delivered painful electrical stimuli was 25ms.
Participants were not allowed practice MVCs during
pain, that is: the MVCs used for the analyses were the first
three each participant performed while experiencing the
painful stimulation. After each painful MVC of the knee
extensors, participants were asked to rate their perceived
peak pain intensity (NRS) before the contraction, as a
measure of pain at rest, and during the contraction. As
preliminary analyses revealed lower pain ratings during
the contraction compared to before the contraction in the
tonic pain condition, the last 11 participants were asked
to rate their perceived pain also after the contraction to
ensure that the decrease in pain during contraction was
not due to habituation. No differences were observed in
the pain ratings before the contraction across the three
MVC trials and, thus, the average of pain ratings across
the trials were retained for further analysis.

2.6 | Data processing

Torque and EMG were analyzed offline using Matlab
(The MathWorks Inc.). Raw torque signals were con-
verted to Newton-meters (Nm) and low-pass filtered at
10Hz using a fourth order Butterworth filter. The peak
torque was then computed for each MVC as the maxi-
mal value identified in the entire torque signal. Visual
inspection of all trials for each participant ensured that
there were no instances of multiple peaks. In prelimi-
nary analyses we observed differences in the duration
of contraction performed during painful stimulation,
thus we also computed the duration for each contrac-
tion and time to peak torque. The duration was calcu-
lated as the time elapsed between the onset and offset
of the torque production using a threshold of 7.5 Nm.*
The time to peak torque was calculated as time elapsed
from the torque onset to the peak torque. Bipolar EMG
signals were band-pass filtered with a fourth order But-
terworth (20-350 Hz cut-off frequencies), then the root
mean square (RMS) amplitude was calculated to es-
timate the degree of VL and BF activation during the
MVCs. A window of 250ms starting from the middle
of the contraction (2.5s after the MVC onset) was used
to compute RMS values.!> We also calculated the RMS
amplitude during the rest period before the start of the
painful contractions (250-ms window before the MVC
onset). For all variables (peak torque, contraction dura-
tion, VL RMS and BF RMS), the average across the three
MVCs of each condition (baseline, pain, and post-pain)
was considered for analysis.

2.7 | Statistical analysis

All statistical analyses were performed in IBM SPSS Statis-
tics (version 29.0). Parametric and non-parametric analy-
ses were considered for inferential statistics depending on
the data normality (Shapiro-Wilk test).

To establish the between-session reliability (tonic vs.
movement-evoked pain sessions) of the stimulation inten-
sity to induce a pain of 1/10 and 4/10 and of the baseline
MVC, we used the intraclass correlation coefficient (ICC)
calculated using the two-way mixed-effects model and
absolute agreement for average measures and interpreted
by thresholds (poor: 0.00-0.39; fair: 0.40-0.59; good:
0.60-0.74; excellent: 0.75-1.00). Moreover, regardless of
whether the participant started with the tonic pain session
or movement-evoked pain session, we assessed whether
a systematic bias existed between days by comparing the
baseline MVC and the stimulation intensity to induce a
pain of 1/10 and 4/10 between Day 1 and Day 2 (paired
t-test or Wilcoxon signed-rank test).
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The Wilcoxon signed-rank test was used to identify
differences in stimulation intensity between conditions,
pain ratings before and during the contraction (sepa-
rately for each condition), and pain ratings during the
contraction between tonic and movement-evoked pain.
To ensure that there was no habituation during tonic
pain (see Section 2), we also compared the pain ratings
before and after the contraction using the Wilcoxon
signed-rank test (N=11).

The main aim of the study was to understand whether
changes in muscle force production and activation dif-
fered between the movement-evoked and the tonic pain
conditions. To test this, a two-way repeated measures
ANOVA was used to compare main and interaction ef-
fects of condition (tonic pain and movement-evoked
pain) and time (baseline, pain, and post-pain) on peak
torque, time to peak torque, contraction duration and
muscle activation. Post hoc comparisons within each
condition were performed with Bonferroni correction,
and interaction effects were decomposed with pairwise
contrasts with respect to baseline. For VL RMS and BF
RMS, we applied log transformation as the data were not
normally distributed. A paired t-test was used to com-
pare the muscle activation during the rest period before
the start of the MVCs during pain.

While analyzing the data, we observed that the me-
dian pain reported during contraction was significantly
lower during tonic pain compared to movement-evoked
pain (see Section 3 below). As this difference could be a
confounding factor for our main analysis (difference in
torque when exposed to movement-evoked compared to
tonic pain), we performed additional analyses to investi-
gate whether individuals who reported less pain during
tonic compared to movement-evoked pain were those
who showed larger differences in knee extension torque
between conditions. At the group level, a Spearman cor-
relation was performed to test whether differences in
peak torque between conditions were associated with
differences in pain ratings between conditions. At the
individual participant level, a subgroup analysis was per-
formed to compare the average change in knee extension
torque between those individuals who reported a similar
pain intensity between conditions (absolute difference
lower than 0.5/10; N=6) and those individuals who re-
ported a difference in pain intensity between conditions
(absolute difference higher or equal than 0.5/10; N=15).
A significant association (group level) or a large differ-
ence in knee extension torque between subgroups (indi-
vidual participant level) would imply that the lower pain
reported in the tonic compared to movement-evoked
pain condition was a main factor in the between-session
reduction in knee extension torque production. In ad-
dition, we performed Spearman correlations between

pain ratings during the contraction and changes in peak
torque, separately for each condition. The « threshold for
all tests was set at 0.05.

3 | RESULTS

The analyzed dataset is available as supplementary mate-
rial (Table S1).

3.1 | Reliability analysis

We determined the between-session reliability of torque
and stimulation intensity between tonic and movement-
evoked pain sessions. The ICC values (95% confidence
interval) for the baseline MVC was 0.97 (0.93, 0.99) and
for the stimulation intensities to induce a pain of 1/10
and 4/10 NRS were 0.30 (—0.14, 0.64) and 0.73 (0.43,
0.88), indicating excellent, poor and good reliability be-
tween sessions, respectively. In addition, regardless of
whether the participant started with the tonic pain ses-
sion or movement-evoked pain session, no between-day
systematic bias was observed for baseline MVC measures
(t(20)=0.156, p=0.828; Day 1: 211.25+87.60 Nm; Day 2:
212.33+89.82) or stimulation intensities to induce a pain
1/10 (4(20)=—-0.412, p=0.685; Day 1: 1.52+0.66 mA; Day
2: 1.60+0.66 mA) and 4/10 NRS (Wilcoxon signed-rank
test; N=21; z=—0.887, p=0.375; Day 1: 5.67+2.11mA;
Day 2: 6.19+2.81 mA).

3.2 | Stimulation intensity

No significant difference was observed in the stimulation
intensity necessary to induce pain of 4/10 NRS between
tonic (median [1st quartile, 3rd quartile]: 5.0 [4.5, 7.0] mA)
and movement-evoked (6.0 [4.5, 7.5] mA) pain conditions
(difference: 0.0 [—0.5, 0.5] mA; Wilcoxon signed-rank test,
N=21, z=-0.372, p=0.709). When pooling both condi-
tions, the stimulation intensity to induce pain of 4/10 NRS
at rest was 5.3 [4.5, 7.5] mA.

3.3 | Knee pain intensity

In the tonic pain condition, individuals reported less
pain during contraction (2.3 [1.7, 3.0] NRS) than at rest
(3.7 [3.3, 4.0] NRS; Wilcoxon signed-rank test, N=21,
z=-4.009, p<0.001; Figure 2). Conversely, for the
movement-evoked pain condition, participants reported
more pain during contraction (3.0 [3.0, 4.0] NRS) than at
rest (1.3 [1.0, 2.0] NRS; Wilcoxon signed-rank test, N=21,
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z=-—4.014, p<0.001; Figure 2) as expected. Perceived pain
intensity during contraction was significantly greater for
movement-evoked compared with tonic pain (difference:
1.00 [0.3, 1.7] NRS; Wilcoxon signed-rank test, N=21,
z=-3.224, p=0.001; Figure 2). Additionally, in the tonic
pain condition, no significant difference was observed in
the pain intensity before (3.7 [3.3, 4.0] NRS) and after the
contraction (3.7 [2.7, 4.0] NRS; Wilcoxon signed-rank test,
N=11,z=-1.472, p=0.141).
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FIGURE 2 Pain intensity. Pain intensity ratings obtained
before and during contractions for tonic pain (red; N=21) and
movement-evoked pain (blue; N=21) conditions. Gray circles
identify individual participants. Box and whiskers plots denote
median value, interquartile interval, and distribution range.
*p<0.001.
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3.4 | MVC peak torque, contraction
duration, and muscle activation

The raw values of MVC peak torque, contraction duration
and muscle activation measured during baseline, pain,
and post are presented in Table 1, separately for each
condition.

The effect of tonic and movement-evoked experimen-
tal pain on maximal knee extension torque and contrac-
tion duration is displayed in Figure 3. For both tonic and
movement-evoked pain, there was a reduction in the knee
extension torque during painful MVCs compared to base-
line (Figure 3). A larger reduction was observed when
the stimulation intensity was modulated by the knee ex-
tension torque (i.e., movement-evoked pain; dark blue
line in Figure 3) compared to tonic pain (dark red line in
Figure 3). As shown in Figure 3, the contraction duration
was longer for tonic pain compared with the movement-
evoked pain condition.

These results were confirmed statistically (Figures 4
and 5). Two-way repeated measures ANOVA identified an
interaction effect of painful stimulation and time on the
torque produced (F (2,40): 5.76, p=0.006). Torque produc-
tion decreased during pain compared to baseline (tonic:
—26.3+269Nm, p<0.001; movement-evoked pain:
—37.7+32.2Nm, p<0.001), and it returned to baseline
in the trials post pain (tonic: —5.4+21.6Nm, p=0.786;
movement-evoked pain: —5.3+17.8Nm, p=0.568). The
torque reduction from baseline was 5.9+7.5% larger
during movement-evoked than tonic pain (N=21, pair-
wise contrast with respect to baseline, p<0.001), but no
difference was observed between conditions during post
pain (0.4+11.4%, N=21, pairwise contrast with respect
to baseline, p=0.967). Results were comparable when the
highest MVC trial instead of the average of the three MVC
trials was considered (4.9 +7.5% difference, N=21, pair-
wise contrast with respect to baseline, p < 0.005). Two-way
repeated measures ANOVA also identified a main effect of
time on the time to peak torque (F (2,40): 16.81, p<0.001),
but no main effect of painful stimulation (F (1,20): 3.54,

TABLE 1 Average +standard deviation values of MVC peak torque, muscle activation, and contraction duration.

MVC peak Vastus lateralis
torque (Nm) activation (uV)
Base Tonic 211.4+84.2 171.7+£111.2
MEP 212.2+93.0 142.49 +63.6
Pain Tonic 185.1+65.5 141.5+87.5
MEP 174.5+75.0 113.1+53.2
Post Tonic 206.0+74.9 144.0+£70.2
MEP 206.9+£83.2 136.3+62.7

Abbreviation: MEP, movement-evoked pain.

Biceps femoris Contraction Time to peak
activation (V) duration (s) torque (s)
23.7+£12.6 54+0.3 2.1+0.8
20.8+9.2 5.5+0.4 24+1.1
21.1+10.4 5.9+0.4 2.7+0.8
16.9+7.4 5.6+0.4 30212
22.8+11.7 55+0.3 2.2+0.8
19.4+9.6 5.5+0.4 2.5+1.0
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FIGURE 3 Effect of tonic pain (blue)
and movement-evoked pain (red) on
maximal knee extension torque averaged
across all participants. Average maximal
knee extension torque acquired during
baseline are shown separately for tonic
(dark gray) and movement-evoked (light
gray) conditions. The black dashed line
indicates the torque threshold (7.5Nm)
used to define the onset and offset of
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p=0.074) or interactions (F (2,40): 0.02, p=0.979). Time
to peak torque increased during pain compared to base-
line (0.6+0.8s, p<0.001), and it returned to baseline in
the post-pain (0.1+0.7s, p=0.633). An interaction effect
of painful stimulation and time on the contraction time
was identified by the two-way repeated measures ANOVA
(F (2,40): 6.90, p=0.003). Post hoc tests revealed that con-
traction duration significantly increased during tonic pain
(0.5+0.4s, p<0.001) and returned to baseline in the trials
post pain (0.1+0.3s, p=1.000). Conversely, no significant
changes in contraction duration were observed during
movement-evoked pain compared to baseline (p=0.607)

and post pain (p =1.000). The change from baseline in con-
traction duration differed between tonic and movement-
evoked pain (7.0+10.1% longer for tonic pain, pairwise
contrast with respect to baseline, p=0.005).

EMG data from one participant was excluded due to
technical issues with the data acquisition. This participant
was included in all the other analyses. When considering
the muscle activation during the rest period before the
start of the painful contractions, there were no differences
between tonic and movement-evoked pain conditions,
both for the VL (N=20, #(19)=0.36, p=0.722) and BF
(N=20,1(19)=0.11, p=0.917) muscles. Two-way repeated
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FIGURE 5 Effect of tonic pain (red; (A) Vastus lateralis muscle (B) Biceps femoris muscle
N=20) and movement-evoked pain (blue; 30 . . 30 . ;
N=20) on peak root mean square (RMS)
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measures ANOVA revealed a main effect of time on the
VL activation (F (2,38): 17.30, p<0.001), but no effect of
painful stimulation (F (1,19): 3.71, p=0.069) or interac-
tions (F (2,38): 2.03, p=0.146). VL activation decreased
during pain compared to baseline (—29.79+36.62pV,
p<0.001), and it returned to baseline in the trials post
pain (—16.95+43.26 pV, p=0.093). For the BF activation,
there was a main effect of time (F (2,38): 8.90, p<0.001)
and painful stimulation (F (1,19): 8.18, p=0.010), but no
interactions (F (2,38): 0.75, p=0.479). Post hoc tests re-
vealed that BF activation significantly decreased during
pain (—3.25+4.76 pV, p=0.005) and returned to baseline
in the trials post pain (—1.22 +4.65pV, p=0.322).

The following analyses were performed to test whether
the differences in torque between conditions may be due
to the lower pain intensity reported during contraction
while exposed to tonic compared to movement-evoked
pain. The between-condition difference in perceived pain
intensity was not associated with the between-condition
difference in normalized knee extension peak torque re-
duction (Spearman correlation, p=0.28, p=0.211), indi-
cating that participants who reported more pain during
the movement-evoked pain did not show a larger decrease
in knee extension torque than those who reported similar
pain intensity between sessions. This was also confirmed at
an individual participant level. The N=6 participants who
reported similar pain ratings during tonic and movement-
evoked pain (absolute difference lower than 0.5/10 NRS)
showed on average a 6.6% lower torque production during
movement-evoked compared to tonic pain. This difference
is similar to the 5.7% difference observed in the N=15 par-
ticipants who reported lower pain during tonic compared
to movement-evoked pain (absolute difference higher

or equal to 0.5/10 NRS). Moreover, there were no signif-
icant correlations between reductions in MVC and pain
ratings neither for tonic (Spearman correlation, p=0.25;
p=0.274) nor for movement-evoked pain (Spearman cor-
relation, p=0.32; p=0.162) conditions.

4 | DISCUSSION

We investigated whether pain that increases proportion-
ally to the knee extension torque has a larger effect on
maximal knee extension torque than a constant painful
stimulation. Both tonic pain and movement-evoked pain
decreased maximal knee extension torque, but larger re-
ductions were observed with movement-evoked pain.
Contraction duration was longer during tonic pain, possi-
bly due to the pain-relieving effect of muscle contraction.
Our findings indicate a larger decrease in force production
when force production elicits pain, compared to when it
does not. In addition, our findings suggest that the same
painful stimulus applied continuously or in association
with movement elicits different motor adaptations, both
consistent with an attempt to reduce pain. These find-
ings provide mechanistic support for studies investigating
whether exercise prescription should differ when pain is
associated to movement or not.

4.1 | Electrical stimulation as a tonic
pain model

Our results support the use of electrical painful stimula-
tion to induce tonic pain. First, the reduction in maximal
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knee extension torque observed during tonic pain (~11%;
Figure 4A) was of a similar magnitude as reported pre-
viously in studies using injections of hypertonic saline
solution to induce experimental knee pain'>* with peak
torque reduction of at least 5% observed in 86% of the
participants, compared to 50% in other studies.'>* Sec-
ond, in line with previous findings using injections of
hypertonic saline solution,'*'* participants reported less
pain during contraction than at rest. Because of these
similarities, our results support the use of electrical
stimulation to induce tonic pain.

4.2 | Movement-evoked pain induces
larger motor adaptation to pain than
tonic pain

Compared to the ~11% reduction in maximal knee ex-
tension torque observed during tonic pain, movement
evoked pain resulted in a significantly larger reduction
of reduction of 17%. Because of the direct association
between larger torque production and increase in pain,
the larger reduction in knee extension in the movement-
evoked condition is consistent with theories that
adapted motor responses occurs as a purposeful strategy
to reduce pain.* A possible explanation for the larger de-
crease in torque could be that, due to its close associa-
tion with the increase in pain intensity, force production
was considered a larger threat for body integrity”® in the
movement-evoked compared to the tonic condition. Re-
search on individuals with lived experience of knee pain
report that pain elicited with movement is interpreted as
a potential sign of tissue damage, prompting avoidance
behavior.* In this study, larger protective behavior may
have been promoted by an interpretation of movement-
evoked pain as a precursor of tissue damage,* or because
movement-evoked pain is a more attention-demanding
perception of pain®® than tonic pain. Overall, our results
provide experimental evidence that pain intensity that
increases with force production elicits larger protec-
tive/avoidance behavior than tonic stimulation, which
is consistent with multiple theories of motor adaptation
to pa.in.“’B’36

4.3 | Effect of pain on vastus
lateralis (agonist) and biceps femoris
(antagonist) muscles

Since a motor adaptation to pain model suggests that the
activity of antagonist may be increased during pain,*
we investigated whether the reduction in knee extension

torque was associated to increased activation of the bi-
ceps femoris. Instead, in line with other studies,'™ our
results support a reduction in muscle activation of both
vastus lateralis (agonist) and biceps femoris (antago-
nist), suggesting generalized inhibition of both agonist
and antagonist muscles. Our results indicate that the
lower torque production during movement-evoked pain
was not due to an increased activation of the antagonist
muscles and add to the evidence against theories that
predict a systematic increase of activation of the antago-
nist muscle.*

4.4 | Different adaptation to
movement-evoked and tonic pain

Despite a comparable decrease in time to peak torque
during tonic or movement-evoked pain, contraction
duration was longer when participants were exposed
to tonic pain, likely due to a prolonged submaximal ef-
fort after the MVC was completed (Figure 2). It should
be noted that we explicitly encouraged participants to
perform the MVC for 5s but did not ask them to stop
exerting force at 5s. The opposite adaptation (contrac-
tion for less time) could have been expected during the
movement-evoked pain condition, but this was not pos-
sible due to the instructions to maximally contract for
at least 5s; importantly, the increased contraction time
was not observed when exposed to movement-evoked
pain. Considering that during tonic pain participants
reported lower pain intensity during contraction than
at rest, participants may have increased contraction
duration in an attempt to reduce pain intensity for
longer. It is unclear whether tonic pain relief with con-
traction is mediated by gating of the painful stimuli by
activation of non-nociceptive afferents,>® lower atten-
tion to the painful stimulus® or because the partici-
pants felt that they “took action”.'” Regardless, these
results show that participants adapted to tonic pain
by increasing contraction duration, and to movement-
evoked pain by decreasing torque production, and both
strategies are in line with a purposeful choice to re-
duce pain. This finding adds to existing literature sup-
porting the specificity of motor adaptation to pain, for
instance when the painful stimulus is induced in dif-
ferent tissues around the knee,*" or in deep or superfi-
cial tissues.>® Overall, our results support the notion of
variable motor adaptation to pain, including reduced
muscle activation and altered contraction duration,*
and further highlight how the association between a
painful stimulus and movement is a key factor in how
individuals adapt to pain.
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4.5 | Differences in pain intensity during
movement-evoked and tonic pain

Despite standardization of the stimulation intensity,
participants reported higher pain intensity during
movement-evoked compared to tonic pain during the
MVCs. This could be explained by both physiological
and cognitive mechanisms. The firing rate of C nocicep-
tors was shown to be larger when heat painful stimuli
were applied with shorter rise time.*’ It is possible that,
despite comparable stimulation amplitude, the quick
increase in stimulation amplitude during movement-
evoked pain resulted in larger firing rates of the noci-
ceptors, and therefore larger reported pain compared
to the tonic pain condition. An alternative and possi-
bly co-existing explanation could be a role of cognitive
mechanisms, and especially attention.*® For example,
with tonic pain, less attention might be directed to the
nociceptive stimulus because it was not associated with
the contraction, therefore constant and highly predict-
able. It could be argued that since higher pain inten-
sities have been shown to result in larger decreases in
knee extensor torque,”” the larger decrease in torque
production during movement-evoked pain could be due
to the higher pain intensity, rather than the association
between movement and pain. However, as participants
who reported higher pain intensity during movement-
evoked compared to tonic pain showed similar de-
creases in muscle force to participants who reported
comparable pain intensity between sessions, the differ-
ences in torque production observed between tonic and
movement-evoked pain are unlikely to be due to differ-
ences in pain intensity.

4.6 | Perspectives

Both tonic and movement-evoked pain are commonly de-
scribed in individuals with musculoskeletal pathologies"’
and after knee surgery.*’ For instance, patellofemoral
pain is diagnosed as pain that is aggravated with activi-
ties that load the patellofemoral joint such as single leg
squats,” but in some individuals pain is also exacerbated
by prolonged sitting postures.® Similarly, pain at rest and
during movement have been showed to be different con-
structs in individuals after surgery such as knee replace-
ment.*! While traditional experimental models of tonic
pain have successfully replicated some of the motor adap-
tations observed in individuals with musculoskeletal dis-
orders, our results suggest that motor adaptations to pain
may differ or be larger if induced with movement-evoked
pain. At a mechanistic level, our findings of different ad-
aptation to tonic and movement-evoked support recent

work on individuals with patellofemoral pain highlight-
ing the need to report pain experienced during multiple
pain-provoking tasks* and training interventions specifi-
cally targeting painful movements.*’ These findings may
contribute to the development of more effective exercise
prescription in the long term.

4.7 | Limitations

It is well known that electrical stimulation lacks spatial
selectivity and, thus, it is possible that some of our results
are explained by the activation of non-nociceptive affer-
ents. However, the changes in pain intensity with contrac-
tion and the decrease in torque observed are very similar
to those observed after hypertonic saline solution injec-
tion, which partially support the validity of the model
used. Moreover, painful electrical stimulation is to our
knowledge the only exogenous pain model that allows to
directly compare movement-evoked and tonic pain using
the same experimental model, and any effect on non-
nociceptive afferents is likely to be similar between the
two types of stimulation. With respect to the time of con-
traction, our protocol gave an indication of a minimum
time participants had to contract for. This allowed them
to contract for longer (as observed in the case of tonic
pain), but not to contract for shorter since they were ver-
bally prompted to contract for at least 5s. Whether people
exposed to movement-evoked pain choose to contract for
less time in order to limit pain still needs to be investi-
gated. Although we did not control for menstrual cycle,
compelling evidence indicated that the menstrual cycle
did not affect the MVC torque production in females.*
In this study, participants were asked to recall their pain
before, during, and after the MVC after task completion.
Pain ratings collected during the task may have been more
accurate. However, asking participants to rate their pain
intensity during the MVC task may have resulted in non-
maximal efforts, which would have impacted the muscle
force production data. Finally, the stimulation intensity
required to induce a pain intensity of 1/10 demonstrated
poor reliability between days. This could be due to the dif-
ficulty to assess stimuli that induce a very mild pain, to
differences in pain induced for a certain stimulation am-
plitude due to slight differences of electrode placement or
skin impedance, or to the small variance of the data com-
pared to the stimulation intensity to induce a pain of 4/10.

5 | CONCLUSIONS

Our results indicate that a direct association between
increased muscle force production and increased pain
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intensity was a more potent stimulus to reduce knee ex-
tension torque than tonic pain. The larger reduction in
knee extension torque was not due to increased neural
drive to the antagonist (biceps femoris) muscle. Consid-
ering the longer contraction time observed during tonic
pain, our results suggest that tonic and movement-evoked
pain induce different motor adaptation, both consistent
with a purposeful strategy to limit pain.
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