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Abstract

Motor training is a widely used therapy in many pain conditions. The brain’s capacity to undergo functional and structural
changes i.e., neuroplasticity is fundamental to training-induced motor improvement and can be assessed by transcranial
magnetic stimulation (TMS). The aim was to investigate the impact of pain on training-induced motor performance and
neuroplasticity assessed by TMS. The review was carried out in accordance with the PRISMA-guidelines and a Prospero
protocol (CRD42020168487). An electronic search in PubMed, Web of Science and Cochrane until December 13, 2019,
identified studies focused on training-induced neuroplasticity in the presence of experimentally-induced pain, 'acute pain'
or in a chronic pain condition, 'chronic pain'. Included studies were assessed by two authors for methodological quality
using the TMS Quality checklist, and for risk of bias using the Newcastle—Ottawa Scale. The literature search identified 231
studies. After removal of 71 duplicates, 160 abstracts were screened, and 24 articles were reviewed in full text. Of these, 17
studies on acute pain (n="7) or chronic pain (n= 10), including a total of 258 patients with different pain conditions and 248
healthy participants met the inclusion criteria. The most common types of motor training were different finger tasks (n=6).
Motor training was associated with motor cortex functional neuroplasticity and six of seven acute pain studies and five of
ten chronic pain studies showed that, compared to controls, pain can impede such trainings-induced neuroplasticity. These
findings may have implications for motor learning and performance and with putative impact on rehabilitative procedures
such as physiotherapy.
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Neuroplasticity can be defined as the brain’s ability to reor-
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skill being trained and can be reflected in measures such as
accuracy, precision and speed. It has been suggested that
training-induced neuroplasticity may be dependent on a
number of factors, including the complexity of the skills
being trained, training time, motivational conditions, age and
the muscle groups activated during skill training to name a
few (Duchateau et al., 2006; Hellmann et al., 2011; Wulf
et al., 2010).

There are also reports that the presence of pain can have
an impact on training-induced neuroplasticity and on the
motor performance when executing a motor skill (Bank
et al., 2013; Hodges & Tucker, 2011). The effect pain has on
motor performance can both be subtle, e.g., redistribution of
activity within/between muscles, increased variability, and
more salient, e.g., avoidance of the motor behaviour caus-
ing or increasing the pain (Akhter et al., 2014; Hodges &
Smeets, 2015; Hodges & Tucker, 2011).

Chronic pain conditions, as for example chronic lower
back pain, which often result in limitations in motor perfor-
mance, are common conditions and conventional treatments
often involve different types of skill training to reduce dis-
ability and pain. Movements engaged during skill training
will activate different corticomotor pathways in the brain to
achieve appropriate, precise, and effective motor control and
facilitate rehabilitation of the motor performance (Gurev-
ich et al., 1994; Kosek et al., 2013). However, conventional
rehabilitation and skill training programs may not optimally
restore impaired motor performance in patients with chronic
pain, compared to pain-free patients, due to a negative effect
on training-induced neuroplasticity. Despite the importance
of this topic in rehabilitation medicine, the effect of pain
on training-induced neuroplasticity and the subsequential
impact this has on motor skill acquisition and improvement,
is not well understood.

Transcranial magnetic stimulation (TMS), a non-invasive
brain imaging technique, can be used to assess training-
induced neuroplasticity in corticomotor pathways following
motor skill training (Rothwell, 2018). There is some evi-
dence that both acute and chronic pain can affect the plas-
ticity of the motor cortex—as assessed by TMS—follow-
ing motor skill training, although reported findings are not
conclusive. Thus, a reduction in corticomotor excitability
has been reported for patients with both chronic and acute
pain (Dettmers et al., 2001; Krause et al., 2006). In contrast,
both chronic pain (e.g., phantom limb pain) (Dettmers et al.,
2001) and acute pain have also been shown to increase motor
cortex excitability under certain circumstances (Romaniello
et al., 2000).

The aim of this systematic review was to investigate the
impact of pain (acute or chronic) on training-induced motor
performance and neuroplasticity as assessed by TMS.
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Materials and methods
Protocol

This study followed a protocol that was registered in Pros-
pero (CRD42020168487) and was carried out in accordance
with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) Statement (Moher et al.,
2009).

Inclusion and exclusion criteria

Eligibility criteria were formulated using PICO (population,
intervention, comparison and outcome) to identify clinical
studies published in English and focused on pain and train-
ing-induced neuroplasticity assessed with TMS in humans.

e Populations: Healthy humans with experimentally
induced acute pain or humans with a chronic pain condi-
tion.

¢ Intervention: Short-term motor task training in the pres-
ence of pain (acute or chronic).

¢ Comparison: Healthy humans with no pain.

e Primary outcome: Neuroplasticity assessed with TMS
targeting motor cortex areas of the corresponding mus-
cles involved in the training task performed in the pres-
ence of pain.

e Secondary outcome: Behavioral and functional out-
comes.

Articles were excluded if a) the population had psychiat-
ric or neurological disorders, b) participants did not perform
an active form of training, c) participants performed long
term training (e.g., sport athletes) and d) the training was
combined with other interventions (e.g., paired associative
stimulation).

Literature search

An electronic search was carried out in PubMed, Cochrane
and Web of Science until December 13, 2019. The search
strategy was developed for PubMed with a combination of
MeSH terms and free text terms in cooperation with an expe-
rienced research librarian (Martina Vall) and then adapted to
both Cochrane and Web of Science. The search was designed
to identify studies that assessed the possible effect of acute
or chronic pain on training-induced neuroplasticity assessed
with TMS. Table 1 provides the full search strategy for Pub-
Med. There was no limitation on study design or language
in the search. The electronic search was combined with a
hand search of the reference lists of the included articles
to identify additional studies. Grey literature, letters to the
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Table 1 PubMed Search strategy

Search Search String

1. Plasticity

("Sensorimotor Cortex"[Mesh] OR corticomotor plasticity[tiab] OR corticomotor control[tiab] OR

corticomotor pathway*[tiab] OR sensorimotor cortex[tiab] OR neuroplasticity[tiab] OR "Neuronal
Plasticity"[Mesh] OR cortical plasticity[tiab] OR cortical neuroplasticity[tiab] OR brain plasticity[tiab]

OR Neuronal Plasticity[tiab])

(TMS[tiab] OR Transcranial Magnetic Stimulation[tiab] OR "Transcranial Magnetic Stimulation"[Mesh])
(exercise[Mesh] OR rehabilitation[Mesh] OR rehabilitat*[tiab] OR exercis*[tiab] OR train*[tiab] OR

physical therapy modalities[Mesh] OR physical therapists[Mesh] OR physiotherap*[tiab] OR physical
therapy specialty[Mesh] OR kinesio*[tiab]OR learning[tiab] OR (physical[tiab] AND therap*[tiab]))

2. TMS

3. Exercise

4. Pain Pain OR nociception

5. Result #1 AND #2 AND #3 AND #4

editor and editorials were not included, and authors were not
contacted for additional information.

Article selection

Two authors (BHH, NS) independently screened all titles
and abstracts for potential eligibility. If at least one author
deemed an article to be of potential interest, it was retained
for the full text assessment. The full text assessment was
carried out independently by the same authors to determine
if articles met the inclusion criteria. Any disagreements
were resolved by discussion between the investigators and
if needed by a third author (MK).

Data extraction

Data extraction was carried out by two authors (NS, MK)
and checked by a third author (BHH). The data extracted
from the individual studies were: first author, publication
year, aim, study population, study setting, study design,
methods, outcomes, and study summary. All data support-
ing the findings of this study are available within the article
and its 19. A record of the database searches is available on
Prospero (CRD42020168487). If results allowed, primarily
with regard to reported TMS outcome measures for neuro-
plasticity and elapsed time between training and assessment,
a meta-analysis was planned using a random effects model
and using the I? statistic for assessing heterogeneity among
studies.

Quality assessment

Assessment of risk of bias in the included studies was
carried out by two authors (NS, LAA) using the Newcas-
tle-Ottawa Scale (NOS) for case—control studies (Stang,
2010). In addition, the included studies were assessed by
two authors (NS, YC) with the TMS Quality checklist (Chip-
chase et al., 2012). For both of these instruments, any disa-
greement between the authors were resolved by discussion,

and if needed by a third author (BHH). The NOS evaluates
the risk of bias by looking at eight items categorized in three
different domains: selection, comparability and exposure.
NOS uses a star system where the studies with the highest
quality are awarded a maximum of one star for each item
with exception for the item related to comparability where
the assignment of two stars are allowed providing a total
score between 0 and 9. The TMS Quality checklist includes
eight items on participant characteristics, 20 items on TMS
methodology, of which three items specifically concern
paired pulse only, and two items on analysis. In total, the
checklist includes 26 factors that can be reported and/or
controlled for in studies using single pulse TMS, and 29
factors that can be reported and/or controlled for in studies
using paired pulse TMS. The checklist items were assessed
as: “Yes”, “No”, or “Not applicable”, and the number of
these respective answers was reported together with the total
percentage of “Yes” answers with the number of attainable
criteria as denominator.

Results
Literature search

The electronic literature search in PubMed, Cochrane and
Web of Science, identified a total of 231 articles (Fig. 1).
After removal of 71 duplicates, 160 unique abstracts were
screened, and 24 articles were reviewed in full text. Of
the 24 articles, 7 articles were excluded (Bradnam et al.,
2016; Daligadu et al., 2013; Massé-Alarie et al., 2015;
Massé-Alarie et al., 2017a; McCambridge et al., 2018; Rit-
tig-Rasmussen et al., 2013; Volz et al., 2012) (Table 2) and
17 articles published between 2007 and 2018 met the inclu-
sion criteria, i.e., reported the impact of pain on training-
induced neuroplasticity assessed by TMS (Table 3). The
electronic search was complemented with a hand search of
the reference lists of included articles.
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The majority of the included articles focused on chronic
pain conditions (n=10) (Baarbe et al., 2018; Hoeger Bement
et al., 2014; Masse-Alarie et al., 2016, 2017b; Mendonca
et al., 2016; Parker et al., 2017; Rittig-Rasmussen et al.,
2014a; Schwenkreis et al., 2011; Tsao et al., 2010; Vallence
et al., 2013), and the remaining articles focused on acute
pain in healthy individuals (n="7) (Boudreau et al., 2007;
Dancey et al., 2019; De Martino, Petrini, et al., 2018; De

Table 2 Articles excluded from the study during full-text assessment
and the main reasons for exclusion (n=7)

Main reason for exclusion  First author Year

Rittig-Rasmussen 2013, Volz 2012
Bradnam 2016

Massé-Alarie 2017

Daligadu 2013

Massé-Alarie 2015, McCambridge 2018

No pain population
Neurological disorder
No training performed
Cross-sectional data
Conference abstract

@ Springer

Martino, Zandalasini, et al., 2018; Ingham et al., 2011; Mav-
romatis et al., 2017; Rittig-Rasmussen et al., 2014b). The
chronic pain conditions included headache (n=1), pain in
the neck region (n=2), lower back pain (n=3), painful hand
arthritis (n=1) and fibromyalgia (n=3).

Acute pain was induced by either: i) applying capsaicin
cream (n=3) intraorally (Boudreau et al., 2007), on the
right thumb (Mavromatis et al., 2017), or on the dominant
elbow (Dancey et al., 2019); ii) by injecting hypertonic
saline (n=2) into the right first dorsal interosseous muscle
(Ingham et al., 2011) or the right side of the neck (Rittig-
Rasmussen et al., 2014b); or iii) eccentric exercise to induce
delayed onset muscle soreness (n=2): in wrist extensor mus-
cles (De Martino, Petrini, et al., 2018; De Martino, Zanda-
lasini, et al., 2018).

Regarding the training paradigms, only one study focused
on the trigeminally-innervated region and involved train-
ing in a tongue-protrusion task (Boudreau et al., 2007). The
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remaining studies focused mainly on the spinally-innervated
upper extremities (hands/arms) and most often involved
training in different finger tasks (n=6). These finger tasks
included: typing letter sequences on a keyboard (Baarbe
et al., 2018), tracing sinusoidal waves on a touchpad with
dominant thumb (Dancey et al., 2019), brisk movements
with the index finger in the opposite direction to the twitches
evoked by TMS (Ingham et al., 2011), pinching a force trans-
ducer (Mavromatis et al., 2017), voluntary finger twitching
(Parker et al., 2017) and thumb abduction in response to an
auditory cue (Vallence et al., 2013).

Six of the seven acute pain studies (Boudreau et al.,
2007; Dancey et al., 2019; De Martino, Petrini, et al.,
2018; De Martino, Zandalasini, et al., 2018; Mavroma-
tis et al., 2017; Rittig-Rasmussen et al., 2014b) and five
of the ten chronic pain studies (Hoeger Bement et al.,
2014; Masse-Alarie et al., 2016; Rittig-Rasmussen et al.,
2014a; Schwenkreis et al., 2011; Vallence et al., 2013)
showed that acute and chronic pain impede trainings-
induced functional neuroplasticity otherwise observed in
the primary motor cortex (e.g., increased corticomotor
excitability).

In terms of motor performance, only five of the seven
studies that induced acute pain evaluated subsequent
changes in motor performance (Boudreau et al., 2007;
Dancey et al., 2019; Ingham et al., 2011; Mavromatis et al.,
2017; Rittig-Rasmussen et al., 2014b). Two of these five
studies (Boudreau et al., 2007; Ingham et al., 2011) showed
that pain in the region being trained (i.e., tongue and finger,
respectively) had a negative effect on the training-induced
motor performance gain (i.e., tongue protrusion and fin-
ger abduction, respectively). The remaining three studies
(Dancey et al., 2019; Mavromatis et al., 2017; Rittig-Ras-
mussen et al., 2014b) did not demonstrate any differences
between pain and control groups.

For the chronic pain studies, only five of the ten studies
(De Martino, Petrini, et al., 2018; De Martino, Zandalasini,
et al., 2018; Hoeger Bement et al., 2014; Mendonca et al.,
2016; Schwenkreis et al., 2011) evaluated motor perfor-
mance in comparison to pain-free control groups. Four of
these studies did not show any conclusive findings whereas
one study on chronic headache showed greater improvement
in a thumb abduction motor task in the pain-free control
group (Vallence et al., 2013).

Table 4 Risk of bias in included

) . First author Year Selection Comparability Exposure Total

studies (n=17) assessed with

a modified Newcastle—Ottawa Assessment Category St S22 S3 S4 Cla Clb E1 E2 E3

Scale for case—control studies

Experimental pain in healthy (n=7)
Boudreau 2007* * - - (¥)  * (%) * (x) (k) 3@
Dancey 2019 * - * * * * * * * 8
De Martino 2018a* * - - (*x) () (%) * (X)) - 24)
De Martino 2018b* * - - k) (k) (k) * *) - 2(4)
Ingham 2011* * - - k) k) (k) * (*) - 2(4)
Mavromatis 2017 * - - * * * * * * 7
Rittig-Rasmussen 2014b* % - k) k) k) (k) * () ()  2(6)
Chronic pain population (n=10)

Baarbe 2018 * - - * * * * * - 6
Hoeger Bement 2014* * - - (*) () (%) * (%) * 2(4)
Massé-Alaire 2017b* * - (k) (k) K * * * * 6(2)
Massé-Alaire 2016* * - k) (k) X * * * - 52
Mendonca 2016 * - * * * * * * - 7
Parker 2017 * * * * * * * * * 9
Rittig-Rasmussen 2014a * - * * * * * * - 7
Schwenkreis 2011 * - - * * - * * * 6
Tsao 2010 * - - * * * * * - 6
Vallence 2013 * - - * * * * * - 6

S — Selection of case and control; C — Comparability of cases vs control; E — Exposure

S1: Case Definition; S2: Case Representativeness; S3: Control Selection; S4: Control Definition. Cla: Age;
C1b: Other factors. E1: Assessment; E2: Same method cases and controls; E3: Nonresponse rate

“Please note that per the definitions of the criteria in the Newcastle—Ottawa scale studies without a control
group cannot achieve scores for items S3, S4, Cla, Clb, E2 and E3. We have therefore modified the scale
by adding a score (in brackets) for internal control groups
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Risk of bias assessment

The risk of bias as assessed with the use of NOS is pre-
sented in Table 4. Lower scores were generally associated
with study design and often with lack of inadequate control
groups. Therefore, we added a modified score for internal
control groups. For the assessment with the TMS checklist
the average quality score was 72% (range 54—90%), for
reported factors and 65% (range 38 — 83%) for controlled
factors (Table 5). All studies scored over 50% for factors
that should be reported and only three studies scored less
than 50% (Baarbe et al., 2018; Hoeger Bement et al., 2014;
Mendonca et al., 2016) for factors that should be controlled.
However, none of the included studies were rated as having
an overall high risk of bias and all studies were retained for
the qualitative synthesis.

Meta-analysis

When all included papers were assessed for the possibility of
a quantitative analysis, there was a lack of studies reporting
central and dispersion measures for comparable outcomes.
Two studies from the same research group (Masse-Alarie
et al., 2016, 2017b) in chronic back pain patients reported
short intracortical inhibition (SICI) and facilitation (SICF)
(before and after intervention). The same studies, together
with one study on acute pain in healthy individuals (De
Martino, Zandalasini, et al., 2018), presented data on MEP

amplitudes and silent periods. Based on this, it was not
deemed suitable to carry out a meta-analysis but instead a
qualitative synthesis of main findings is presented (Table 6).

Discussion
Pain, training, and neuroplasticity

This systematic review included 7 studies investigating the
impact of experimental acute pain in pain-free participants,
and 10 studies investigating the effects of chronic pain on
corticomotor excitability of the muscle in pain and the
associated training-induced motor performance gain. The
main findings suggest that both acute and chronic pain may
impede training-induced neuroplasticity.

The studies included in the present review were heteroge-
neous with regard to several aspects of study designs. One
aspect to consider is that the selected cases included in the
studies represented a wide range of chronic pain conditions
and different acute pain protocols, manifested at different
regions of the body. The chronic pain conditions included
either widespread pain in multiple anatomical locations (i.e.,
fibromyalgia), regional pain in the cervical, spinal, or lum-
bar regions, or localized pain in the hand, head and facial
regions. The acute pain protocols ranged from application
of a topical capsaicin cream or hypertonic saline injec-
tion to the target muscle or nearby area, to injections of a

Table 5 Quality assessment of

. X X First author Year Reported Controlled

included articles (n=17) with

the TMS checklist Yes No N/A % Yes Yes No N/A % Yes
Baarbe 2018 15 9 6 63 11 12 7 48
Boudreau 2007 19 6 5 76 16 9 5 64
Dancey 2019 19 5 6 79 17 7 6 71
De Martino 2018a 17 8 5 68 14 11 5 56
De Martino 2018b 18 7 5 72 18 7 5 72
Hoeger Bement 2014 13 11 6 54 9 15 6 38
Ingham 2011 19 7 5 72 18 5 72
Masse Alaire 2017b * 23 6 1 79 23 1 79
Masse Alaire 2016 * 22 7 1 76 22 7 1 76
Mavromatis 2017 * 20 8 2 71 19 9 2 68
Mendonca 2016 * 15 13 2 54 13 15 2 46
Parker 2017 * 26 3 1 90 24 1 83
Rittig-Rasmussen 2014a 20 5 5 80 17 5 68
Rittig-Rasmussen 2014b 19 6 5 76 16 5 64
Schwenkreis 2011* 18 10 2 64 18 10 3 64
Tsao 2010 17 7 6 71 16 6 67
Vallence 2013 18 6 6 75 17 6 71
Mean 19 7 4 72 17 9 4 65

* Paired pulse. otal number of possible reported/controlled items are 26 for single pulse TMS, and 29 for

paired pulse TMS
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Table 6 Results reported for pain groups (black arrows) and control groups (white arrows) as no changes (—), increase (1) and decrease (|) for
the included studies (n=17)

First author Year Single pulse TMS Paired pulse TMS
™MT AMT MEP MEP MEP MT  Map SICI SICF CoG LICI LICF ICF ICI
ampl active  latency volume
sites
Experimental acute pain studies (n=7)
Boudreau 2007 4 - nd
3 T 3
Dancey 2019 - -
$ 4
De Martino 2018a - 1 4 -
= 4 T =
De Martino 2018b - 4 -
> 4 T 3
Ingham 2011 -) -)
= =
Mavromatis 2017 - -> -
T T =
Rittig-Rasmussen 2014b 3
T
Chronic pain studies (n=10)
Baarbe 2018 g =
= >
Hoeger Bement 2014 3
Massé-Alaire 2017b -) - -) -)
> 3 > =
Massé-Alaire 2016 3 3
> =
Mendonca 2016 - = - =-»
= = > 3
Parker 2017 - =) 3 1 -
= = i1 4 =
Rittig-Rasmussen 2014a* g
Schwenkreis 2011 -) -) ?
4 - 1
Tsao 2010 -
=
Vallence 2013 - -»>
= T

rMT, Resting motor threshold; AMT, Active motor threshold; MEP, Motor evoked potential; MT, Motor threshold; SICI, Short interval intracor-
tical inhibition; SICF, Short interval intracortical facilitation; CoG, Center of gravity; LICI, Long interval intracortical inhibition; LICF, Long-
interval intracortical inhibition facilitation ICF, Intracortical facilitation; ICI, intracortical inhibition
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nerve growth factor, eccentric exercises to provoke delayed
onset muscle soreness, or a combination of the last two.
Furthermore, the training tasks differed between studies.
Some studies were simpler and involved only one (i.e., one-
dimensional) or a few muscles, whereas other studies were
more complex with tasks involving coordinated activation of
multiple muscles and muscle groups as well as being more
cognitively demanding. The range of training tasks included
some that can be presumed, at least in part, to utilize already
existing motor pattern skills such as typing (Baarbe et al.,
2018), whereas other motor tasks can be viewed as more
novel motor patterns, e.g., tracing an external target utilizing
shoulder muscles (Rittig-Rasmussen et al., 2014a, 2014b).
Other studies incorporated more fatiguing or strength-
demanding tasks (De Martino, Petrini, et al., 2018; De
Martino, Zandalasini, et al., 2018; Hoeger Bement et al.,
2014; Mavromatis et al., 2017), thereby putting additional
functional demands on muscles, muscle groups and the cor-
ticospinal tract.

The large variation in the duration, repetition, intensity
and type of training performed, each of which can impact
the neuroplastic changes occurring in the brain, is consistent
with the time, intensity, repetition and specificity principles
of neuroplasticity (Avivi-Arber & Sessle, 2018; Kleim &
Jones, 2008). This relates to the question “when is enough
enough?” or maybe a ceiling effect for pain conditions. It has
been shown that neuroplastic changes are more pronounced
in skills training (Pascual-Leone et al., 1995), as opposed
to fatiguing and strength training exercises (Remple et al.,
2001) and that exercise-induced fatigue may even reduce
neuroplasticity (Wang et al., 2020). In the present review,
several of the primary studies included training protocols
either designed to induce fatigue (De Martino, Petrini,
et al., 2018; De Martino, Zandalasini, et al., 2018; Hoeger
Bement et al., 2014; Mendonca et al., 2016; Schwenkreis
et al., 2011), or protocols that may have induced fatigue
due to the length of training sessions or the load applied
(Boudreau et al., 2007; Parker et al., 2017; Rittig-Rasmussen
et al., 2014a, 2014b; Vallence et al., 2013). In addition to the
duration of individual sessions, the number of sessions may
also affect the overall effects from training, consistent with
the ‘repetition’ principle of neuroplasticity.

Consistent with the ‘timing’ principle of neuroplasticity
(Avivi-Arber & Sessle, 2018; Kleim & Jones, 2008), the
time between training and TMS measurements should be
considered in relation to immediate versus more long-lasting
neuroplastic changes. Time is an important factor since dif-
ferent forms and different directions of neuroplastic changes
occur at different points of time after motor training (Avivi-
Arber & Sessle, 2018; Kleim & Jones, 2008). Whereas most
studies performed TMS measurement to assess neuroplas-
tic changes immediately after training (i.e., within one-hour
timeframe), several studies also explored training-induced

neuroplastic changes more thoroughly by performing mul-
tiple TMS measurements within the first 15-min (Ingham
etal., 2011; Parker et al., 2017; Vallence et al., 2013) or first
hour (Rittig-Rasmussen et al., 2014a, 2014b; Schwenkreis
et al., 2011; Vallence et al., 2013) following training. Two
studies also investigated possible long term effects after one
week of training (Rittig-Rasmussen et al., 2014a, 2014b)
and found a long lasting inhibition of corticomotor excit-
ability in healthy subjects who performed neck exercises
in the presence of acute neck pain (Rittig-Rasmussen et al.,
2014b). Therefore, it is noteworthy in the context of train-
ing, that pain can induce fast-onset and long-lasting neuro-
plastic changes manifested as decreased corticomotor excit-
ability. Clearly, there are several important training-related
parameters that need to be taken into consideration before a
more comprehensive understanding of the effects of pain on
training-induced corticomotor excitability can be obtained.

The wide range of pain conditions discussed above can
explain variations across the studies in the expression of pain
sensations in terms of intensity and quality of pain, as well
as temporal aspects of pain such as timing of peak intensity
and duration. Consistent with the ‘specificity’ principle of
neuroplasticity (Avivi-Arber & Sessle, 2018; Kleim & Jones,
2008), these variations in pain characteristics may explain
differences in neuroplastic changes between selected cases
and controls within and across studies.

Additionally, age is a factor that should be considered as
aging is associated with different processes, e.g., physiologi-
cal degradation and neuronal atrophy, resulting in declines
in sensorimotor control and performance. There was a large
mean age range from 21.1 years (Baarbe et al., 2018) to
72.0 years (Parker et al., 2017) for the studies evaluating the
effect of chronic pain on corticomotor excitability, whereas
for the studies that induced acute pain in pain-free partici-
pants the mean age ranged only from 20.2 years (Dancey
et al., 2019) to 26.5 years (Mavromatis et al., 2017). How-
ever, no significant effects attributed to age were found for
any of the included studies. Another subject related factor
worth taking into consideration is that of gender. All stud-
ies reported varying ratios of male and female participants.
According to the TMS checklist gender is a factor that only
should be reported and not controlled, which was the case
for all included studies.

As mentioned earlier, most studies incorporated train-
ing that targeted painful areas, either through acute pain or
by the presence of localised chronic pain conditions. There
was however a number of studies that examined the more
global effects, from chronic tension type headaches (Val-
lence et al., 2013), neck pain (Baarbe et al., 2018), back pain
(Tsao et al., 2010) or fibromyalgia (Schwenkreis et al., 2011)
in hand or arm training or from knee pain in neck training
(Rittig-Rasmussen et al., 2014a). The last of these studies
investigated neck training in three groups; neck pain, knee
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pain and controls, and demonstrated significantly reduced
corticomotor excitability of neck muscles as assessed by
MEP amplitudes in the neck pain, but not in the knee pain
or control groups (Rittig-Rasmussen et al., 2014a). This
finding is in accordance with a lack of difference in MEP
amplitudes between healthy controls and a neck pain group
following a typing task (Baarbe et al., 2018), and between
healthy controls and a fibromyalgia group following a hand
grip task (Schwenkreis et al., 2011). This finding strongly
indicates that it may not be pain in general but pain in a rel-
evant region for the motor task that determines the impact on
training-induced neuroplasticity. In contrast, reduced motor
learning in a thumb abduction task was reported for head-
ache patients compared to healthy controls (Vallence et al.,
2013), indicating that the relationship between pain location
and trained regions may be dependent not only on the loca-
tion but also on the type of pain condition.

There are several factors to consider when comparing the
chronic pain and acute pain groups of the studies included
in the present review. One aspect is that in the chronic pain
conditions, and in most of the acute pain conditions, motor
skill acquisition training and motor skill acquisition occurred
in the presence of pain. In contrast, in two studies of acute
pain, motor training occurred in the absence of pain but the
motor skill acquisition was evaluated in the presence of pain
(De Martino, Petrini, et al., 2018; De Martino, Zandalasini,
et al., 2018). In a systematic review based on 43 studies that
evaluated motor cortex excitability in chronic pain condi-
tions, Parker et al. found that chronic pain conditions can
induce a range of motor cortex neuroplastic changes that
vary across studies there was inconsistency for most out-
come measures. Among the changes were reduced dura-
tion of silent period and SICI together with enhanced SICF.
There were also indications that these effects were more
pronounced in populations with neuropathic pain (Parker
et al., 2016). Most of the included studies were however
based on migraine populations, thereby representing a pain
condition with complex pathophysiology specifically related
to the trigeminal region.

Functional aspects

Another factor to consider when comparing exercise in the
presence of chronic pain versus acute pain is the “salience
principle” (Kleim & Jones, 2008). The salience principle
describes the brain's attention to any input, and in the con-
text of exercise can be seen as increased attention to a task
being practiced. Patients with chronic pain may have such
a cognitive incentive when exercising, due to perceived or
expected healing or analgesic effects. In acute pain, however,
exercise probably has no cognitive incentive, but rather may
have an “interference” effect, e.g., worsening the acute pain,
thereby resulting in non-salient exercise. This is supported
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by the increased representation in the motor cortex from sali-
ent exercise compared to non-salient exercise (Stefan et al.,
2004). It has been suggested that this may be explained in
part by the increase of acetylcholine in the cortex in salient
exercises compared to non-salient exercises (Meintzschel &
Ziemann, 2006).

With regard to the functional outcomes, there was a large
variety also here with regard to reported outcomes, and five
of the ten chronic pain studied (De Martino, Petrini, et al.,
2018; De Martino, Zandalasini, et al., 2018; Hoeger Bement
et al., 2014; Mendonca et al., 2016; Schwenkreis et al.,
2011) and six of the seven acute pain studies (Boudreau
et al., 2007; Dancey et al., 2019; De Martino et al., 2018a;
De Martino et al., 2018b; Mavromatis et al., 2017; Rittig-
Rasmussen et al., 2014b), did not report specific functional
outcomes. Different types of percentage performance score
were reported in relation to tracking tasks (Boudreau et al.,
2007; Rittig-Rasmussen et al., 2014a, 2014b) and accuracy
(Baarbe et al., 2018; Mavromatis et al., 2017; Parker et al.,
2017) sometimes combined with response time or speed of
movement (Baarbe et al., 2018; Mavromatis et al., 2017).
In general, performance improved with training regardless
of presence of pain, although some performance scores
were affected in pain groups compared to pain-free controls
(Boudreau et al., 2007; Vallence et al., 2013).

Quality assessment

As per our Prospero protocol we carried out a risk of bias
assessment utilizing two instruments. The first instrument,
NOS, covers domains for selection of participants, compa-
rability between groups, and exposure, and is the recom-
mended instrument for case—control studies. A general
finding across all studies was that the study populations
were often convenience samples and therefore not truly
representative of the populations under study. Furthermore,
our assessment was based on the specific aim to evaluate
neuroplasticity after training in the presence of pain. With
regard to study design, studies without a control group can
by definition only be scored on three items in the NOS and
we therefore added a modified score for studies with internal
control groups. Furthermore, the quality scores for some
of the included studies could be higher if they had been
assessed in relation to the specific aim of the respective stud-
ies. We therefore regard the results from the assessment with
NOS to be of limited value in the present review, given that
many studies were based on intraindividual comparisons,
before and after training, and not on comparisons between
groups. We also carried out an assessment with the TMS
checklist which was introduced in 2012 (Chipchase et al.,
2012). This instrument was developed based on a 2-round
international Delphi process with 42 participants result-
ing in a 30-item checklist covering domains of participant
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characteristics, TMS protocol and analysis. The overall
mean scores for the primary studies in the present review
of 72 and 68% for reported and controlled factors, respec-
tively, indicate a moderate methodological quality and are
in line with other reviews utilizing this checklist. Items in
the checklist that were reported to a less degree included
prescribed medication and history of repetitive motor activ-
ity for participants, participants’ attention during testing,
and size of unconditioned MEP in the target muscles. These
findings are also in accordance with other reviews (Parker
et al., 2016; Rosso & Lamy, 2018) indicating that the pri-
mary studies in the present review have a methodological
quality similar to other recent systematic reviews.

Neurophysiological aspects

The main goal of many neurorehabilitation regimes is to
promote neuroplasticity at the subcortical and cortical lev-
els, such that long-lasting and beneficial alterations in motor
control strategies can be achieved (Gabriel et al., 2006).
Novel motor skill training, in contrast to passive assistance
or repetitions of general exercise (strength training), has
been associated with improvements in task performance and
increased representation of the trained muscle in the motor
cortex (Kothari et al., 2013; Svensson et al., 2003). At this
point in time, in terms of evaluating the combined effect of
pain and motor training on neuroplasticity, there was not
sufficient data available that could be extracted from the pri-
mary studies and grouped according to outcome measures
to carry out a meta-analysis. However, from the qualitative
synthesis we can conclude that both acute pain and chronic
pain may impede training-induced neuroplasticity which
may have implications for motor learning and performance
during rehabilitation following injury or disease. Training-
induced neuroplasticity has been shown to occur rapidly and
to continually evolve with more training (Koeneke et al.,
2006; Svensson et al., 2003). It is therefore reasonable to
assume that presence of pain may impede plasticity induced
by long-term training in a similar manner to short-term train-
ing, as reported in the present review.

The results from the present review are in line with the
principle that pain, both acute and chronic, is not purely a
sensory process but that pain networks interact with other
complex networks in cerebral structures including, but not
limited to, the primary motor cortex (M1), thalamus and
prefrontal cortices. Such interactions are used for example
to initiate and modulate actions to avoid or reduce pain. The
possible interaction between pain and the M1 can influence
training-induced neuroplasticity and some of the findings in
the present review may to some extent indicate the neuro-
physiological processes involved. Single pulse TMS meas-
ure outcomes, such as a decrease in rMT, were reported in
control conditions but negated by pain. This may indicate

increased excitability in a central core region of neurons
in M1. On the other hand, an increase in MEPs may imply
involvement of additional neurons in other regions (Hallett
et al., 1999). Variations in paired pulse TMS outcomes such
as ICI represent changes to the inhibitory cortical networks
primarily regulated by the chief inhibitory neurotransmit-
ter GABA (Hallett et al., 1999). Reduced activity in these
inhibitory cortical networks is an indication of enhanced
neuroplasticity but may be negated in the presence of pain.
Furthermore, pain may also affect performance due to
movement related pain or kinesiophobia directly resulting
in impaired motor output (Hodges & Smeets, 2015; Hodges
& Tucker, 2011). Consequently, the performed training of
a specific motor skill is hampered which indirectly impedes
the associated training-induced neuroplasticity.

Summary

The present study has shown that both acute pain and chronic
pain may impede training-induced functional neuroplasticity
manifested as decreased corticomotor excitability as defined
by TMS. Overall, the findings reflect the many aspects of
human neuroplasticity, that cannot be encapsulated by a sin-
gle outcome measure. It should be acknowledged that other
brain imaging techniques such as structural and functional
magnetic resonance imaging (sMRI, fMRI), electroencepha-
lography (EEG) and magnetoencephalography (MEG) can
provide complementary information that can help identify
neural correlates underlying a particular neuroplastic brain
change and associated motor behaviour. This information
is important for developing better rehabilitative training
approaches that adequately manage pain and facilitate adap-
tive neuroplasticity and improved motor performance.
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