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HIGHLIGHTS: 

 Action observation and motor imagery facilitate corticomotor excitability (CE) 

 Intramuscular pain reduces CE 

 Action observation and motor imagery counterbalance pain-induced reduction in CE 
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ABSTRACT 

Musculoskeletal pain reduces corticomotor excitability (CE) and methods modulating such CE reduction 

remain elusive. This study aimed to modulate pain-induced CE reduction by performing action observation 

and motor imagery (AOMI) during experimental muscle pain. Twelve healthy subjects participated in three 

cross-over and randomized sessions separated by one week. During the AOMI session subjects performed 

an AOMI task for 10 mins. In the AOMI+PAIN session, hypertonic saline was injected in the first dorsal 

interosseous (FDI) muscle prior to performing the AOMI task. In the PAIN session, subjects remained at rest 

for 10 min or until pain-resolve after the hypertonic saline injection. CE was assessed using transcranial 

magnetic stimulation motor-evoked potentials (TMS-MEPs) of the FDI muscle at baseline, during, 

immediately after, and 10 min after AOMI and/or PAIN. Facilitated TMS-MEPs were found after two and 

four mins of AOMI performance (P<0.017) whereas a reduction in TMS-MEPs appeared at four mins 

(P<0.017) during the PAIN session. Performing the AOMI task during pain counteracted the reduction in CE, 

as evident by no change in TMS-MEPs during the AOMI+PAIN session (P>0.017). Pain intensity was similar 

between the AOMI+PAIN and PAIN sessions (P=0.71). This study, that may be considered a pilot, 

demonstrated the counteracting effects of AOMI on pain-induced reduction in CE and warrants further 

studies in a larger population. 
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PERSPECTIVE:  

This is the first study to demonstrate a method counteracting the reduction in corticomotor excitability 

associated with acute pain and advances therapeutic possibilities for individuals with chronic 

musculoskeletal pain. 

Keywords: Corticospinal excitability, mirror neuron system, experimental muscle pain, Action observation, 

Motor imagery 

INTRODUCTION 

Pain education and exercise are interventions known to assist recovery of function in patients with 

musculoskeletal pain [6,37]. However, it still remains unknown how to target the well-established 

sensorimotor changes occurring in response to acute or chronic muscle pain [45]. Acute experimental 

muscle pain reduces corticomotor excitability [35,46,59] and a body of evidence suggest that patients with 

chronic musculoskeletal pain show a reduction in corticomotor representation of the muscles in pain 

[57,67]. Indeed, persistent pain can alter our movement patterns and may serve to protect the painful limb 

against further harm [31] and as result lead to long-standing, possibly maladaptive, changes in cortical 

motor excitability. This notion is supported by experimental studies, where acute pain modifies movement 

patterns [8,34] as well as cortical motor excitability governed by the primary motor cortex (M1) [12].  

The pain-induced reduction in corticomotor excitability during experimental pain is most commonly 

assessed using transcranial magnetic stimulation (TMS) motor-evoked potentials (MEPs). Reduced TMS-

MEPs are consistently demonstrated across different experimental pain modalities such as muscle pain 

[35,46,58], skin pain [21], and noxious heat [68,69]. Interestingly, such pain-related reduction in 

corticomotor excitability is maintained at pain-resolve and lasts for up to 30 mins after pain has 

disappeared [46,56] suggesting that it is not pain perception per se that drives the reduction. In contrast, 

ballistic repetitive motor practice [13,41] and novel goal-directed motor practice [7,25], action observation 
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(AO) [20,33,62] and motor imagery (MI) [9,11,16,23,61] facilitate TMS-MEPs. AO and MI are considered 

motor simulation paradigms [32] as opposed to motor practice which is the actual execution of e.g. 

repetitive movements [41]. By observing or imagining movements without overt movement [19], the so-

called ‘action observation network’ is engaged [14]. The facilitating effects of actual movement execution 

and AO or MI are believed to be mediated by overlapping neuroanatomical structures [14,32]. For instance, 

Porro et al. [48] demonstrated that activation patterns of precentral and postcentral gyri were similar 

between motor execution and MI of self-paced finger-to-thumb opposition movements. It is therefore not 

surprising that observing or imagining movement can facilitate corticomotor excitability. Early premotor 

cortex (PMC) studies in macaque monkey, demonstrated the so-called mirror neurons which discharge 

during the observation of movements performed by others [26,51]. In humans, AO and MI performance led 

to activation of the ventral and dorsal premotor cortex (PMC) as demonstrated by functional magnetic 

resonance imaging [10,14], and is considered to influence primary motor cortical (M1) excitability through 

strong reciprocal connections between the PMC and M1 [65,66]. Thus, there is a neuroanatomical 

substrate to influence MI excitability by AO and MI. Combining AO and MI (AOMI) as a task yields a greater 

facilitating effect on corticomotor excitability than when performed separately [19]. Furthermore, AO and 

MI, separately and combined, have shown similar efficacy for stroke rehabilitation [19].  

This study aimed to determine the effects of performing an action observation and motor imagery 

(AOMI) task on corticomotor excitability during acute experimental muscle pain. It was hypothesized that 

(1) AOMI would counteract the reduction in corticomotor excitability during experimental muscle pain 

compared to baseline, and (2) AOMI would normalize the pain-induced reduction in corticomotor 

excitability at pain-resolve. 

 

METHODS 

Subjects  
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Sample size calculations were performed based on the standardized mean difference [0.52 (-0.01, 1.06)] 

from a recent meta-analysis on the effect of experimental pain on MEPs [12]. With type I and type II errors 

set to 5% and 20%, respectively, and high correlation between repeated measures (0.8) [36], 10 subjects 

were needed. To account for drop-out, two extra subjects were included (20%). Sample size calculations 

were performed in G*Power version 3.1.9.2. (Universität Düsseldorf). Twelve pain-free, left- and right-

handed subjects [2] were included (average age ± SD: 25.8 ± 3.7 years; six women). All subjects were 

screened for eligibility in receiving TMS, using a standardized safety questionnaire [52,53]. Handedness for 

each subject was determined by Edinburgh Handedness Inventory [44]. One subject was left-handed based 

on the laterality quotient (L.Q. = -0.8), whereas the remaining 11 were right-handed (L.Q. = 0.74 ± 0.25). 

One right-handed subject was excluded from all analyses due to having MEPs exceeding up to ± 27 SDs 

(AOMI session) of the sample mean (total n = 11). Before participating, subjects received oral and written 

information about the procedures and provided written informed consent. The study was approved by the 

local ethics committee (VN-20170006) and conducted in accordance to the Declaration of Helsinki. 

 

Experimental design 

In a cross-over and randomized design, the subjects participated in an AOMI only session (AOMI), an AOMI 

and pain session (AOMI+PAIN), or a pain only session (PAIN; Fig. 1). Each session was separated by at least 

one week and sequence of sessions was randomized. During the AOMI session, an AOMI task was 

performed for 10 mins. In the AOMI+PAIN task, hypertonic saline was injected into the first dorsal 

interosseous (FDI) muscle before performing the AOMI task for 10 mins. For the PAIN session, subjects 

were injected with hypertonic saline in the FDI muscle and remained at rest until pain-resolve.  

Baseline corticomotor excitability was assessed by 20 TMS-MEPs and always recorded immediately 

after AOMI familiarization. Another 100 TMS pulses were delivered over 10 min during the AOMI and/or 

PAIN sessions. Twenty follow-up TMS-MEPs were recorded immediately after and 10 min after the AOMI 
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performance. In the AOMI+PAIN and PAIN sessions, the 20 TMS-MEPs follow-up recordings were done at 

pain-resolve and 10 min after pain-resolve. MEPs were recorded while observing and imagining the AOMI 

task during the AOMI and AOMI+PAIN sessions. For the PAIN session, MEPs were recorded while the 

subjects remained at rest.  

  

Action observation and motor imagery task 

The AOMI task consisted of pre-recorded video clips of index finger abductions and adductions performed 

by a Caucasian male or female. One trial of the AOMI task consisted of observing and imagining two index 

finger abductions and adductions. Subjects were familiarized with the AOMI task (three consecutive trials). 

The AOMI task was shown on a 17-inch monitor placed 90 cm away from the subjects (from nasion to the 

middle of the monitor). Each AOMI trial lasted four seconds, followed by a 2 second black screen 

(screenshot of the task movement is shown in Fig. 2). 

The subjects were asked to imagine performing the AOMI task movement, without any volitional 

movement of the index finger. Since the investigator was placed immediately behind the subject, the 

absence of volitional movement was ensured by observation. After every 20 AOMI trials (2 mins), a screen-

prompt to rate the pain intensity appeared (AOMI+PAIN and PAIN sessions) or attention to the AOMI task, 

as control rating. Numerical rating scale (NRS) ratings of attention were recorded, with anchors ‘0’ 

representing ‘no attention’ and ‘10’ representing ‘most attention imaginable’. Attention NRS ratings were 

obtained at 2, 4, 6 ,8, and 10 min while performing the AOMI task. A total of 100 AOMI task trials (10 mins) 

were performed during the AOMI or the AOMI+PAIN session. The AOMI trials were coded in E-prime 3.0 

(Psychology Software Tools, Sharpsburg, PA).  

 

Motor evoked potentials 
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All TMS methods are described in accordance to the recent guidelines on TMS methodology reporting [15]. 

A magnetic stimulator (Magstim BiStim2, Magstim Company, UK) was used to deliver monophasic pulses, 

using a focal figure-of-eight coil (D702, Magstim Company, UK). To induce a posterior-anterior directed 

current eliciting MEPs from the FDI muscle, the coil handles was pointing backwards and laterally at a 45° 

angle to the sagittal plane. An interstimulus interval of 5-7 seconds was used. Each subject was fitted with a 

swimming cap containing a pre-defined grid (1 × 1 cm squares, orientated to vertex; 0,0). The swimming 

cap ensured standardized orientation and location of the delivery of TMS pulses and was employed to 

determine the optimal scalp position and resting motor threshold (RMT) for the FDI muscle. The optimal 

scalp position was determined using 50% of maximum stimulator output and was defined as the site that 

yielded the highest and most consistent peak-to-peak amplitude MEPs in three trials. The RMT was 

determined based on the stimulator output intensity needed to evoke MEPs ≥ 50 µV in the FDI muscle in 

five out of 10 trials with the muscle at rest [55]. A stimulation intensity of 120% × RMT was used for the 

remaining of the session. An interstimulus interval of 5-7 seconds was used for repeated TMS-MEP 

recordings throughout the experimental sessions. 

Bipolar Ag/AgCl electrodes (Neuroline 720, Ambu® A/S, DK) were placed at the muscle belly of the 

FDI muscle, with an approximate 20 mm interelectrode distance. The reference electrode was placed at the 

styloid process. The electromyography (EMG) data was pre-amplified (1000x gain), analogue band-pass 

filtered (5 Hz-1 kHz) and sampled at 4 kHz by a 16-bit data-acquisition card (National Instruments, NI6122). 

Peak-to-peak TMS-MEPs were shown on-line by custom-made LabView software (Mr. Kick III, SMI, Aalborg 

University). A window of 100 ms pre-TMS stimulation was used to confirm that no movement (pre-

contraction) or tension in the muscle was present before the stimulation. Similar to a previous protocol 

[35], peak-to-peak amplitude was extracted for each MEP and averaged across sequential 20 MEPs. The 

averaged MEPs were used for analysis. The grand mean of pain-resolve and pain-resolve+10 was used to 

reflect follow-up TMS-MEPs. 
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Hypertonic saline injection  

The injection site was determined by palpation of the contracted FDI muscle. The skin was cleaned with 

alcohol, and pain was induced by a bolus injection of sterile hypertonic saline (0.2 mL, 5.8% NaCl) into the 

FDI muscle, using a 1 mL syringe with a disposable needle (27G) [35,46]. The participants assessed their 

pain intensity rating verbally on a NRS, with ‘0’ representing ‘no pain’ and ‘10’ representing ‘worst 

imaginable pain’. NRS ratings were obtained immediately after, and 2, 4, 6 ,8, and 10 min after the injection 

and every minute until pain-resolve. Pain-resolve was defined as the first time the NRS scores was zero. 

  

Statistical analyses 

Normal distribution of the data was tested using Shapiro-Wilk’s test for normality. Since data exhibited 

non-normal distribution across several time-points, all MEPs were log-transformed (base 10) and used for 

subsequent analyses. Pain-induced reduction in TMS-MEPs peaks from 2-4 mins [35,46] and planned 

contrasts were performed between baseline and 2-4 mins, as well as between baseline and follow-up 

measures.  

To investigate if AOMI could counteract the pain-induced reduction in corticomotor excitability, a two-way 

repeated measures analysis of variance (RM ANOVA) was used with within-subjects factors session (AOMI, 

AOMI+PAIN, and PAIN) and time (baseline, 2 mins, 4 mins, and follow-up). Post hoc tests were carried out 

by simple main effects analyses reflecting one-way RM ANOVAs within each session and at each time-point 

across the three sessions. Planned contrasts were run between baseline MEPs and 2 mins or 4 mins to 

show the effects of AOMI, AOMI and PAIN, or pain on FDI-MEPs during experimental muscle pain. To 

investigate the follow-up measures (after pain-resolve), a planned contrast was also performed for baseline 
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versus follow-up MEPs. Planned contrast analysis was corrected for multiple contrasts by applying false 

discovery rate (FDR) [5].  

Pain NRS scores were analyzed using a two-way RM ANOVA, with within-subjects session 

(AOMI+PAIN and PAIN) and time (11 time-points from immediately after injection to 15 mins post-

injection). Attention NRS-ratings were analyzed using a one-way repeated RM ANOVA with time as within-

subjects factor (2-10 mins of performance). FDR was applied for the NRS scores of pain and attention when 

appropriate. 

All statistical analyses were performed in Statistical Package for Social Sciences (SPSS; version 25, 

IBM). Data are presented as mean and standard error of the mean (SEM).  

A P-value < 0.05 was considered statistically significant for the two-way (MEPs and pain NRS) and 

one-way (attention NRS) RM ANOVAs, whereas the FDR corrected multiple contrasts were required to 

reach a PFDR-value < 0.017 to be considered significant. 

 

RESULTS 

The baseline RMT of the FDI muscle was 43.2% ± 4.2 (AOMI), 41.7% ± 3.7 (AOMI+PAIN), and 42.5% ± 3.9 

(PAIN) of maximum stimulator output. The anterior-posterior distance from vertex (0,0) for the optimal 

scalp position (FDI muscle) in the AOMI, AOMI+PAIN and PAIN sessions was 2.18 cm ± 0.4, 2.09 cm ± 0.30, 

and 1.82 cm ± 0.40, respectively. The corresponding medio-lateral distances were 4.00 cm ± 0.70, 4.18 cm ± 

0.60, and 4.36 cm ± 0.80, respectively.  

 

TMS-MEPs did not reduce in response to hypertonic saline-induced pain during AOMI 
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A significant interaction between session and time was found (Fig. 3; F6,60 = 6.33, P < 0.0005, η2
partial = 

0.39). Post hoc analysis revealed a session difference between baseline FDI MEPs (F2,20 = 8.41, P = 0.002, 

η2
partial = 0.46), with lower baseline MEPs for the AOMI session compared to the AOMI+PAIN session (Fig. 3; 

PFDR < 0.017). The baseline MEPs did not differ between the AOMI and PAIN sessions (Fig. 3, PFDR > 0.017). 

Similarly, baseline measures did not differ between the AOMI+PAIN and PAIN sessions (Fig. 3, PFDR > 0.017).  

At 4 mins, a difference in TMS-MEPs was found (F2,20 = 5.2, P = 0.015, η2
partial = 0.34) with the MEPs of the 

AOMI session being increased compared to the PAIN session (Fig. 3; PFDR < 0.017). Conversely, MEPs were 

not different between the three sessions after 2 mins (Fig. 3; F2,20 = 1.2, P = 0.33, η2
partial = 0.1) or at follow-

up measures (Fig. 3; F2,20 = 0.65, P = 0.54, η2
partial = 0.06). During the AOMI session (Fig. 3; F3,30 = 5.47, p = 

0.004, η2
partial = 0.35), an increase in FDI MEPs was found at 2 mins and 4 mins (Fig. 3; PFDR < 0.017) 

compared with baseline. During the PAIN session MEPs changed significantly over time (Fig. 3; F3,30 = 4.14, P 

= 0.014, η2
partial = 0.29), with a reduction in FDI MEPs after 4 mins (Fig. 3; PFDR < 0.017). A significant time-

effect was found for the AOMI+PAIN session (Fig. 3; F3,30 = 3.77, P = 0.02, η2
partial = 0.27), but FDR corrected 

planned contrasts showed no change in FDI MEPs at any time-point compared to baseline (Fig. 3; all PFDR > 

0.017). The mean raw MEPs from each session across time are available in Table 1. 

 

Similar pain NRS scores in the two PAIN sessions, and NRS attention scores in AOMI session 

The two-way RM ANOVA on pain NRS scores did not reveal a significant session × time interaction (Fig. 4; 

F12,132 = 0.74, P = 0.71, η2
partial = 0.06). Conversely, a strong effect of time was found (F12,132 = 57.12, P < 

0.005, η2
partial = 0.84). Post hoc tests showed that pain NRS scores significantly reduced after 8 mins up until 

pain-resolve (PFDR < 0.007) as compared to intensity ratings immediately following the injection. The one-

way RM ANOVA did not show any effect of time on the attention ratings (F4,44 = 0.64, P = 0.64, η2
partial = 

0.06) (grand mean attention rating ± SEM: 7.9 ± 0.08). 
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DISCUSSION 

This is the first study to demonstrate a modulation of pain-induced reduction in corticomotor excitability 

using a paradigm based on engaging intracortical mechanisms between the PMC and M1. Results show that 

performing an AOMI task during acute experimental muscle pain counteract the reduction in corticomotor 

excitability that would otherwise occur. The current findings suggest that engaging the “action observation 

network” may enhance motor rehabilitation training regimes for musculoskeletal pain patients. 

Furthermore, this study showed that the pain intensity remained the same while performing the (AOMI) 

task supporting that the intensity of pain is unrelated to the change in corticomotor excitability.  

 

Non-primary motor areas may counterbalance pain-induced corticomotor excitability reduction  

The current study is the first to show that AOMI performance counteract the pain-induced reduction in 

corticomotor excitability. This may indicate a competitive system between efferent motor output as elicited 

by AOMI and TMS and afferent nociception as induced by the hypertonic saline injection. Indeed, earlier 

studies support that innocuous and noxious heat input affects movement preparation, in that sensory-

evoked potentials and MEPs related to movement preparation reduce [42,49] or increase [39], however, 

this has never been explored in combination with AOMI. This opens an interesting avenue for future 

research to understand the possible competing nature of corticomotor facilitation by AOMI and pain-

induced reduction in M1 excitability. Earlier studies employing TMS-MEPs as an outcome measure, have 

attempted to disentangle the influence of cortical and spinal excitability, and it is, at present, well-accepted 

that the reduction in TMS-MEPs  due to muscle pain is of cortical origin [21,46].  

At present, the functional benefits of the pain-induced reduction in corticomotor excitability is 

hypothetical [12] and has, until the current study, been difficult to modulate. Previously it was shown that 

performing a finger-tapping task immediately following an injection of hypertonic saline into the extensor 
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carpi radialis brevis muscle did not promote corticomotor excitability recovery [59]. This finding implies 

that volitional movement is not the driving factor during corticomotor excitability recovery after pain. The 

current study employed indirect influence on M1 excitability through AOMI. During performance of AOMI, 

activation of the PMC has consistently been reported [14,47]. In monkeys, reciprocal connections project 

from the PMC to the M1 muscle representations [65,66]. This neuroanatomical and functional connection 

was later demonstrated in humans using TMS [17]. The idea that the PMC can drive M1 excitability comes 

from earlier evidence that have investigated both ipsilateral [27] and contralateral effects [40] of PMC 

inhibition and the concurrent reduced response from M1 TMS stimulation. In addition, facilitation of MEPs 

was shown by using high-frequency rTMS [50], suggesting that facilitation of PMC excitability yields 

increased M1 excitability. It could be argued that differences in attention during AOMI and/or PAIN 

sessions [18] could explain the non-significant changes in MEPs. This is, however, unlikely since the 

magnitude of pain intensity is not associated with MEP reduction [35,59], and given the similar pain ratings 

during the AOMI+PAIN and PAIN sessions, pain intensity is not sufficient to explain the lack of MEP change 

during AOMI+PAIN. Furthermore, attention-ratings were recorded during the AOMI session and subjects 

were required to attend to rating rather than performing the AOMI task (similar to the pain sessions). It 

cannot be excluded that rating attention rather than pain may have influenced the MEPs differently during 

the AOMI and the PAIN sessions, respectively, since attention-ratings were not obtained during the PAIN 

sessions and vice versa. Nonetheless, perceptual and cognitive-related brain activation remain robust while 

performing a multisource interference task during pain [60], and rating differences are unlikely to have 

influenced the AOMI+PAIN session findings. As such, it is plausible, yet hypothetical, that the counteracting 

effect on corticomotor excitability reduction by AOMI is achieved through adjacent non-primary motor 

areas. This finding further adds to the idea of applying AOMI during e.g. re-acquisition of motor skills after 

pain. An interesting perspective for future research would be to transiently inhibit PMC excitability by rTMS 

[27] and subsequently perform AOMI while being in pain, to elucidate if PMC is the main driver of M1 

excitability changes during AOMI performance. However, importantly, at the relevance of AOMI in clinical 
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pain conditions remains speculative [19], albeit promising results have been shown in for example stroke 

rehabilitation [24,63].  

 

AOMI induces strong facilitation of corticomotor excitability  

The current findings demonstrate that AOMI induces a strong facilitation in corticomotor excitability, which 

has previously been demonstrated for AO [20,62], MI [54,61], and combined AOMI [43,73,74]. 

Corticomotor excitability facilitation in response to AO is currently believed to be driven by both cortical 

[62] and spinal [3] mechanisms, whereas MI is mainly of cortical origin given the lack of H-reflex response 

during performance [1]. Thus, the facilitation observed in the current study is likely mediated through both 

cortical and spinal influences.  

Traditionally, AO and MI have been explored separately as external versus internal motor simulation 

paradigms, respectively [71]. However, since neural structures that become activated during performance 

of either AO or MI and motor execution largely overlap [32], and holds true for the upper [22] and lower 

limbs [70], an influential review suggested the combination of AO and MI, as a superior technique in 

engaging brain areas associated with action preparation [71].  

Furthermore, the facilitatory effects of AOMI has been well-established in motor tasks relating to 

both simple and sequential finger movements [73,74], as well as motor tasks requiring fine motor control 

[43]. Further research is needed to elucidate if the reversal of the reduction in corticomotor excitability 

carries over into performance measures and the possible clinical benefit.  

 

Acute experimental muscle pain reduces corticomotor excitability 
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The current data from the experimental pain session supports earlier findings from our group [35,46] and 

others [21,59,68,69]. It is well-known that the corticomotor excitability reduction in response to acute 

experimental pain is robust [12], and is believed to be mediated through facilitatory glutamate-mediated 

and inhibitory gamma-aminobutyric acid-mediated intracortical networks [58]. The present findings also 

confirm the previously reported temporal profile of corticomotor reduction and a return to baseline within 

the first 10 mins following hypertonic saline injection into a muscle [35]. However, earlier evidence has 

demonstrated a lasting reduction in corticomotor excitability for up to 30 mins post pain-resolve [46,57]. 

Whereas pain exerts a robust reduction effect on corticomotor output that may last up to 30 mins post 

pain-resolve, it remains elusive if choice of TMS stimulation paradigm (TMS stimulation every 6th second in 

the current study) influences corticomotor excitability recovery. It is possible that the constant barrage of 

magnetic pulses during this study is enough to induce M1 excitability recovery towards baseline values. 

Regardless, the current study supports the reduction in corticomotor excitability by acute muscle pain, and 

earlier findings on a return-towards-baseline MEPs at post-measures [35].  

 

Limitations 

Special consideration must be made with regards to the difference at baseline between AOMI and 

AOMI+PAIN. The current study was a planned randomized cross-over design and a difference in baseline 

cortical excitability was an unexpected finding. Prior studies have shown good to excellent reliability in 

corticomotor excitability measures such as RMT for baseline recordings in healthy subjects [36,38] though 

recent evidence suggests optimization of methodological and statistical methods [4]. One possibility is that 

the facilitation in corticomotor excitability is due to lower corticomotor excitability at baseline as compared 

to the AOMI+PAIN session. While this cannot be excluded, the conclusion on the counteracting effects of 

AOMI on the pain-induced reduction in corticomotor excitability remains unaffected, since the baseline 

MEPs were lower only in the AOMI session. The low sample size of the current study makes it unfeasible to 
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generalize the current findings. This may remain a point of contention, but the study was powered to 

detect the pain-induced reduction in corticomotor excitability. Furthermore, findings from our group 

[35,46]  others [12,59] show a similar degree of corticomotor excitability reduction with similar groups. The 

low sample size is a product of often highly correlated measures (MEPs over time) [36], moderate effect of 

pain on MEPs [12], and the increased power that repeated measures designs offer to detect changes in 

outcome variables [30]. Considering these strengths to the current study design and the fact that two 

control conditions were included to account for each constituent of the combined session (AOMI+PAIN), 

the lack of facilitation or reduction of MEPs during the AOMI+PAIN session is unlikely a result of random 

factors such as between-subjects variation in TMS response [72] or a low sample size. An additional control 

for the PAIN session was not included as ample evidence is available showing that non-painful isotonic 

saline injections does not modulate TMS-MEPs [46,56,64]. Despite being an acute experimental pain 

model, the hypertonic saline model has been shown to induce both local and referred pain [29], as found in 

e.g. osteoarthritis and fibromyalgia patients [28] underscoring its relevance in musculoskeletal pain 

research.  

 

In summary, this study provides the first evidence that corticomotor excitability reduction is attenuated by 

performing AOMI during acute muscle pain potentially through interaction with non-primary motor cortical 

areas. Additional studies in larger cohorts are needed to confirm these novel findings.  

 

REFERENCES 

[1]  Abbruzzese G, Trompetto C, Schieppati M. The excitability of the human motor cortex increases 

during execution and mental imagination of sequential but not repetitive finger movements. Exp 

Brain Res;111:465–472 1996. 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

17 

 

[2]  Aziz-Zadeh L, Maeda F, Zaidel E, Mazziotta J, Iacoboni M. Lateralization in motor facilitation during 

action observation: A TMS study. Exp Brain Res;144:127–131 2002. 

[3]  Baldissera F, Cavallari P, Craighero L, Fadiga L, Fogassi L, Gallese V. Excitability changes occurring in 

the human spinal cord while looking at video recorded hand movements. Pflugers Arch J Physiol 

1998. 

[4]  Beaulieu LD, Flamand VH, Massé-Alarie H, Schneider C. Reliability and minimal detectable change of 

transcranial magnetic stimulation outcomes in healthy adults: A systematic review. Brain 

Stimul;10:196–213 2017. 

[5]  Benjamini Y, Hochberg Y. Controlling the False Discovery Rate : A Practical and Powerful Approach to 

Multiple Testing. J R Stat Soc;57:289–300 1995. 

[6]  Booth J, Moseley GL, Schiltenwolf M, Cashin A, Davies M, Hübscher M. Exercise for chronic 

musculoskeletal pain: A biopsychosocial approach. Musculoskeletal Care;15:413–421 2017. 

[7]  Boudreau S, Romaniello A, Wang K, Svensson P, Sessle BJ, Arendt-Nielsen L. The effects of intra-oral 

pain on motor cortex neuroplasticity associated with short-term novel tongue-protrusion training in 

humans. Pain;132:169–178 2007. 

[8]  Bouffard J, Bouyer LJ, Roy JS, Mercier C. Tonic pain experienced during locomotor training impairs 

retention despite normal performance during acquisition. J Neurosci;34:9190–9195 2014. 

[9]  Bruno V, Fossataro C, Garbarini F. Inhibition or facilitation? Modulation of corticospinal excitability 

during motor imagery. Neuropsychologia;111:360–368 2018. 

[10]  Buccino G, Binkofski F, Fink GR, Fadiga L, Fogassi L, Gallese V, Seitz RJ, Zilles K, Rizzolatti G, Freund 

HJ. Action observation activates premotor and parietal areas in a somatotopic manner: an fMRI 

study. Eur J Neurosci;13:400–404 2001. 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

18 

 

[11]  Bufalari I, Sforza A, Cesari P, Aglioti SM, Fourkas AD. Motor imagery beyond the joint limits: A 

transcranial magnetic stimulation study. Biol Psychol;85:283–290 2010. 

[12]  Burns E, Chipchase LS, Schabrun SM. Primary sensory and motor cortex function in response to 

acute muscle pain: A systematic review and meta-analysis. Eur J Pain;20:1203–1213 2016. 

[13]  Carroll TJ, Lee M, Hsu M, Sayde J. Unilateral practice of a ballistic movement causes bilateral 

increases in performance and corticospinal excitability. J Appl Physiol;104:1656–1664 2008. 

[14]  Caspers S, Zilles K, Laird AR, Eickhoff SB. ALE meta-analysis of action observation and imitation in the 

human brain. Neuroimage;50:1148–1167 2010. 

[15]  Chipchase L, Schabrun S, Cohen L, Hodges P, Ridding M, Rothwell J, Taylor J, Ziemann U. A checklist 

for assessing the methodological quality of studies using transcranial magnetic stimulation to study 

the motor system: An international consensus study. Clin Neurophysiol;123:1698–1704 2012. 

[16]  Chong BWX, Stinear CM. Modulation of motor cortex inhibition during motor imagery. J 

Neurophysiol;117:1776–1784 2017. 

[17]  Civardi C, Cantello R, Asselman P, Rothwell JC. Transcranial magnetic stimulation can be used to test 

connections to primary motor areas from frontal and medial cortex in humans. 

Neuroimage;14:1444–1453 2001. 

[18]  Coghill RC. Individual Differences in the Subjective Experience of Pain: New Insights Into 

Mechanisms and Models. Headache J Head Face Pain;50:1531–1535 2010. 

[19]  Eaves DL, Riach M, Holmes PS, Wright DJ. Motor Imagery during Action Observation: A Brief Review 

of Evidence, Theory and Future Research Opportunities. Front Neurosci;10:1–10 2016. 

[20]  Fadiga L, Fogassi L, Pavesi G, Rizzolatti G. Motor facilitation during action observation: a magnetic 

stimulation study. J Neurophysiol;73:2608–2611 1995. 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

19 

 

[21]  Farina S, Valeriani M, Rosso T, Aglioti S, Tamburin S, Fiaschi A, Tinazzi M. Transient inhibition of the 

human motor cortex by capsaicin-induced pain. A study with transcranial magnetic stimulation. 

Neurosci Lett;314:97–101 2001. 

[22]  Filimon F, Nelson JD, Hagler DJ, Sereno MI. Human cortical representations for reaching: Mirror 

neurons for execution, observation, and imagery. Neuroimage;37:1315–1328 2007. 

[23]  Fourkas AD, Avenanti A, Urgesi C, Aglioti SM. Corticospinal facilitation during first and third person 

imagery. Exp Brain Res;168:143–151 2006. 

[24]  Franceschini M, Ceravolo MG, Agosti M, Cavallini P, Bonassi S, Dall’Armi V, Massucci M, Schifini F, 

Sale P. Clinical relevance of action observation in upper-limb stroke rehabilitation: A possible role in 

recovery of functional dexterity. A randomized clinical trial. Neurorehabil Neural Repair;26:456–462 

2012. 

[25]  Gallasch E, Christova M, Krenn M, Kossev A, Rafolt D. Changes in motor cortex excitability following 

training of a novel goal-directed motor task. Eur J Appl Physiol;105:47–54 2009. 

[26]  Gallese V, Fadiga L, Fogassi L, Rizzolatti G. Action recognition in the premotor cortex. Brain;119:593–

609 1996. 

[27]  Gerschlager W, Siebner HR, Rothwell JC. Decreased corticospinal excitability after subthreshold 1 Hz 

rTMS over lateral premotor cortex. Neurology;57:449–455 2001. 

[28]  Graven-Nielsen T, Arendt-Nielsen L. Assessment of mechanisms in localized and widespread 

musculoskeletal pain. Nat Rev Rheumatol;6:599–606 2010. 

[29]  Graven-Nielsen T, Arendt-Nielsen L, Svensson P, Jensen TS. Stimulus-response functions in areas 

with experimentally induced referred muscle pain - A psychophysical study. Brain Res;744:121–128 

1997. 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

20 

 

[30]  Guo Y, Logan HL, Glueck DH, Muller KE. Selecting a sample size for studies with repeated measures. 

BMC Med Res Methodol;13 2013. 

[31]  Hodges PW, Tucker K. Moving differently in pain: A new theory to explain the adaptation to pain. 

Pain;152:S90–S98 2011. 

[32]  Jeannerod M. Neural simulation of action: A unifying mechanism for motor cognition. 

Neuroimage;14:103–109 2001. 

[33]  Koch G, Versace V, Bonnì S, Lupo F, Gerfo E Lo, Oliveri M, Caltagirone C. Resonance of cortico-

cortical connections of the motor system with the observation of goal directed grasping movements. 

Neuropsychologia;48:3513–3520 2010. 

[34]  Lamothe M, Roy J-SS, Bouffard J, Gagné M, Bouyer LJ, Mercier C. Effect of tonic pain on motor 

acquisition and retention while learning to reach in a force field. PLoS One;9:e99159 2014. 

[35]  Larsen DB, Graven-nielsen T, Hirata RP, Boudreau SA. Differential Corticomotor Excitability 

Responses to Hypertonic Saline-Induced Muscle Pain in Forearm and Hand Muscles. Neural 

Plast;2018 2018. 

[36]  Liu H, Au-Yeung SSY. Reliability of transcranial magnetic stimulation induced corticomotor 

excitability measurements for a hand muscle in healthy and chronic stroke subjects. J Neurol 

Sci;341:105–109 2014. 

[37]  Louw A, Zimney K, Puentedura EJ, Diener I. The efficacy of pain neuroscience education on 

musculoskeletal pain: A systematic review of the literature. Physiother Theory Pract;32:332–355 

2016. 

[38]  Malcolm MP, Triggs WJ, Light KE, Shechtman O, Khandekar G, Gonzalez Rothi LJ. Reliability of motor 

cortex transcranial magnetic stimulation in four muscle representations. Clin 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

21 

 

Neurophysiol;117:1037–1046 2006. 

[39]  Misra G, Ofori E, Chung JW, Coombes SA. Pain-related suppression of beta oscillations facilitates 

voluntary movement. Cereb Cortex;27:2592–2606 2017. 

[40]  Mochizuki H, Huang Y-Z, Rothwell JC. Interhemispheric interaction between human dorsal premotor 

and contralateral primary motor cortex. J Physiol;561:331–338 2004. 

[41]  Muellbacher W, Ziemann U, Boroojerdi B, Cohen L, Hallett M. Role of the human motor cortex in 

rapid motor learning. Exp Brain Res;136:431–438 2001. 

[42]  Neige C, Mavromatis N, Gagné M, Bouyer LJ, Mercier C. Effect of movement-related pain on 

behaviour and corticospinal excitability changes associated with arm movement preparation. J 

Physiol;596:2917–2929 2018. 

[43]  Ohno K, Higashi T, Phl OTR, Sugawara K, Phl RPT. Excitability changes in the human primary motor 

cortex during observation with motor imagery of chopstick use. J Phys Ther Sci;23:703–706 2011. 

[44]  Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. 

Neuropsychologia;9:97–113 1971. 

[45]  Pelletier R, Higgins J, Bourbonnais D. Is neuroplasticity in the central nervous system the missing link 

to our understanding of chronic musculoskeletal disorders? BMC Musculoskelet Disord;16:25 2015. 

[46]  Le Pera D, Graven-Nielsen T, Valeriani M, Oliviero A, Di Lazzaro V, Tonali PA, Arendt-Nielsen L. 

Inhibition of motor system excitability at cortical and spinal level by tonic muscle pain. Clin 

Neurophysiol;112:1633–1641 2001. 

[47]  Porro CA, Cettolo V, Francescato MP, Baraldi P. Ipsilateral involvement of primary motor cortex 

during motor imagery. Eur J Neurosci;12:3059–3063 2000. 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

22 

 

[48]  Porro CA, Francescato MP, Cettolo V, Diamond ME, Baraldi P, Zuiani C, Bazzocchi M, di Prampero PE. 

Primary motor and sensory cortex activation during motor performance and motor imagery: A 

functional magnetic resonance imaging study. J Neurosci;16:7688–7698 1996. 

[49]  Postorino M, May ES, Nickel MM, Tiemann L, Ploner M. The influence of pain on motor preparation 

in the human brain. J Neurophysiol:jn.00489.2017 2017. 

[50]  Rizzo V, Siebner HR, Modugno N, Pesenti A, Münchau A, Gerschlager W, Webb RM, Rothwell JC. 

Shaping the excitability of human motor cortex with premotor rTMS. J Physiol;554:483–495 2004. 

[51]  Rizzolatti G, Fadiga L, Gallese V, Fogassi L. Premotor cortex and the recognition of motor actions. 

Cogn Brain Res;3:131–141 1996. 

[52]  Rossi S, Hallett M, Rossini PM, Pascual-Leone A. Safety, ethical considerations, and application 

guidelines for the use of transcranial magnetic stimulation in clinical practice and research. Clin 

Neurophysiol;120:2008–2039 2009. 

[53]  Rossi S, Hallett M, Rossini PM, Pascual-Leone A. Screening questionnaire before TMS: an update. 

Clin Neurophysiol;122:1686 2011. 

[54]  Rossini PM. Corticospinal Excitability Modulation to Hand Muscles During Movement Imagery. Cereb 

Cortex;9:161–167 1999. 

[55]  Rossini PM, Burke D, Chen R, Cohen LG, Daskalakis Z, Di Iorio R, Di Lazzaro V, Ferreri F, Fitzgerald PB, 

George MS, Hallett M, Lefaucheur JP, Langguth B, Matsumoto H, Miniussi C, Nitsche MA, Pascual-

Leone A, Paulus W, Rossi S, Rothwell JC, Siebner HR, Ugawa Y, Walsh V, Ziemann U. Non-invasive 

electrical and magnetic stimulation of the brain, spinal cord, roots and peripheral nerves: Basic 

principles and procedures for routine clinical and research application. An updated report from an 

I.F.C.N. Committee. Clin Neurophysiol;126:1071–1107 2015. 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

23 

 

[56]  Schabrun SM, Burns E, Hodges PW. New Insight into the Time-Course of Motor and Sensory System 

Changes in Pain. PLoS One;10:e0142857 2015. 

[57]  Schabrun SM, Elgueta-Cancino EL, Hodges PW. Smudging of the Motor Cortex Is Related to the 

Severity of Low Back Pain. Spine (Phila Pa 1976);42:1172–1178 2017. 

[58]  Schabrun SM, Hodges PW. Muscle pain differentially modulates short interval intracortical inhibition 

and intracortical facilitation in primary motor cortex. J Pain;13:187–194 2012. 

[59]  Schabrun SM, Palsson TS, Thapa T, Graven-Nielsen T. Movement Does Not Promote Recovery of 

Motor Output Following Acute Experimental Muscle Pain. Pain Med:1–7 2017. 

[60]  Seminowicz DA, Davis KD. Interactions of pain intensity and cognitive load: The brain stays on task. 

Cereb Cortex;17:1412–1422 2007. 

[61]  Stinear CM, Fleming MK, Byblow WD. Lateralization of unimanual and bimanual motor imagery. 

Brain Res;1095:139–147 2006. 

[62]  Strafella AP, Paus T. Modulation of cortical excitability during action observation: a transcranial 

magnetic stimulation study. Neuroreport;11:2289–2292 2000. 

[63]  Sun Y, Wei W, Luo Z, Gan H, Hu X. Improving motor imagery practice with synchronous action 

observation in stroke patients. Top Stroke Rehabil;23:245–253 2016. 

[64]  Svensson P, Miles TS, McKay D, Ridding MC. Suppression of motor evoked potentials in a hand 

muscle following prolonged painful stimulation. Eur J Pain;7:55–62 2003. 

[65]  Takada M, Tokuno H, Nambu A, Inase M. Corticostriatal projections from the somatic motor areas of 

the frontal cortex in the macaque monkey: Segregation versus overlap of input zones from the 

primary motor cortex, the supplementary motor area, and the premotor cortex. Exp Brain 

Res;120:114–128 1998. 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

24 

 

[66]  Tokuno H, Tanji J. Input organization of the distal and proximal forelimg areas in the monkey 

primary motor cortex: a retrograde labeling study. JCompNeurol;333:199–209 1993. 

[67]  Tsao H, Danneels LA, Hodges PW. ISSLS Prize Winner: smudging the motor brain in young adults with 

recurrent low back pain. Spine (Phila Pa 1976);36:1721–1727 2011. 

[68]  Valeriani M, Restuccia D, Di Lazzaro V, Oliviero A, Le Pera D, Profice P, Saturno E, Tonali P. Inhibition 

of biceps brachii muscle motor area by painful heat stimulation of the skin. Exp Brain Res;139:168–

172 2001. 

[69]  Valeriani M, Restuccia D, Di V L, Oliviero A, Profice P, Le PD, Saturno E, Tonali P. Inhibition of the 

human primary motor area by painful heat stimulation of the skin 135. ClinNeurophysiol;110:1475–

1480 1999. 

[70]  Villiger M, Estévez N, Hepp-Reymond MC, Kiper D, Kollias SS, Eng K, Hotz-Boendermaker S. 

Enhanced Activation of Motor Execution Networks Using Action Observation Combined with 

Imagination of Lower Limb Movements. PLoS One;8 2013. 

[71]  Vogt S, Rienzo F Di, Collet C, Collins A, Guillot A. Multiple roles of motor imagery during action 

observation. Front Hum Neurosci;7:1–13 2013. 

[72]  Wassermann EM. Variation in the response to transcranial magnetic brain stimulation in the general 

population. Clin Neurophysiol;113:1165–1171 2002. 

[73]  Wright DJ, McCormick SA, Williams J, Holmes PS. Viewing Instructions Accompanying Action 

Observation Modulate Corticospinal Excitability. Front Hum Neurosci;10:1–10 2016. 

[74]  Wright DJ, Williams J, Holmes PS. Combined action observation and imagery facilitates corticospinal 

excitability. Front Hum Neurosci;8:1–9 2014. 

 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

25 

 

FIGURE LEGENDS 

 

 

(Single column) 

Figure 1. Experimental design. Subjects were randomized to start with the AOMI, AOMI+PAIN, or PAIN 

session and then crossed over with one week in-between each session. Familiarization with the AOMI 

task was allowed before baseline transcranial magnetic stimulation (TMS) measures were recorded. 

Corticomotor excitability was assessed throughout the AOMI performance (AOMI and AOMI+PAIN 
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sessions) or while remaining at rest (PAIN). Pain was induced by an injection of hypertonic saline into 

the first dorsal interosseous (FDI) muscle. Pain intensity ratings were obtained throughout the 

AOMI+PAIN and PAIN sessions whereas attention ratings towards the AOMI task were recorded 

during the AOMI session.  

 

 

 

(2-columns)  

Figure 2. Action observation and motor imagery task. Subjects observed the index finger abductions-

adductions on a video clip and were explicitly instructed to imagine performing the same movement, 
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without overtly moving their hand. Each AOMI (Action observation combined with motor imagery) 

trial consisted of two index finger abductions-adductions and lasted four seconds, followed by a black 

screen for two seconds preceding the next AOMI trial.  

 

 

 

(2-columns) 

Figure 3. Mean (+ SEM) first dorsal interosseous (FDI) motor evoked potentials (MEPs). FDI-MEPs during the 

AOMI (action observation combined with motor imagery, open bars), AOMI+PAIN (AOMI and injection 

of hypertonic saline, grey bars), and PAIN (black bars) sessions. Changes in FDI MEP compared with 
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baseline (*, PFDR < 0.017) or compared with AOMI within the same time (#, PFDR < 0.017).  

 

 

 

(2-columns) 

Figure 4. Mean (+ SEM) pain numerical rating scores (NRS) following injection of hypertonic saline into the 

first dorsal interosseous muscle. The AOMI+PAIN (open circles) and PAIN (solid circles) sessions 

elicited not a significant difference in pain NRS scores (PFDR = 0.71). AOMI: Action observation 

combined with motor imagery. 
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TABLE LEGENDS 

Table 1. Mean ± SEM of raw the MEPs in each session across time. A significant baseline difference was 

found between the AOMI and AOMI+PAIN sessions (Italics). Within-session, MEPs significantly increased 

during the AOMI session at 2-4 mins (Bold), whereas MEPs significantly decreased during the PAIN session 

(Bold).  

 Baseline 2 mins 4 mins Follow-up 

 

AOMI SESSION 

Motor-evoked 

potentials 

Mean µV ± SEM 

 

619.56 ± 92.75 989.38 ± 206.86 1007.8 ± 179.59 706.75 ± 115.4 

 

AOMI + PAIN 

SESSION 

Motor-evoked 

potentials 

Mean µV ± SEM 

 

1052 ± 170.36 1170.6 ± 248.11 1065 ± 258.5 861.16 ± 202.24 

 

PAIN SESSION 

Motor-evoked 

potentials 

Mean µV ± SEM 

 

856.18 ± 151.23 843.36 ± 148.5 531.83 ± 90.29 927.42 ± 180.34 

AOMI: Action observation combined with motor imagery; SEM: Standard error of the mean. Note: Data 

analysis was performed on log-transformed MEPs. 

 

 


