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Abstract
Experimental pain inhibits primary motor cortex (M1) excitability. Attenuating pain-related inhibition of M1 excitability may 
be useful during rehabilitation in individuals with pain. One strategy to attenuate M1 excitability is to influence prefrontal 
and premotor cortex activity. Working memory tasks, e.g. the two-back task (TBT), engage prefrontal and premotor corti-
ces and may influence M1 excitability. We hypothesized that performing the TBT during pain would influence pain-related 
changes in M1 excitability. Participants (n = 28) received rigorous training in the TBT before baseline testing. Experimen-
tal pain was induced by injecting hypertonic saline into the first dorsal interosseous (FDI) muscle. Participants rated pain 
intensity on a 0–10 numerical rating scale (NRS) every second min until pain-resolved (PR) during the performance of 
the TBT (n = 14) or during REST (n = 14). In the TBT, letters were presented pseudo-randomly, and accuracy and reaction 
time to identified letters corresponding to letters shown two times back were recorded. M1 excitability was assessed using 
transcranial magnetic stimulation. Motor-evoked potentials (MEPs) were recorded at baseline, and at PR, PR + 10, PR + 20, 
and PR + 30 min. Four minutes after hypertonic saline injection, the pain NRS scores were higher in the TBT group than the 
REST group (p = 0.009). No time × group interaction was found for MEPs (p = 0.73), but a main effect of time (p < 0.0005) 
revealed a reduction of MEPs at PR up until PR + 30 (p < 0.008). The TBT accuracy improved at PR + 30 in both groups 
(p = 0.019). In conclusion, the pain-induced reduction in corticomotor excitability was unaffected by performing a working 
memory task, despite greater pain in the TBT group.
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Introduction

Musculoskeletal pain remains in the top ten most debilitating 
conditions worldwide (Vos et al. 2016). It is well established 
that functional alterations occur in the central nervous sys-
tem in the presence of musculoskeletal pain. For example, 
functional alterations can involve changes in the size of 
muscle representations in the primary motor cortex (M1) 
when the muscle is in pain (Tsao et al. 2011; Schabrun et al. 
2015b, 2017a). Furthermore, there is strong evidence that 
experimental skin pain (Valeriani et al. 1999, 2001; Farina 
et al. 2001; Svensson et al. 2003) and intramuscular pain 
(Le Pera et al. 2001; Schabrun et al. 2017b; Larsen et al. 
2018) exert a robust reduction in corticomotor excitability, 
as assessed by transcranial magnetic stimulation (TMS) 
motor-evoked potentials (MEPs) (Burns et al. 2016). The 
reduction in corticomotor excitability continues for up to 
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25 min after perception of pain disappears (Le Pera et al. 
2001; Schabrun et al. 2015a). The functional impact on, e.g., 
motor function by reversing this reduction in corticomotor 
excitability during pain is currently unknown.

The experience of pain may persist after an injury to the 
musculoskeletal system, and be maintained by maladaptive 
cortical neuroplasticity (Graven-Nielsen and Arendt-Nielsen 
2010). Currently, non-invasive approaches to modulate cor-
tical excitability are limited; however, changes in cortico-
motor excitability occur during acquisition of novel skills, 
and re-acquisition of motor skills following injury (Gallasch 
et al. 2009), or through repetitive transcranial magnetic stim-
ulation (rTMS) to the M1 or the premotor cortex (PMC) 
(Rizzo et al. 2004; Rothkegel et al. 2010). For instance, bal-
listic motor practice of the hand induces a rapid increase in 
flexor pollicis brevis excitability (Muellbacher et al. 2001). 
Yet, the interaction between corticomotor excitability reduc-
tion induced by pain and learning of discrete motor skills is 
controversial. Some studies have demonstrated that motor 
skill acquisition remains unaffected in the presence of pain 
(Bouffard et al. 2014; Lamothe et al. 2014), albeit different 
motor strategies may be involved (Mavromatis et al. 2017), 
while others show a reduction in the gains in corticomo-
tor excitability that would, otherwise, occur during motor 
skill acquisition (Boudreau et al. 2007). Simple repetitive 
movements performed after experimental muscle pain did 
not attenuate the pain-induced reduction in corticomotor 
excitability (Schabrun et al. 2017b). This is surprising given 
that prior studies report that repeated volitional movements 
increase corticomotor excitability (Muellbacher et al. 2001; 
Carroll et al. 2008; Gallasch et al. 2009).

This study explores an alternative approach to modulate 
pain-induced corticomotor excitability reduction through 
PMC activation. The presence of a neuroanatomical pathway 
linking the PMC to the M1 provides a means to influence 
corticomotor excitability through reciprocal connections 
(Tokuno and Tanji 1993; Takada et al. 1998). In humans, 
corticomotor excitability can be modulated by PMC stimula-
tion, by applying TMS conditioning stimuli anterior to the 
M1 (Civardi et al. 2001). Furthermore, inhibiting the PMC 
with low-frequency rTMS or continuous theta burst stimula-
tion suppresses first dorsal interosseous (FDI) muscle MEPs 
(Gerschlager et al. 2001; Münchau et al. 2002; Huang et al. 
2009). In addition, functional magnetic resonance imaging 
(fMRI) studies show strong bilateral activity of the PMC 
when performing working memory tasks, such as the N-back 
task (Owen et al. 2005).

Therefore, this study aimed to investigate if performing a 
working memory task during experimental pain influences 
the magnitude and duration of corticomotor excitability 
reduction. It was hypothesized that performing the two-back 
task during pain would (1) attenuate corticomotor excitabil-
ity reduction immediately after perceived pain disappeared, 

and (2) reduce the duration of the corticomotor excitability 
reduction.

Experimental procedures

Participants

Twenty-eight right-handed, pain-free participants (mean 
age ± SD: 22.1 ± 2.1 years; 15 women) with no history of 
musculoskeletal or neurological conditions were included. 
Participants were excluded based on the following criteria: 
pregnancy; regular use of analgesics; analgesics or alco-
hol consumption within the last 24 h; drug use/abuse; use 
of antidepressants, neuroleptics, and anticonvulsants; any 
recent history of pain (acute or chronic) affecting the upper 
limbs or torso. Prior to participation, all participants were 
screened using the TMS screening questionnaire (Rossi et al. 
2009, 2011) to avoid contraindicative delivery of magnetic 
pulses. All participants were right-handed as assessed by 
the Edinburgh Handedness Inventory (mean laterality quo-
tient ± SD: 0.76 ± 0.21) (Oldfield 1971). Informed consent 
was obtained from all individual participants included in the 
study. The study was approved by the local ethics commit-
tee (VN-20170006) and conducted in accordance with the 
Declaration of Helsinki.

Experimental design

Each participant participated in one session and was ran-
domized into either a two-back task (TBT) group or a rest 
(REST) group (Fig. 1). Initially, participants were asked to 
fill out questionnaires including the pain catastrophizing 
scale (PCS) (Sullivan et al. 1995) and the State-Trait Anxi-
ety Inventory (STAI/S-T) (Spielbeger 1983). They were then 
seated comfortably in a chair with their right arm resting 
on a pillow. Elbow flexion was kept at approximately 45° 
angle flexion. A computer screen was placed immediately 
in front of them (mid-point of screen at 90 cm distance away 
from nasion of the participant). All participants underwent 
a familiarization round consisting of 40 trials (one letter 
presented = one trial; duration: 3 min) to reach ~ 80% accu-
racy in all trials. This was done to ensure that the partic-
ipants focused on the online monitoring and updating of 
working memory (Owen et al. 2005) while performing the 
TBT. After the familiarization round, a baseline assess-
ment was performed of the TBT, in which three rounds of 
30 trials (6 min) were performed. Subsequently, baseline 
measures of TMS MEPs were recorded. Experimental pain 
was induced in the right FDI muscle by injection of hyper-
tonic saline. Pain intensity ratings were recorded every 2 
min from 30 s to 10 min after injection, and then every 
minute until pain-resolve (i.e. first pain rating of 0; PR). 
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The TBT group performed the TBT for 10 min (5 rounds 
of 30 trials) starting immediately after the first pain rating 
and then one round until next pain rating, etc. Conversely, 
the REST group remained at rest between pain ratings for 
10 min. After hypertonic saline injection, pain intensity was 
recorded every other minute (every minute after the first 
10 min of rating). At PR, TMS MEPs were recorded again. 
The mind-wandering scale and effort ratings were recorded 
immediately after recording MEPs at PR. In both groups, a 
10 min break was kept after PR and MEPs were recorded 

again. This was repeated at 20 and 30 min after PR after 
which the TBT was re-assessed in both groups (3 rounds of 
30 trials). McGill’s Pain Questionnaire was completed at the 
end of the experiment.

Two‑back task

During the TBT, participants were presented with 30 Eng-
lish letters (equal 1 round) including all consonants. The let-
ters were presented on the screen for 3 s, with interstimulus 
intervals of 500 ms (Vermeij et al. 2012). The participants 
used their left hand to press a key (i.e., using the numeric 
keypad 1) whenever the presented letter corresponded to the 
letter shown two times back (target), or (numeric keypad 2) 
when it did not match (non-target). Therefore, each letter 
presented would be accompanied by a button pressed and 
reaction time and accuracy (i.e., correct or incorrect keypad 
pressing) were recorded. For each round, 20 non-targets and 
10 targets were presented in a random order. Reaction time 
reflects the time from letter presentation on the screen, to the 
key press, whereas accuracy is whether the correct button 
was pressed. The left hand was chosen to avoid on-going 
ipsilateral motor activity (associated with keypad press-
ing) of the left M1 affected by pain, which could potentially 
interfere with the reduction of corticomotor excitability.

Questionnaires

To ensure that the pain reporting was not influenced by 
cognitive factors such as pain catastrophizing (Turner and 
Aaron 2001), state and trait anxiety (Tang and Gibson 
2005), and mind-wandering (Kucyi et al. 2013), the PCS, 
STAI, and mind-wandering scale were recorded for each 
participant. The 13 items of the PCS are categorized into 
“Rumination” (sum of items 8–11), “Magnification” (sum 
of items 6, 7, and 13), and “Helplessness” (sum of items 
1, 2, 3, 4, 5, and 12) (Sullivan et al. 1995). For each state-
ment, the participants reported the degree to which the 
sentence corresponded to their own thoughts and feelings 
when experiencing pain (not at all, to a slight degree, to a 
moderate degree, to a great degree, and to a large degree). 
The anxiety score was determined by the STAI (Spielbeger 
1983) consisting of 40 questions, half of which are related 
to state anxiety, and the other half to trait anxiety. Each 
statement was rated on a 0–3 scale with anchors ‘Almost 
never’ to ‘Almost always’. The mind-wandering scale was 
adopted from Kucyi et al. (2013), and consisted of four 
questions designed to determine the level of mind-wander-
ing occurring during the TBT performance or during rest. 
Participants were asked “How confident are you that you 
can accurately assess whether your attention was focused 
on the task/staying at rest, or on something other than the 
task/staying at rest; To what degree was your attention on 

Fig. 1   Participants were randomized into a two-back task (TBT) 
group or a rest (REST) group. Both groups were extensively familiar-
ized with the TBT, and baseline TBT performance and transcranial 
magnetic stimulation (TMS) motor-evoked potentials (MEPs) were 
recorded. Hypertonic saline was injected into the first dorsal inter-
osseous (FDI) muscle. Pain intensity ratings were obtained through-
out the experiment. The TBT group performed the TBT throughout 
the pain period, whereas the REST group remained seated quietly. 
Follow-up MEPs were recorded at pain-resolve (PR), PR + 10  min, 
PR + 20  min, and PR + 30  min. At PR + 30  min, both groups per-
formed the TBT again
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one of the following when not on the task/staying at rest, 
(1) external/sensory distractions, (2) task-related interfer-
ences, and (3) mind-wandering”. Each question was rated 
on a 0–7 Likert scale ranging from 1 (not confident at 
all/never) to 7 (extremely confident/always). In addition, 
the participants were asked for the level of effort which 
they had to put into the task (TBT) or to staying at rest 
(REST) during pain (1, no effort; 7, maximum effort). To 
characterize the experimental pain condition, the short-
form McGill Pain Questionnaire-2 (MPQ) was completed 
at the end of the experiment (Dworkin et al. 2009). The 
most commonly used words to describe the experimental 
pain were extracted.

Recording motor‑evoked potentials

All TMS methods will be described in accordance with 
guidelines on reporting TMS methodology (Chipchase et al. 
2012). A focal figure-of-eight coil (D702, Magstim Com-
pany, UK) was used to deliver monophasic TMS pulses sup-
plied by a magnetic stimulator (Magstim BiStim2, Magstim 
Company, UK). The coil handle was pointing backwards, 
laterally, and at a 45° angle to the sagittal plane, inducing 
a posterior–anterior directed current, to elicit TMS MEPs 
from the FDI muscle. An interstimulus interval of 6 s was 
used for all the stimulations. The participants were fitted 
with a swimming cap and the optimal scalp position was 
marked on a pre-defined grid (1 × 1 cm squares orientated to 
vertex) to standardize orientation and location. The optimal 
scalp position (hotspot) for the FDI muscle was determined 
using 50% maximum stimulator output and defined as the 
site yielding consistent and highest peak-to-peak ampli-
tude MEPs in three trials. The intensity needed to evoke 
MEPs of ~ 1 mV was tested by increasing and decreasing 
stimulus intensity until ~ 1 mV was consistently evoked in 
the FDI muscle (in 10 trials). This stimulation intensity was 
employed for the remaining of the experiment. For each 
assessment, 15 MEPs were recorded from the right FDI 
muscle.

Surface electromyography (EMG) was recorded from the 
muscle belly of the FDI muscle using bipolar Ag/AgCl elec-
trodes (Neuroline 720, Ambu® A/S, DK). Electrodes were 
placed with an approximate 20 mm interelectrode distance 
with the reference electrode located at the styloid process. 
The EMG data were pre-amplified (1000 × gain), analog 
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 MEPs were shown online by custom-made 
LabView software (Mr. Kick III, Aalborg University). Peak-
to-peak amplitude was extracted for each MEP and averaged 
across the 15 recorded MEPs at each time point for further 
analysis.

Experimental muscle pain

The sites of injections were determined by palpation of the 
contracted FDI muscle, and the skin was cleaned with alco-
hol. A bolus injection of sterile hypertonic saline (0.2 mL, 
5.8% NaCl) was administered into the FDI muscle using a 
1 mL syringe with a disposable needle (27 G) (Le Pera et al. 
2001; Larsen et al. 2018). The right FDI was chosen due 
to the body of evidence already available on the effect of 
pain on FDI M1 excitability (Le Pera et al. 2001; Schabrun 
et al. 2013; Larsen et al. 2018, 2019). Hypertonic saline 
excites group III/IV muscle afferents (Cairns et al. 2006) and 
an earlier study demonstrated that hypertonic saline injec-
tion temporally reduces primary somatosensory cortex (S1) 
excitability before M1 excitability (Schabrun et al. 2013). To 
assess the intensity of saline-induced pain, participants were 
asked verbally to rate the pain intensity on a 0–10 numerical 
rating scale (NRS), with ‘0’ representing ‘no pain’ and ‘10’ 
representing ‘worst imaginable pain’.

Statistical analysis

Data are presented as mean ± standard error of the mean 
(SEM) unless otherwise stated. Normal distribution was 
tested using Shapiro–Wilk’s test for normality. Participant 
demographics were compared between groups using inde-
pendent samples t tests (age, handedness, and threshold1mV) 
and Chi-square test (gender ratio). The PCS, STAI-S/T, 
MPQ, and mind-wandering scale data were analyzed using 
Mann–Whitney U tests. The MEPs were tested in a two-
way mixed-model analysis of variance (ANOVA) with 
group (TBT or REST) as between-groups factor and time 
(baseline, PR, PR + 10 min, PR + 20 min, and PR + 30 min) 
as within-subjects factor. NRS scores were analyzed with a 
two-way mixed-model ANOVA with group (TBT or REST) 
as between-groups factor and time (30 s after injection and 
2–17 min) as within-subjects factor. The TBT performance 
data were analyzed by two separate repeated-measures mul-
tivariate ANOVAs (one for targets and one for non-targets; 
MANOVA), with two dependent variables (accuracy and 
reaction time), one within-group factor (baseline versus 
PR + 30), and one between-group factor (TBT versus REST). 
The MANOVAs for target and non-target were corrected 
by familywise error rate correction (0.05/2 = 0.025). Note 
that the TBT performance data obtained during pain are not 
included in these analyses, since the REST group did not 
perform the TBT during pain. Spearman ranked correlation 
analyses were performed to test whether there were associa-
tions between the pain intensity NRS rating and percentage 
MEP reduction at peak pain for both the REST and the TBT 
group. Sidak correction was applied where appropriate. All 
analyses were carried out in Statistical Package for Social 
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Sciences (SPSS; version 25, IBM). A p value < 0.05 was 
considered significant.

Results

Participants and TMS parameters

The two groups did not differ in age [22.7 ± 0.6 years vs. 
22.9 ± 0.6 years, t(26) = − 0.18, p = 0.86], handedness [lat-
erality quotient, TBT group: 0.76 ± 0.06 vs. REST group: 
0.75 ± 0.05, t(26) = 0.09, p = 0.93], or gender ratio [9/14 
women in TBT group vs. 6/14 in REST group, χ2(1) = 1.29, 
p = 0.26]. The stimulator output intensity needed to pro-
duce MEPs of ~ 1 mV amplitude was 55.3 ± 14.3% in the 
TBT group which was not statistically different from the 
57.5 ± 11.7% in the REST group [t(26) = − 0.43, p = 0.67].

Pain catastrophizing and anxiety questionnaires

The median PCS score for the TBT group was 16.5 [inter-
quartile range (IQR) = 22.75] and 13.5 (IQR = 8.5) for the 
REST group, which did not differ significantly, U = 92.5, 
n1 = n2 = 14, z = −0.25, p = 0.8. Similarly, there were 
no differences between groups for ‘Rumination’ scores 
[TBT versus REST: 6 (IQR = 9.75) vs. 5 (IQR = 4.5), 
U = 91, n1 = n2 = 14, z = − 0.32, p = 0.75], ‘Magnifica-
tion’ [3 (IQR = 6) vs. 3.5 (IQR = 4.5), U = 92, n1 = n2 = 14, 
z = − 0.28, p = 0.78], or ‘Helplessness’ [4.5 (IQR = 8.5) vs. 
6 (IQR = 5.25), U = 89.5, n1 = n2 = 14, z = − 0.39, p = 0.69]. 
Similarly, no significant differences between groups were 
found for the STAI-S [TBT versus REST: 31.5 (IQR = 10.5) 
vs. 36 (IQR = 9); U = 71.5, n1 = n2 = 14, z = − 1.2, p = 0.22] 
or STAI-T [40.5 (IQR = 16.25) vs. 35 (IQR = 16.5); U = 86, 
n1 = n2 = 14, z = − 0.6, p = 0.6].

Mind‑wandering scale

One participant from the REST group had missing data from 
the mind-wandering scale and was excluded from the analy-
sis. The groups did not differ in their confidence in assessing 
their level of attention towards the task/staying at rest (TBT 
median: 6 versus REST median: 6, U = 64, n1 = 14, n2 = 13, 
z = − 1.36, p = 0.17), and did not rate sensory or mind-wan-
dering interference with their attention to either task differ-
ently (TBT median: 4 and 3 versus REST median: 4 and 4, 
both U > 74, n1 = 14, n2 = 13, z > − 0.27, p > 0.4). Conversely, 
the TBT group rated the task-related interferences with their 
attention to the task higher than the REST group did (TBT 
median: 2 versus REST median: 0, U = 0.0, n1 = 14, n2 = 13, 
z = − 4.72, p < 0.005). Furthermore, the TBT group rated 
their effort higher than the REST group, when performing 
their respective task (i.e., performing the TBT as opposed 
to staying at rest for the REST group) (TBT median: 5 ver-
sus REST median: 2, U = 26.5, n1 = 14, n2 = 13, z = − 3.17, 
p = 0.001).

Pain intensity ratings and profile

A significant two-way interaction was found for the pain 
intensity NRS scores (F12,338 = 2.3, p = 0.008, �2

partial
 = 0.08). 

The REST group gave NRS scores lower than the TBT group 
at 4 min post-injection (p = 0.009; Fig. 2). Pain reduced sig-
nificantly for both groups at 8 and 10 min compared to 
immediately after (I.A.) injection, for the group performing 
the TBT and the REST group, respectively (p < 0.05, Fig. 2). 
For all pairwise comparisons, refer to Fig. 2.

The most common words to describe the hypertonic 
saline-induced pain sensation in both groups were sharp 

Fig. 2   Mean (+ SEM) numeri-
cal rating scale (NRS) scores 
following injection of hyper-
tonic saline in the two-back-task 
(TBT) and resting (REST) 
groups. NRS scores were 
significantly reduced in both 
groups from 8–17 or 10–17 min 
(TBT and REST, respectively) 
compared to I.A. (p < 0.05). All 
significant NRS rating reduc-
tions as compared to 2–8 min 
are indicated in the figure. 
A between-group difference 
in NRS was found at 4 min 
(#p < 0.05). PR pain-resolve
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(82%), cramping (85.7%), aching (75%), heavy (67%), and 
numbness (67%).

Corticomotor excitability

The two-way mixed-model ANOVA of MEPs did not yield 
a significant group × time interaction (F4,104 = 0.51, p = 0.73, 
�
2
partial

 = 0.19) or between-group difference (F1,26 = 0.7, p = 
0.4, �2

partial
 = 0.03), but a strong main effect of time 

(F4,104 = 8.3, p < 0.0005, �2
partial

 = 0.24). Post hoc tests showed 
that corticomotor excitability of the FDI muscle was reduced 
at PR (p = 0.002) as well as PR + 10  min (p = 0.002), 
PR + 20 min (p = 0.008), and PR + 30 min (p = 0.002) as 
compared to baseline (Fig. 3).

Two‑back task performance

One and two participants in the TBT and REST group, 
respectively, had missing data during the performance of the 
TBT. Therefore, their data were omitted during the analysis 
of the TBT performance (TBT group, n = 13; REST group, 
n = 12).

The repeated-measures MANOVA did not yield any 
time × group interactions for non-target accuracy 
(F1,20 = 0.21, p = 0.65, �2

partial
 = 0.01; Fig. 4a) or reaction time 

(F1,20 = 0.2, p = 0.66, �2
partial

 = 0.01; Fig. 4b). Similarly, target 
accuracy (F1,20 = 0.01, p = 0.94, �2

partial
 < 0.001; Fig. 4c) and 

target reaction time (F1,20 = 0.03, p = 0.86, �2
partial

 = 0.002; 
Fig. 4d) did not show any time × group interactions. A main 
effect of time was found for target accuracy (F1,20 = 6.55, 
p = 0.019, �2

partial
 = 0.25), indicating an increase in accuracy 

between baseline and PR + 30 (Fig. 4c).

Correlation analyses

No significant correlations were found for the percentage 
change in MEP amplitude and peak NRS scores of pain 
intensity for the REST group (ρ = − 0.15, p = 0.6) or the TBT 
group (ρ = − 0.4, p = 0.89).

Discussion

There is growing interest to find approaches capable of atten-
uating the pain-induced reduction in corticomotor excitabil-
ity, since it may prove useful during musculoskeletal pain 
rehabilitation (Pelletier et al. 2015). The present findings 
confirm earlier findings of a robust reduction in FDI corti-
comotor excitability following experimental muscle pain. 
The pain-induced reduction in MEPs was unaffected by the 
TBT performance. The TBT group rated higher pain during 
the performance of the TBT as compared to the group that 
remained at rest.

Corticomotor excitability reduction was unaffected 
by performance of the two‑back task

Contrary to our hypotheses, the pain-induced reduction in 
corticomotor excitability and the duration of this reduction 
were unaffected by performing a working memory task dur-
ing acute experimental pain. As previously reported (Le Pera 
et al. 2001; Schabrun and Hodges 2012; Larsen et al. 2018), 
hypertonic saline-induced pain reduced FDI corticomotor 
excitability, as reflected by MEP amplitudes, even after 
pain-resolve. This reduction in corticomotor excitability is 
considered to be mediated through an increase in gamma-
aminobutyric acid inhibitory and decreased glutamate-
mediated facilitatory (N-methyl-d-aspartate receptor acting 

Fig. 3   Mean (+ SEM) motor-
evoked potentials (MEPs). 
No significant differences in 
MEP reduction between the 
two groups were found. At PR 
up until PR + 30 min, MEPs 
were reduced for both groups 
(*p < 0.008). PR pain-resolve
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on glutamatergic interneurons) intracortical mechanisms 
(Schabrun and Hodges 2012), and may serve as a protec-
tive mechanism for avoiding further injury by splinting the 
affected limb (Hodges and Tucker 2011; Burns et al. 2016). 
The current study aimed at targeting the link between PMC 
and M1, since the TBT is known to engage prefrontal and 
premotor cortices during performance (Owen et al. 2005). 
However, our findings suggest that more research is needed 
to establish if engaging the PMC by performing the TBT 
affects M1 excitability, given the lack of a pain-free TBT 
group. Several factors influence the corticomotor excitabil-
ity response to pain, such as (1) prefrontal and subcortical 
brain areas (Mink 1996; Owen et al. 2005; Seminowicz and 
Moayedi 2017); (2) right PMC-to-contralateral M1 inhibi-
tion (Mochizuki et al. 2004); or (3) transcallosal M1–M1 
inhibition (Ferbert et al. 1992). It is, therefore, not possible 
to rule out if performing the task with the left hand may 
have induced either right PMC-to-M1 or M1–M1 inhibi-
tion, thereby counteracting any potential facilitation of M1 
excitability. However, considerable bilateral PMC activation 
has been demonstrated by fMRI across several n-back task 
paradigms (Owen et al. 2005), and PMC-to-M1 inhibition 
is, therefore, unlikely to be the sole responsible factor for 
the lack of MEP facilitation. Instead, the human PMC–M1 
relationship remains somewhat elusive, and the notion that 
PMC may drive M1 excitability is based on empirical evi-
dence, suggesting that rTMS to PMC alters M1 excitability 
(Gerschlager et al. 2001; Mochizuki et al. 2004; Rizzo et al. 
2004). In addition, since M1 receives multiple inputs from, 
e.g., the S1 (Hatsopoulos and Suminski 2011), it is possible 

that MEPs are not only reflecting changes at the level of M1. 
This notion is supported by the finding that S1 excitability 
changes occur before that of M1 excitability (Schabrun et al. 
2013).

Another possibility is that the PMC activation observed 
during performance of a two-back task is mainly related to 
attention (Owen et al. 2005). Yet, given the strong motor 
preparation component of the TBT, prefrontal areas such 
as the dorsolateral prefrontal cortex (DLPFC), the PMC, 
and M1 are likely involved (Carlson et  al. 1998; Neige 
et al. 2018), and being purely attention-related activation is 
unlikely to be the main factor in the lack of M1 excitability 
change during pain. Based on the current findings, we are 
unable to infer whether performance of the working mem-
ory task influences corticomotor excitability. It is possible 
that the familiarization and baseline testing on the TBT had 
already increased MEPs during baseline TMS testing. How-
ever, the numerical values of the MEPs were similar to those 
reported in earlier research utilizing 120% RMT (Schabrun 
and Hodges 2012; Larsen et al. 2018). Furthermore, the 
pain-induced reduction in MEPs was similar to those earlier 
reported (Le Pera et al. 2001; Schabrun and Hodges 2012; 
Burns et al. 2016; Larsen et al. 2018). Therefore, the famil-
iarization and baseline TBT testing are unlikely to have had 
any major impact on the MEPs.

Modulating corticomotor excitability through the PMC is 
an interesting approach, as shown in the other areas of research 
on action observation (Fadiga et al. 1995; Strafella and Paus 
2000) and motor imagery (Stinear and Byblow 2003). Perhaps, 

Fig. 4   Mean (+ SEM) target and non-target accuracy and reac-
tion time for the two-back-task TBT) and resting (REST) groups. A 
main effect of time (baseline versus PR + 30 min) was found for tar-

get accuracy (*p = 0.019), suggesting that both groups had a similar 
increase in accuracy on targets
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these approaches may be more effective for normalizing pain-
induced corticomotor excitability reduction.

Pain intensity ratings differed between groups

In this study, those performing the working memory task rated 
their perceived pain intensity higher than the resting group 
during pain. In contrast, pain intensities are rated lower during 
performance of an attention task (Bushnell et al. 1985; Miron 
et al. 1989), a Stroop task (Bantick et al. 2002; Seminowicz 
and Davis 2007a), and a three-back task (Buhle and Wager 
2010) in previous studies. A reduction in pain intensity dur-
ing task performance is considered to be mediated through 
attenuation of activation of pain-related brain regions such as 
the S1, S2, and the posterior insula, and the ipsilateral (to the 
pain) anterior insula (Petrovic et al. 2000; Bantick et al. 2002; 
Seminowicz et al. 2004; Wiech et al. 2005; Bingel et al. 2007). 
The discrepancy between the current and previous studies in 
pain ratings may depend on the choice of experimental pain 
model. Phasic short-lasting (0.8–7 s application) heat pain 
models applied to the face, the hand, and the left forearm 
(Bushnell et al. 1985; Bantick et al. 2002; Buhle and Wager 
2010) yield moderate pain intensities (4–7) scored on a visual 
analog scale, whereas hypertonic saline-induced pain in the 
hand is rated at ~ 6 NRS in this study and earlier work (Larsen 
et al. 2018). It is, therefore, unlikely that pain intensity alone 
can explain the discrepancy. Alternatively, performing the 
task during pain may have shifted the attention towards pain. 
However, we find this unlikely since (1) the two groups did 
not rate external/sensory distractions differently with respect 
to task execution and (2) earlier evidence suggests that task 
performance remain unaffected when performed during pain 
(Seminowicz and Davis 2007b). Instead, the difference in qual-
ity of the painful sensation, i.e., tonic muscle pain versus pha-
sic skin pain, may impact pain perception during the working 
memory task performance. Indeed, capsaicin application to the 
skin before painful heat stimulation (heat allodynia) enhances 
forebrain responses related to areas such as the anterior insula 
and dorsolateral prefrontal areas, when compared to similar 
pain intensity heat stimulation alone (Lorenz et al. 2002). It 
could be argued that the two groups were different because of 
interindividual susceptibility to pain perception, given the size-
able heterogeneity in pain ratings amongst healthy volunteers 
to standardized nociceptive input (Coghill 2010). Although 
we cannot rule out the possibility of group differences in pain 
susceptibility, the groups did not differ in age, gender, PCS, 
or STAI-S/T scores.

Accuracy in the two‑back task increased at PR + 30 
as compared to baseline

The performance increase in target accuracy was similar for 
the TBT and REST group. This verifies that no additional 

learning occurred at PR + 30 for the TBT group compared 
to the REST group, despite having performed the task for 
an additional 10 min. This supports the notion that the TBT 
during pain can be considered a working memory task. The 
similar increase in target accuracy is plausibly due to the 
familiarization performance, where the two groups achieved 
a similar level of target accuracy during the 40 trials. The 
aim of the current study was to employ the TBT to influ-
ence M1 excitability indirectly by engaging the PMC and 
DLPFC (Owen et al. 2005) and not induce learning per se. 
Since earlier research showed performance gains in N-back 
tasks (accuracy and reaction time) in response to facilitated 
DLPFC excitability by high-frequency rTMS [for review, see 
Brunoni and Vanderhasselt (2014)], the present findings sup-
port that a working memory task that engages the DLPFC, 
improves accuracy on targets, but corticomotor excitability 
remains unchanged. The increased accuracy from baseline 
to PR + 30 is in agreement with earlier lines of evidence 
on motor learning, which demonstrated that performance 
still increases when motor practice is performed during pain 
(Boudreau et al. 2007; Lamothe et al. 2014; Bouffard et al. 
2016; Mavromatis et al. 2017).

The lack of facilitation of M1 could be explained by the 
effort needed to perform the working memory task during 
pain. It is known that, for instance, motor tasks need to be 
at a certain level of difficulty for learning to be optimal and 
engage M1 (Boudreau et al. 2010). Participants in the TBT 
group consistently rated the effort to complete the TBT 
higher during pain, but effort is not a direct measure of task 
difficulty. It, therefore, remains unclear if the task was able 
to modulate corticomotor excitability, since a TBT group 
without pain was not included. Nonetheless, it is known that 
increased task difficulty enhances corticomotor excitabil-
ity to a greater extent during performance of, e.g., motor 
imagery (Roosink and Zijdewind 2010), and task difficulty 
in the current study should therefore be considered.

Limitations

The lack of a TBT group with no pain during performance 
makes it difficult to assess if the TBT influences corticomo-
tor excitability when performed during pain. Earlier studies 
where pain-free participants were tested have consistently 
demonstrated that isotonic saline and no pain perception do 
not interfere with the magnitude of MEPs (Le Pera et al. 
2001; Svensson et al. 2003; Schabrun et al. 2015a), but there 
are no equivalent data on the TBT alone. The lack of a pre-
familiarization TMS baseline does not allow for the relative 
impact of the familiarization/baseline n-back task perfor-
mance on MEPs to be assessed.

This is the first study to explore if performing a work-
ing memory task modulates the pain-induced reduction in 
corticomotor excitability. Pain-induced reduction in FDI 
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corticomotor excitability was unaffected by engaging in a 
working memory task during pain, despite an enhanced pain 
perception.
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