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Effects of pain on cortical homeostatic plasticity in
humans: a systematic review

Daniela M. Zolezzi, Dennis B. Larsen, Megan McPhee, Thomas Graven-Nielsen*

Abstract \
Homeostatic plasticity (HP) is a negative feedback mechanism that prevents excessive facilitation or depression of cortical excitability

(CE). Cortical HP responses in humans have been investigated by using 2 blocks of noninvasive brain stimulation with a no-stimulation
block in between. A healthy HP response is characterized by reduced CE after 2 excitatory stimulation blocks and increased CE when
using inhibitory stimulation. Conversely, impaired HP responses have been demonstrated in experimental and chronic pain conditions.
Therefore, this systematic review aimed to provide an overview of the effect of pain on cortical HP in humans. Scopus, Embase, and
PubMed were searched from inception until November 20, 20283. The included studies (1) compared experimental or clinical pain
conditions with healthy controls, (2) induced HP using 2 blocks of stimulation with a no-stimulation interval, and (3) evaluated CE
measures such as motor-evoked potentials. Four studies were included, consisting of 5 experiments and 146 participants, of whom 63
were patients with chronic pain and 48 were subjected to an experimental pain model. This systematic review found support for an HP
impairment in pain compared with that in pain-free states, reflected by a lack of CE reduction after excitatory-excitatory HP induction
over the primary motor cortex. Inhibitory-inhibitory HP induction did not produce a consistent HP response across studies,
independent of pain or pain-free states. Standardization of HP induction protocols and outcome calculations is needed to ensure
reproducibility and study comparison. Future HP studies may consider investigating sensory domains including nociception, which
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would further our understanding of abnormal HP regulation in pain conditions.

Keywords: Homeostatic plasticity, Pain, Noninvasive brain stimulation, Plasticity, Corticomotor excitability

1. Introduction

Activity-dependent synaptic plasticity mechanisms enable neu-
rons to integrate and efficiently respond to external stimuli.” One
of the most well-studied mechanisms is Hebbian plasticity, the
widely accepted cellular foundation for learning and memory.2-5°
Hebbian plasticity includes long-term potentiation (LTP), which
reinforces synaptic connections that are activated with a given
stimuli or experience, and long-term depression (LTD), which
downregulates neuronal activity.*® Given the necessary positive
feedback nature of LTP and LTD, there is a risk of destabilizing
neuronal activity through excessive positive feedback loops of
synaptic strengthening (ie, LTP) or weakening (ie, LTD),? which
could affect largely the ongoing brain activity.®*~>* Homeostatic
plasticity (HP) refers to the negative feedback mechanism that
prevents excessive excitation or inhibition and maintains neuronal
activity in a physiological range.3%%* It is currently acknowledged

that a healthy HP response prevents destabilization by shifting the
threshold for LTP and LTD based on the history of postsynaptic
activity, as described by the Bienenstock-Cooper-Munro (BCM)
model.® The principles of the BCM model have been demon-
strated in humans by assessing changes in cortical excitability
after 2 blocks of noninvasive brain stimulation (NIBS) (eg, paired
associative stimulation [PAS], transcranial magnetic stimulation
[TMS], or transcranial direct current stimulation [tDCS]) with a no-
stimulation interval between blocks. The protocols for inducing
a cortical HP response in humans have varied in methodology, for
example, by using different types of NIBS, different no-stimulation
interval lengths, and varying durations of stimulation.®® The HP
response is assessed through cortical excitability measures such
as motor-evoked potentials (MEPs) or somatosensory-evoked
potentials (SEPs), reflecting primary motor cortex and somato-
sensory cortex activity, respectively.®22:2°
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In healthy controls, the HP response has been observed as
reduced MEPs after 2 excitatory blocks of primary motor cortex
(M1) stimulation with a no-stimulation interval between
blocks,*8°¢57 while increased MEPs have been reported when
using 2 inhibitory blocks with no stimulation in between.'*6:57
Thus, in healthy controls, the HP response is characterized by
a bidirectional modulation of excitability, depending on the effect
of the priming and test NIBS technique.?? Notably, people
experiencing experimental or chronic pain do not exhibit this HP
response to the same extent.? A deficient HP response may
reflect an improper balance between excitation and inhibition and
is hypothesized to contribute to disproportionately high synaptic
strengthening, aberrant cortical reorganization, increased pain
perception, and sensorimotor dysfunction.®4° It is therefore
conceivable that dysfunctional HP regulation might have a role in
pain development or persistence, *°:°%%8 but this has not yet been
systematically assessed. This systemic review aimed to in-
vestigate the effect of experimental and clinical pain on the HP
response, as reflected by measures of cortical excitability in
adults.

2. Methods
2.1. Protocol

The systemic review process followed the guidance of Preferred
Reporting ltems for Systematic Reviews and Meta-Analyses
(PRISMA) statement.?® The protocol was prospectively registered
on PROSPERO (CRD42021283696).

2.2. Search strategy and study selection

A systematic search was performed in SCOPUS, PubMed, and
EMBASE, which was searched for relevant original research
articles up to November 20, 2023, using the following search
strings: (pain* OR fibromyalgia OR migraine OR nociception) AND
(“noninvasive brain stimulation” OR NIBS OR “transcranial direct
current stimulation” OR tDCS OR “transcranial magnetic stimu-
lation” OR TMS OR “paired associative stimulation” OR PAS OR
“theta burst stimulation” OR TBS) AND (metaplasticity OR
“homeostatic plasticity” OR “neuronal plasticity” OR “cortical
excitability” OR “synaptic homeostasis”). No limit or filter options
provided by the databases were used. Articles from each
database were downloaded and imported to Reference Manager
JabRef v5.6 and EndNote X4. In addition, a manual search of
references from the included studies and previous systematic
reviews was performed. Duplicates were removed in Mendeley
Desktop v 1.19.8.

2.3. Eligibility criteria

The studies were selected according to the following inclusion
criteria: (1) peer-reviewed original research article published in
English, (2) 2 different groups: (a) healthy adults (older than
18 years) tested when pain-free and when undergoing an
experimental pain condition or (b) a group of adults with acute
or chronic pain compared with a healthy control group, (3) cortical
excitability measures as an outcome (eg, SEPs or MEPs), and (4)
NIBS with HP induction protocol including a no-stimulation block
between the priming and testing. Exclusion criteria were studies
in animals or cells, children or adolescents, and adults with other
nonpainful medical conditions. The titles and abstracts of all
articles were initially screened by 1 reviewer (D.M.Z.). Two
reviewers (D.M.Z. and D.B.L.) then individually assessed the full
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texts considering the inclusion and exclusion criteria. Disagree-
ments were resolved by a third reviewer (T.G.N.).

2.4. Quality assessment—risk of bias

The Quality Assessment of Before-After (Pre-Post) Studies
developed by the National Heart, Lung, and Blood Institute was
used in a modified version.®%%® The quality rating was described
as good, fair, or poor by assessing the questions at a study level
(Table 1). Criteria were then evaluated as “yes,” “no,” or “cannot
be determined/not applicable.” This information was used in the
data synthesis as an overall strength assessment of the available
literature and to make recommendations for future pain-related
studies investigating HP mechanisms.

2.5. Data extraction and evidence synthesis

Data on study and sample characteristics (eg, age, sex, pain
induction or pain etiology, and study design), excitability
measures, NIBS type (eg, time and intensity of stimulation), HP
protocol, and study conclusions were extracted from included
studies. If sufficient data with homogeneous methods were
available (>2 studies using the same methodology and compa-
rable outcomes), then mean group differences in HP response
would be extracted for meta-analysis. In the case of insufficient
data for meta-analysis, evidence would instead be synthesized
qualitatively in text.

3. Results
3.1. Characteristics of included studies

The search retrieved 1873 records from databases (EMBASE,
PubMed, and Scopus), of which 659 were duplicates. Following
duplicate removal, 1214 studies were screened by title, 988
studies were excluded, and 226 were screened by abstract. Of
these, 185 were not retrieved, and 41 studies were assessed for
eligibility by full report screening. In addition, 33 studies were
identified through citation searching, of which 21 were screened
by abstract, and of these, 4 complete studies were obtained for
eligibility assessment. In sum, from 45 assessed studies (ie,
both from databases and citation searching), 4 fuffilled the
eligibility criteria, with 41 excluded (ie, 37 from database search
and 4 from citation searching) for the reasons stated in Figure 1.
A relatively well-known HP study had to be discarded because it
investigated a different research question regarding HP (ie,
concerning the number of stimuli required for LTP or LTD).°
Homeostatic plasticity studies in focal hand dystonia®'-3® were
also discarded because previous and recent evidence seems to
state that pain is not necessarily a symptom of writer cramp
dystonia.*%"

In summary, 4 studies, including 5 experiments and
146 participants, were included in this review (Table 2). Of
these, 63 participants were patients with chronic pain. Two
studies involved an age-matched and sex-matched control
group compared with a chronic pain group.®*® Two studies
included healthy individuals who underwent testing before and
during experimental pain models using nerve growth factor
(NGF, 21 participants)®® and a pain model using capsaicin 8%
patch.%8 The sample size for each group ranged between 13
and 50 participants, with the included age for healthy controls
being a weighted mean for the 4 studies of 31 + 13 years and for
patients with pain 43 + 16 years. For HP induction (Fig. 2), 2
different types of protocols were used: (1) tDCS for 7-minute

3,49,50,58
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Quality assessment criteria.

1. Was the study question or objective clearly stated?

2. Were eligibility criteria for the study population prespecified and clearly described?

3. Were the participants in the study representative of the general or clinical population of interest?

4. Were all eligible participants who met the prespecified entry criteria enrolled?

5. Was the sample size sufficiently large to provide confidence in the findings?

6. Was the intervention clearly described and delivered consistently across the study population?

7. Were the outcome measures prespecified, clearly defined, valid, reliable, and assessed consistently across all study participants?

8. Were the people assessing the outcomes blinded to the participants’ interventions?

9. Was the loss to follow-up after baseline 20% or less? Were those lost to follow-up accounted for in the analysis?

10. Did the statistical methods examine changes in outcome measures from before to after the intervention?

11. Were outcome measures of interest taken multiple times before the intervention and multiple times after the intervention (ie, did they use an interrupted time series design)?

12. Was there a control for carryover effects?

priming and 5-minute test block with a 3-minute no-stimulation
interval (120 participants)*®-5°-°8 and (2) a combination of anodal
tDCS for 10-minute priming with rTMS test block of varying
length (ie, 15 minutes and 20 seconds rTMS).2 In every
experiment, HP induction was performed on the left primary
motor cortex. Cortical excitability was assessed through MEPs
at various time points (Fig. 2): (1) before the priming
block,349:5958 (2) after the priming block (ie, between HP
induction),®®® (3) immediately after HP induction,®°%%8 (4)
5 minutes after HP induction,® (5) 10 minutes after HP
induction,*®%° and (6) 15 minutes after HP induction®%® and

20,%° 30,°%%8 and 45 minutes after HP induction.®® Notably, for
Wittkopf et al.,®® post-HP time points at 30 and 45 minutes were
after a second HP induction. Motor-evoked potentials were
primarily recorded from the first dorsal interosseous mus-
cle,®49%8 and one study recorded MEPs from the right extensor
carpi radialis brevis muscle.®® Stimulus intensities used
throughout the experiments were based on the resting motor
threshold (RMT + 120%) for MEPs (the minimum intensity
needed to evoke a peak-to-peak MEP of 50 wV in 50% of
trials®®®) or a stimulus intensity standardized to elicit peak-to-
peak MEPs of 1 mV*® or 0.5 mV peak-to-peak amplitude.®°

PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers and other sources

[ Identification of studies via other methods

Reports not retrieved
(n=17)

A4

Reports excluded:
Not pain condition, n= 2
Not homeostatic plasticity
protocol, n=2

v

[ Identification of lies via datab. and regist }
—
Records identified from*:
_5 Databases (n= 1873 ?;ZZ?I.: rgmoved before
'g' (EMBASE, n= 988, 9: Records identified from:
£ gubmed_, 2;9386 | Duplicate records removed Citation searching (n=33)
: copus= 499) (n= 659)
=]
_—,
_ .
**Records excluded only by
Records screened
»| h =988
(n=1214) uman (n= 588)
Reports sought for retrieval Reports not retrieved Reports sought for retrieval
2 (n=226) — (n=185) (n=21)
=
@
: I !
3
n
Reports assessed for eligibility | Reports excluded by reasons: Reports assessed for eligibility
(n=41) - Not pain condition, n= 22 (n=4)
Not homeostatic plasticity
protocol, n= 10
Homeostatic plasticity with
intervention (motor learning)
and only healthy participants,
S, n=
— A4 Not NIBS protocol, n= 1
3
= Studies included in review
° (n=4)
=
S,

*Consider, if feasible to do so, reporting the number of records identified from each database or register searched (rather than the total number across all databases/registers).
**If automation tools were used, indicate how many records were excluded by a human and how many were excluded by automation tools.

From: Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71

doi: 10.1136/bm;j.n71. For more information, visit: http://www.prisma-statement.org/

Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram for study identification. The diagram shows the process of

identifying studies, screening for eligibility, and giving reasons for exclusion.>*
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Characteristics of included studies.

Reference Pain group Control group Priming Test
Antal et al. Experiment n = 13 patients with migraine with n = 13 pain-free controls (3 M, 31 Excitatory Excitatory*
2008° 1 aura 3 M, 33 = 12y) +10vy) Anodal tDCS 20 seconds rTMS
Experiment  n = 13 patients with migraine with n = 13 pain-free controls (3M, 31 1 mA, 10 minutes 100 biphasic pulses at 90% of
2 aura (3 M, 33 £ 12y) +10vy) Inhibitory RMT at a constant rate of 5 Hz
Cathodal tDCS Inhibitory*
1 mA, 10 minutes 20 seconds rTMS—100 biphasic
pulses at 90% of RMT at
a constant rate of 5 Hz
Thapa etal.  Experiment n = 50 patients with chronic low n = 25 pain-free controls (13M,  Single tDCS session—to confirm  Excitatory
2018% 1 back pain (26 M, 45 = 16'y) 43 £ 17y) the excitatory response of anodal  Anodal tDCS 1 mA, 7 minutes
Experiment tDCS
2 3-minute rest
n = 50 patients with chronic low n = 25 pain-free controls (13M,  Excitatory Excitatory
back pain (26M, 45 = 16y) 43 = 17y) Anodal tDCS Anodal tDCS
1 mA, 7 minutes 1 mA, 5 minutes
3-minute rest
Thapaetal. Experiment n = 21 healthy individuals (12M, n = 21 healthy individuals (12M, Excitatory Excitatory
2021%° 1 23+ 4y) 23+ 4y) Anodal tDCS Anodal tDCS
NGF-induced pain model at baseline 1 mA, 7 minutes 1 mA, 5 minutes
3-minute rest
Wittkopf et al. Experiment n = 24 healthy individuals (N = n = 24 healthy individuals (N =  Inhibitory Inhibitory
2023%¢ 1 12,8 M,25.7 = 4.6Y) 12, 8M, 25.7 £,2y) Cathodal tDCS Cathodal tDCS

Capsaicin 8% patch-induced

at baseline

1 mA, 7 minutes
3-minute rest

1 mA, 5 minutes

*The direction of effects induced by rTMS depend on preconditioning with tDCS. One study included a session where only the priming session was evaluated.*® Although this is not an HP protocol, it was added to the table
because it was part of assessing the HP response.

HP induction to M1 (anodal and
cathodal tDCS, 15 Hz rTMS)

Baseline

HP induction to M1
(cathodal tDCS)

)
[ J
tDCS -
00 tDCS

Wittkopf et al., 2023 |

J8 MEP | MEP

5 min Rest

Pain Relief

MEP | MEP
-
@ O

EENEITE

Baseline

HP induction to M1
(anodal tDCS)

Thapa et al., 2018

7 min Priming
5 min Test

3 min Rest

HP induction to M1
(anodal tDCS)

Qo
=

S
=
o
=

=
~

3 min Rest
5 min Test

Post-10

Thapa et al., 2021

>

Figure 2. Experimental Procedure for HP protocols and corticomotor excitability (MEP) time points for the 4 studies. One study® used tDCS as a priming block and repeated
transcranial magnetic stimulation (FTMS) as a testing block. The remaining 3 studies*®**® used an anodal-anodal tDCS HP protocol*®* or a cathodal-cathodal tDCS HP
protocol.®® In addition, Wittkopf et al.%® applied pain relief with ice because the participants were under capsaicin-induced pain and recorded post-HP measures to this pain
relief. Two studies®® performed MEPs between the priming and the testing blocks. Antal et al, did not specify the time between tDCS and rTMS. HP, homeostatic plasticity;
MEP, motor-evoked potential; tDCS, transcranial direct current stimulation.




8/ +AUAOANDMM8RAAAAYO/FIAEIDYIASALLIAIPOOAEIEAHION/AOAUMYTX

OMADYOINXFOHISABZIY T +.YNIOITWNOTZTARYHARSHAAYE Aq Sidiured/woo mm| sfeulnoly/:dny wouy pspeojumoq

¥20¢/90/€0 uo

9 (2024) 1141

3.2. Quality assessment

Quality assessment of the included studies was rated as fair and
is summarized in Table 3. Most studies lacked clear information
on eligibility, sample representation, sample size calculation,
blinding, and accounting for dropouts. However, all studies met
the criteria concerning the objective statement, consistency of
intervention, outcome measurement, statistical methods, muilti-
ple time point measurements, and control for carryover effects.

3.3. Effects of priming block

Only one study®® included a separate session with a single
priming block to confirm the presence of an excitatory or inhibitory
response. The MEP amplitudes increased compared with
baseline after the single anodal tDCS block at all time points
(0 minutes, 10 minutes, 20 minutes, and 30 minutes for both
groups; 25 pain-free controls and 50 patients with chronic low
back pain).*® Two studies (26 pain-free controls, 26 patients with
chronic pain, and 21 healthy participants with experimentally
induced pain)®>*°° included measurements between the priming
and testing block (ie, a between-block measure). For participants
undergoing the NGF-pain model, MEP amplitudes were signif-
icantly increased after the 7-minute anodal tDCS priming block
on days 0 (no pain), 2, 4 (moderate pain), and 16 (pain
resolution).®® Similarly, a 10-minute priming block of anodal
tDCS increased corticomotor excitability for patients with pain
and healthy controls.® On the contrary, 10-minute cathodal tDCS
decreased corticomotor excitability for both healthy controls and
patients with pain.®

3.4. Excitatory priming and excitatory
test—excitatory-excitatory homeostatic plasticity induction

Three studies investigated the effect of pain on the HP response
after excitatory priming and test blocks (63 patients with chronic
pain, 21 healthy participants with experimentally induced pain,
and 38 pain-free controls; Table 1).2°%° |n pain-free controls, an
HP response of reduced MEP amplitudes was found at all time
points following HP induction (O minutes, 10 minutes, 20 minutes,
and 30 minutes after HP induction) with anodal tDCS priming and
test block.*® On the contrary, patients with chronic low back pain
had no change in MEP amplitudes over time (0O minutes,

www.painreportsonline.com 5

10 minutes, 20 minutes, and 30 minutes after HP induction).*°
The progressive development of sustained experimentally in-
duced muscle pain impaired the HP response seen on pain-free
days (days 0 and 14).5° The third study® reported an HP response
of reduced MEPs after HP induction in control participants
(Ominutes, 5 minutes, and 15 minutes), but this inhibition was less
pronounced in patients with migraine.

3.5. Inhibitory priming and inhibitory
test—inhibitory-inhibitory homeostatic plasticity induction

Two studies (37 pain-free controls and 13 patients with chronic
pain) studied the response after an inhibitory priming and test
block.®%8 One study used cathodal tDCS as priming and rTMS as
test blocks, at 5 Hz and 1 Hz. The cathodal priming block
decreased MEP amplitudes significantly for both controls and
migraineurs,® which increased significantly relative to the tDCS
decrease (ie, not relative to baseline) for controls at 5 minutes after
HP induction and for patients immediately after HP induction (O
minutes). The second study applied®® cathodal tDCS for
7 minutes as priming, a rest of 3 minutes, and 5 minutes of
cathodal tDCS as a testing block. The response to the priming
block was not assessed, but there was an increased amplitude of
MEPs after the HP plasticity induction for healthy individuals. This
response was impaired during capsaicin-induced pain and was
not restored after pain relief with ice.>®

4. Discussion

The primary aim of this systemic review was to investigate the
effect of experimental and clinical pain on the HP response as
assessed through measures of cortical excitability. It has been
proposed®49%%58 that an impaired HP response might be
a possible cause for the development or persistence of chronic
pain due to excessive unregulated excitability. This is the first
systematic review to explore this effect.

4.1. Generalizability of findings

The 4 included studies were considered heterogeneous in design
(eg, time points to assess cortical excitability and the number of
participants in each group) and protocol (eg, NIBS used or
polarity of NIBS), which was the primary reason for not performing

Quality assessment of studies.

Thapa et al. 2021°°

Thapa et al. 2018*

Antal et al. 2008° Wittkopf et al. 2023%8

Objective Y Y Y Y
Eligibility Y Y N Y
Representative CD CD CD CD
Enrollment N N N N
Sample size Y Y N Y
Intervention Y Y Y Y
Outcome measures Y Y Y Y
Blinding N N N N
Follow-up NA NA NA NA
Statistics Y Y Y Y
Time point measures Y Y
Carryover effect control Y Y Y Y

The labels are given as stated in Table 1.%°
CD, cannot be determined; NA, not applicable; N, no; Y, yes.
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a meta-analysis. Moreover, the eligibility criteria for included
participants were detailed in 3 studies.*®%%%® As stated in
a previous review assessing HP protocols in healthy individuals,®®
ambiguity in eligibility criteria may affect the generalizability of
results, and inclusion of demographic (ie, age and sex), personal
(ie, mood/affective state, anxiety, depression, and catastrophiz-
ing), and lifestyle factors (ie, sleeping patterns and physical
activity) should be considered in study design (eg, inclusion and
exclusion criteria).%®

4.2. The influence of homeostatic plasticity
induction protocol

The HP response to excitatory-excitatory M1 stimulation was
consistently impaired in the clinical or experimentally induced pain
conditions while the opposite was true for the healthy controls
(Fig. 3).2%9%0 On the contrary, the HP response to inhibitory-
inhibitory M1 HP protocol varied in the evaluated studies. An HP
response after inhibitory-inhibitory M1 stimulation was observed for
healthy participants,®® and this response was impaired during
capsaicin-induced pain. In addition, this impairment was not
restored by inducing pain relief with ice.®® Contrary to this finding,
in the study conducted by Antal et al.,® there was a decrease in MEP
amplitudes in both controls and migraineurs after inhibitory priming
but no increase after the testing, indicating a lack of HP response for
both groups. The reason for the discrepancy in results when using
an inhibitory-inhibitory M1 stimulation protocol may be due to a lack
of cathodal tDCS (ie, LTD-like) effect in general, for both controls and
pain conditions. Therefore, to induce an HP response, it is important
to consider that the effect of tDCS on spontaneous neural activity is
driven by its polarity.?® Anodal tDCS elicits tonic depolarization of the

PAIN Reports®

cell membrane while cathodal tDCS induces hyperpolarization.2®
Given that tDCS is a subthreshold stimulation that does not directly
induce action potentials, the neuromodulatory effect of tDCS is
highly influenced by the neuronal state of the cortical region and the
initial activity of the stimulated area.’”” Moreover, a recent meta-
analytical review of 1 session of tDCS'"112:19:24:8145 14 test polarity
effects,’” found a dual effect (ie, anodal facilitatory, cathodal
inhibitory) with a 67% probability of anodal and cathodal electrodes
1o generate similar effect sizes. Most of the variability in observing
anodal and cathodal facilitatory and inhibitory effects between
studies was derived from sampling errors, which may, at least partly
explain the lack of cathodal HP induction in the included studies."”
These findings are currently only valid for the motor domain,*® and
contrasting evidence is available.”®*® In addition, the lack of
a cathodal priming effect could relate to the difficulty of inhibiting
neuronal activity if this is already high, whereas it might be easier to
detect increasing facilitation for anodal stimulation.?” In a previous
systematic review and meta-analysis in healthy participants,
excitatory-excitatory HP induction protocols were effective in
producing an HP response, while inhibitory-inhibitory protocols
had inconsistent effects.>® Therefore, the polarity of tDCS seemingly
plays an important role in the design and testing of HP protocols and
suggests that excitatory-excitatory HP protocols produce a more
pronounced HP response, which differs between pain conditions
and healthy controls.

4.3. Calculating homeostatic plasticity—compared with
baseline or priming?

Two studies included in this review investigated the priming
effect immediately after priming (ie, between priming and
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testing blocks). When the priming block induces an effect (for
instance, an increase in MEPs), it may be discussed whether
the response from the test block (a decrease in MEPs) could be
due to a ceiling or inhibition effect (ie, a saturation of LTD or
LTP) instead of actual HP response.?22 Thus, conceptually,
the priming block should only change the responsiveness of
synapses toward LTP or LTD.?® The latter is possible given that
tDCS priming is applied at low current intensity (1-1.5 mA),
which may not significantly alter baseline cortical excitability.2®
It may be argued that the study of HP mechanisms also
adheres to the BCM principles even if the priming does not
directly induce excitability changes? because it is highly likely
that the response after the testing block is then HP by
nature.?2:%7 In the studies included in this systematic review, 3
calculated the post-HP response as a reduction or increase of
MEPs relative to baseline,®%%%® whereas Thapa et al.’°
calculated the HP response relative to postpriming. The
appropriate calculation of HP has been previously discussed
by Wittkopf et al.,%® where differences were detected in favor of
an HP response when comparisons were made against the
priming block. However, the authors noted that calculating the
HP response in this way does not technically account for the
reversal of excitability but only a decrease or increase in
corticospinal excitability after priming.®® A true HP response
would imply a change in the threshold for LTP-like or LTD-like
induction,?? in contrast to a non-HP reversal of synaptic
plasticity, where the priming effect is abolished.? Nonetheless,
the precise polarity effects in cognitive domains (eg, pain
perception, sensory perception, and attention) and cortical
areas (eg, sensory cortex and frontal cortex) after M1 tDCS are
still unknown; thus, it remains a potential necessity to evaluate
the priming effect when researching HP responses in other
cortical regions after M1 tDCS.

4.4. Role of homeostatic plasticity impairment in different
pain conditions

The role of HP impairment in chronic pain is still unclear. For
instance, Antal et al.® discussed HP impairment in migraineurs as
a short-term alteration, playing a permissive role in disorder
pathophysiology rather than a causal role. Generally, in migraine,
HP impairment has been defined as a generalizable hypersen-
sitivity throughout the cortex that stems from an imbalance
between excitation and inhibition.”*'%4 In chronic low back pain,
failure to regulate synaptic plasticity could cause abnormally
increased central excitability,23:5° which may lead to maladaptive
reorganization of brain regions.*'*° Moreover, these cortical
excitability changes have been related to pain severity, postural
control, and reduced muscle coordination.’® Other theories
suggest that altered HP in the early stages of pain could have
a functional role in preventing memory encoding®® because high
levels of LTP impair subsequent learning.2'>® The longitudinal
and experimental study of Thapa et al.>° established some
foundational understanding of HP and its relation to pain
development and resolution. The authors reported that the most
significant disturbance of HP was on the day of the highest
reported pain intensity, while HP was restored when the pain was
resolved. Of interest, the HP response was not restored after
applying pain relief with ice over a capsaicin-induced pain area
(after 45 minutes of pain induction).®® Taken together, these
findings may imply that restoration of HP during pain requires not
only a pain-free state but also other cortical/spinal mechanisms
affected by the sustained nociception, which may resolve
with time.
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4.5. Homeostatic plasticity—a localized or
generalized mechanism?

In chronic low back pain, a generalized alteration in cortical
excitability extends throughout the sensorimotor system, beyond
the cortical representation of painful muscles.*?®! This was
confirmed by Thapa et al.,*® where the disruption of HP in M1 was
uncorrelated to the intensity, duration, and location of pain. In
migraine with aura, it is well-known that a generalized alteration of
cortical excitability extends beyond the visual cortex.”1944
Indeed, due to the possible relevance of HP in other brain
functions, primarily those pertaining to pain and perception,
studies investigating the somatosensory region have emerged.®
For instance, theta-burst stimulation protocols can be used to
elicit HP responses at the somatosensory cortex level and may
affect temporal order judgment.?° More research on the
generalizability of HP is needed to comprehend the role of HP
in different cortical regions and their relation to disease
impairment, such as sensory function and pain perception.

4.6. Future therapeutic applicability

During the past decade, it has become increasingly important to
probe and modulate mechanisms of plasticity in the human
cortex because this may aid in unraveling pathophysiological
processes of neurological diseases. In this context, studying HP
could lead to insights into the mechanisms involved in pain
experience and thus reorient toward therapeutically rectifying HP
regulation.*® For example, inducing LTD in focal hand dystonia
could be beneficial for reducing symptoms and improving
functionality.*® However, it has also been shown that enhancing
synaptic strengthening (LTP-like) should be reconsidered to avoid
promoting aberrant synaptic plasticity.’® These contrasting
suggestions open the discussion of what proper cortical
excitability balance is if this homeostasis were to be sought.
Recent consensus®?®° and reliability reports*®°%” have been
published to standardize HP induction protocols, which will
promote quality research into this mechanism and further
comprehension of therapeutic potential. If HP has a causal role
in chronic pain, targeted treatment to rectify HP would plausibly
allow the dissolution of sensorimotor symptoms and dysfunction,
but this remains to be further explored.®

4.7. Limitations

This review has several limitations. First, although the initial search
was extensive, the resulting eligible articles were few, which is low
to allow for deductive statements. Thus, the consistency of the
conclusions is limited by the heterogeneity, but at the same time,
it highlights the need for research on this novel topic. Second, the
assessment of risk of bias demonstrated heterogeneity of study
protocols, lack of information on enroliment, and blinding, which
limit the generalizability of findings. Third, variability in responses
to NIBS and assessment techniques is well known, '® and more
than 30% of controls and patients had impaired HP or normal HP,
respectively.*® Given the vast array of NIBS protocols and
response variability of NIBS, work on standardization*®%” allows
for critical study design for HP protocols, such as optimizing the
time window between priming and testing.?? Reliable and tested
protocols should be considered for future HP study designs to
standardize findings. Fourth, HP responses using tDCS were
induced with 5 X 7-cm sodium chloride—soaked sponges, which
have been reported to stimulate brain areas beyond M1.#” Future
studies may therefore consider using high-definition stimulation
techniques to target the intended cortical regions more precisely.
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Fifth, there was inconsistency within the 4 studies to adjust the
stimulation intensity of TMS for RMT and for the test stimulus of
MEPSs. Thus, while calculating HP responses, standardization of
how to obtain cortical excitability measures (eg, MEPs or SEPs) is
also needed to ensure comparability. Furthermore, the effect of
pain on HP mechanisms in these studies has only been measured
by corticomotor excitability. Whether HP is prevalent or relevant in
other cortical areas remains unknown. Studies evaluating
sensory and nociceptive responses to HP protocols are needed.
Finally, it is critical to establish a consensus on how to define the
HP response because the calculations differed among studies,
making it difficult to compare findings.

5. Conclusion

This systematic review is the first to explore the effect of pain on
cortical HP in humans. Though limited by the lack of available
literature, it provides tentative support for an HP impairment in pain
conditions after excitatory-excitatory HP induction in M1, compared
with healthy controls. The novelty of the HP mechanism requires
some consideration for generalizable research, such as using
areliable and tested HP protocal, including better characterization of
demographic and psychological aspects of participants, and
ensuring proper HP calculation. More HP research is needed to
understand the role of this mechanism in sensory perception and
nociception. Finally, targeting treatment to rectify HP in pain could be
a potential therapeutic route for resolving painful symptoms and
sensorimotor dysfunction.
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