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Theta Burst Stimulation of the Human Motor
Cortex Modulates Secondary Hyperalgesia to
Punctate Mechanical Stimuli
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ABSTRACT
Objectives: Many chronic pain conditions show evidence of dysregulated synaptic plasticity, including the development and
maintenance of central sensitization. This provides a strong rationale for neuromodulation therapies for the relief of chronic pain.
However, variability in responses and low fidelity across studies remain an issue for both clinical trials and pain management,
demonstrating insufficient mechanistic understanding of effective treatment protocols.

Materials and Methods: In a randomized counterbalanced crossover designed study, we evaluated two forms of patterned
repetitive transcranial magnetic stimulation, known as continuous theta burst stimulation (TBS) and intermittent TBS, during
normal and central sensitization states. Secondary hyperalgesia (a form of use-dependent central sensitization) was induced
using a well-established injury-free pain model and assessed by standardized quantitative sensory testing involving light touch
and pinprick pain thresholds in addition to stimulus-response functions.

Results: We found that continuous TBS of the human motor cortex has a facilitatory (pronociceptive) effect on the magnitude of
perceived pain to secondary hyperalgesia, which may rely on induction and expression of neural plasticity through hetero-
synaptic long-term potentiation–like mechanisms.

Conclusions: By defining the underlying mechanisms of TBS-driven synaptic plasticity in the nociceptive system, we offer new
insight into disease mechanisms and provide targets for promoting functional recovery and repair in chronic pain. For clinical
applications, this knowledge is critical for development of more efficacious and mechanisms-based neuromodulation protocols,
which are urgently needed to address the chronic pain and opioid epidemics.
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INTRODUCTION

Synaptic plasticity is a fundamental property of neurons that
enables modification of the strength and efficacy of synaptic
transmission through activity-dependent mechanisms. Two major
forms of synaptic plasticity, long-term potentiation (LTP) and long-
term depression (LDP), can bidirectionally modify synaptic
strength,1 and these processes are classically represented by the
neural activity patterns for learning, memory formation, and
behavioral adaptation.2,3 However, studies have shown that LTP
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also can be induced in pain pathways4,5 and may contribute to
increased pain sensitivity.6,7

Pain amplification through activity-dependent synaptic plasticity
has been termed central sensitization.8 Although there are differ-
ences between central sensitization and LTP linked to memory,
there also are some striking similarities.9,10 Indeed, it has been well
established that N-methyl-D-aspartate (NMDA) receptors are
essential for the initiation of LTP, in the same way that they are
indispensable for use-dependent central sensitization.11,12 Other
molecular mechanisms point to close parallels between
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hippocampal LTP and central (spinal) sensitization of the nocicep-
tive system.9 However, unlike LTP, the behavioral consequences of
central sensitization can be more readily detected in humans,13

with relevant aspects of this phenomenon extensively studied
using human surrogate pain models.14

Central sensitization induced by electrical stimulation of primary
afferent neurons has been used as a pain model to probe changes
in LTP-like synaptic plasticity associated with persistent pain con-
ditions. For example, in the spinal dorsal horn, homosynaptic and
heterosynaptic LTP at A- and C-fiber synapses has been shown after
high-frequency (~100 Hz) stimulation of primary afferents,11,15 and
in response to noxious peripheral stimuli.4,12,16 Low-frequency
continuous stimulation (2 Hz) also triggers LTP but only homo-
synaptically between peripheral C-fibers and spinal cord lamina I
neurons.12 Interestingly, conditioning with high-frequency burst-
like stimulation of peripheral nerves appears more efficacious than
continuous stimulation for inducing secondary hyperalgesia (het-
erotopic LTP) in humans.17

In contrast, there is limited information on the effects of stimu-
lating centrally to directly or indirectly modulate LTP-like pain
amplification. Indirect assessments from human studies using
noninvasive brain stimulation techniques, such as repetitive
transcranial magnetic stimulation (rTMS), have shown that long-
term modification of cortical function is indicated for therapeutic
purposes in chronic pain.18 rTMS can modulate not only chronic
pain but also pain hypersensitivity that is experimentally induced
by capsaicin in healthy volunteers.19,20 Theta burst stimulation
(TBS) is a promising alternative to standard repetitive transcranial
magnetic stimulation (rTMS) and is an effective stimulus for
LTP.21,22 TBS resembles the physiological theta frequency and firing
patterns of neurons that decrease the threshold of neuronal circuit
activation required to induce LTP.22–24 TBS is more efficient than
continuous high-frequency stimulation at eliciting LTP in the hip-
pocampus22 and striatum of the rat brain.25 However, little is still
known about TBS-driven synaptic plasticity and the potential link
between nociceptive LTP and the perceptual consequence
(hyperalgesia) in the human nociceptive system.
In the present study, we stimulated the human motor cortex

with two TBS protocols: continuous TBS (cTBS) and intermittent TBS
(iTBS) to induce long-term depression (LTD)-like inhibition and LTP-
like facilitation during normal and central sensitization states.
Motor cortex stimulation is well known to modulate pain,26 and the
TBS protocols have been shown to be similar to the paradigms that
induce LTP and LTD in animal models,21,27 although direct effects
of TBS on synaptic transmission in humans can only be measured
indirectly. Secondary hyperalgesia (a type of central sensitization)
was elicited by capsaicin/heat28 and assessed using a standardized
quantitative sensory testing (QST) protocol involving touch and
pain thresholds in addition to stimulus-response functions.29,30 Our
hypothesis was that after the administration of cTBS, there would
be an immediate change in the ability of heat/capsaicin to sustain
LTP within the area of secondary hyperagesia, which experimen-
tally would be measurable as an increase in pain thresholds to
mechanical punctate stimuli, compared with iTBS.

MATERIALS AND METHODS
Subjects
Sixteen healthy subjects participated in the study [male/female

5/11; age (mean ± SD), 27 ± 10 years; body mass index, 21 ± 2.88
kg/m2]. All participants were right-handed assessed by the
www.neuromodulationjournal.org © 2023 The Authors. Published by E
International Neuromodulation Societ
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Edinburgh Handedness Inventory.31 Subjects were excluded if they
had cerebrovascular disease, neurologic or psychiatric disorders, or
contraindications to magnetic resonance imaging and TMS. In
addition to routine screening, subjects were free of pain, medica-
tion, and caffeine at the time of testing. Informed written consent
was obtained in accordance with University of Nottingham
Research Ethics Committee (REC reference 457-1912).

Experimental Design
All subjects attended three separate sessions: baseline (no

stimulation) and two stimulation sessions (iTBS and cTBS). After the
baseline session (S1), participants were randomized into stimula-
tion sessions (S2 and S3) using a within-subject crossover design.
The session order was counterbalanced across the group, and
sessions were separated by at least one week. Subjects were blin-
ded to the type of TBS stimulation being delivered. During the
three sessions, participants underwent QST across three conditions:

• condition 1 (C1): presensitization/pre-TBS
• condition 2 (C2): postsensitization/pre-TBS
• condition 3 (C3): postsensitization/post-TBS

These conditions were presented in two different ways on the
left and right arm, which we called control and treated arm. The
only difference between these two was the induction of central
sensitization in the right arm through the application of capsaicin
and heat. The left arm served as the control. The timing of the QST
was performed immediately after TBS administration and was less
than the known duration of the TBS effects on cortical excit-
ability32,33 (Fig. 1a,b).

Transcranial Magnetic Stimulation
TMS was delivered using a Magstim Rapid2 stimulator with

handheld 70-mm figure-of-eight coil (Magstim Co Ltd, UK). TBS
comprised three pulses at 50 Hz repeated at 200-ms (5 Hz) inter-
vals, with a total 600 pulses.32 iTB was delivered by means of a 2-
second train of pulses repeated every 10 seconds for a duration of
190 seconds, whereas cTBS was a 40-second train of uninterrupted
pulses. The stimulation intensity was set to 80% of the resting
motor threshold (RMT) and fixed across all the stimulation sessions
(RMT; mean ± SD, 56% ± 9.5%).

Motor Cortex Mapping
Motor mapping was performed to delineate the hand area of the

left primary motor cortex according to current practice.34 Individ-
uals’ RMTs were determined using single-pulse TMS to the
abductor digiti minimi muscle of the right hand. RMT was defined
as the minimum stimulator output that induces an observable
muscle twitch at the right hand for five of ten trials of TMS pul-
ses.35,36 The site at which stimuli of slightly suprathreshold intensity
consistently produced a twitch in the target muscle was marked as
the “hot spot.” The motor mapping was individually assessed in
each session per participant, and TBS was performed over this
marked area.

Induction and Monitoring of Secondary Hyperalgesia
Secondary hyperalgesia was induced with the heat/capsaicin

sensitization model.28 Test areas were the forearms, and for each
subject, two squares were drawn at symmetrical locations: an inner
square (30 × 30 mm2) matching the size of the contact thermode
lsevier Inc. on behalf of the
y. This is an open access article
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(MSA Thermal Stimulator, Somedic, Sweden) and an outer square
(60 × 60 mm2) defined as the secondary area. The area between
the borders of the two squares was a 270-mm2 target area to which
mechanical punctate stimuli were delivered during the experi-
ments (Fig. 1c,d). Sensitization was produced through chemical
stimulation (capsaicin cream, Axsain 0.075% w/w cream, Cephalon
Ltd, UK) applied to the right arm in the middle of the inner rect-
angle. This topical treatment induced a selective, localized, and
reversible degeneration of capsaicin-selective nociceptors located
in the epidermis.37 Hyperalgesia after capsaicin involves two pri-
mary afferent pathways: C-nociceptors for induction and Aδ-
mechanonociceptors for signaling the state of pain amplifica-
tion,30,38 with C-fibers responsible for the largest contribution to
secondary hyperalgesia.39 For all subjects, the left arm served as the
control. The capsaicin cream was removed after 30 minutes, and
sensitization was rekindled at 90 minutes by heating the marked
location to 40 ◦C for 5 minutes. The presence of secondary
hyperalgesia was assessed using a validated standardized QST
protocol.29,30 Stimulus response functions (SRF) to punctate
mechanical stimuli were defined using a series of calibrated
pinprick stimulators (250-μm tip diameter, force: 32, 64, 128, 256,
512 mN) (MRC Systems GmbH, Heidelberg, Germany). In both test
areas, the different intensities were applied three times each in
balanced order. After each stimulus, the participants were asked to
rate the pain intensity on a verbal rating scale (0 = no pain; 100 =
worst pain imaginable). Pain to light touch (allodynia) was tested
by light stroking with a cotton wisp (CW) (3 mN), Q-tip fixed to a
plastic strip (100 mN), and a soft brush (200–400 mN). In cases in
which the stroking stimuli were perceived as painful, participants
were asked to give a rating (verbal rating scale; 0–100).

Statistical Analyses
The presence of secondary hyperalgesia was assessed separately

for every test stimulus and every session. Ratings were transformed
into decadic logarithmic values to obtain a lognormal distribution.
To avoid the loss of zero values due to the logarithmic trans-
formation, a small constant (0.1) was added to all raw data (zero
and nonzero values).29 The magnitude of differences between the
various levels of light touch stimuli was tested by least squares
differences (LSD) post hoc tests. Discrimination of the five inten-
sities of punctate probes in both arms was tested by two-way
repeated measures (RM) analysis of variance (ANOVA), with all
data adjusted for multiple comparisons using the false discovery
rate method of Benjamini-Hochberg.

RESULTS
Characterization of Secondary Hyperalgesia to Light Touch
(Allodynia)
The presence of allodynia was assessed using three light touch

stimuli and evaluated separately for every session (Fig. 2 and
Table 1). Pain to light touch occurred only in a minority of subjects
per session [baseline (7/16), cTBS (3/16), iTBS (5/16)] and with a
similar incidence across the different test stimuli [baseline (19/144,
13.2%), cTBS (7/144, 4.9%), iTBS (12/144, 8.3%)]. There was a sig-
nificant effect of the CW 30 minutes after sensitization under
condition 2 compared with presensitization condition 1 (Fisher’s
LSD; t = 2.522, p = 0.0235). Pain to light touch was never reported
in the control arm. The very mild level of dynamic mechanical
allodynia as seen previously30 precluded us from assessing the
contribution of TBS on its induction.
www.neuromodulationjournal.org © 2023 The Authors. Published by E
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Characterization of Secondary Hyperalgesia to Punctate
Mechanical Stimuli

The incidence of pain and the SRFs to five different strengths of
punctate stimuli were evaluated separately for each session (Fig. 3
and Table 2). Before capsaicin/heat treatment, the incidence and
cumulative probability functions were similar for both arms (RM-
ANOVA, main effect; baseline p = 0.3692, cTBS p = 0.0455, iTBS p >
0.9999) with 50% probability thresholds of pain in left/right arm
interpolated as 50.2/49.2 mN (baseline), 49.2/78.0 mN (cTBS), and
37.3/43.1 mN (iTBS). The ratings of pricking pain were not signifi-
cantly different for the left and right arms at each session (RM-
ANOVA, main effect; baseline p = 0.4941, cTBS p = 0.2471, iTBS p =
0.5720).

Thirty minutes after heat/capsaicin treatment, the probability of
pain reports was significantly increased in the treated arm (RM-
ANOVA, main effect; baseline p = 0.0962, cTBS p = 0.0038, iTBS p =
0.0077), with 50% probability thresholds of pain in control/treated
arms interpolated as 57.6/5.9 mN (baseline), 74.9/22.1 mN (cTBS),
and 53.2/1.0 mN (iTBS). The heat/capsaicin also led to significant
increases in pain ratings across all levels of stimulus force (RM-
ANOVA, main effect; baseline p = 0.0055, cTBS p = 0.0006, iTBS p =
0.0030) with the SFR shifted to the left with slope roughly parallel
to the control side [baseline, r = 0.521/0.335 (left/right); cTBS, r =
0.678/0.503; iTBS r = 0.610/0.379]. All experimental sessions
showed reliable sensory changes in the skin area of secondary
hyperalgesia.
Effect of TBS on Secondary Hyperalgesia
Sensitization was rekindled at 90 minutes to assess the effects of

TBS on punctate hyperalgesia (Fig. 3). In the absence of any
intervention (baseline session), the pain incidence was similar for
both test sites (RM-ANOVA, main effect; control p = 0.5760, treated
p = 0.0567) with 50% probability thresholds pre-/post-TBS inter-
polated as 57.6/59.2 mN (control) and 5.99/3.98 mN (treated). Pain
ratings also were not significantly different for both sites at all
stimulus levels (RM-ANOVA, main effect; control p = 0.1780, treated
p = 0.6893), and the SFR remained parallel pre-/post-TBS [control,
r = 0.521/0.497; treated, r = 0.335/0.307], indicating a mechanical
hyperalgesia that was stable across time.

cTBS of the motor cortex caused the incidence of pain reporting
to increase with 32 mN of force (RM-ANOVA, 32 mN probe; control
p = 0.0152, treated p = 0.0070), and the population threshold pre-/
post-TBS was interpolated as 75.0/53.2 mN (control) and 22.0/8.66
mN (treated). Preferentially around the capsaicin treated site but
not the control site, pain ratings were significantly enhanced to all
punctate stimuli (RM-ANOVA, main effect; control p = 0.6121,
treated p = 0.0297), and the steepness of the regression line also
was slightly reduced in the treated arm [control, r = 0.678/0.658;
treated, r = 0.503/0.417].

After iTBS, the incidence of pain ratings remained the same for
both test sites (RM-ANOVA, main effect; control p = 0.6198, treated
p = 0.8323), with 50% probability thresholds pre-/post-TBS inter-
polated as 53.2/31.5 mN (control) and 1.03/17.6 mN (treated).
Around the capsaicin-treated site, pain ratings were significantly
enhanced in response to three pinprick stimulators (64 mN, 128
mN, 256 mN) and were reflected in the main effect of the repeated
measures (RM-ANOVA, main effect; control p = 0.2518, treated p =
0.0420). Pain ratings also increased in the control site but only with
the 512 mN probe (RM-ANOVA, 512 mN force; control p = 0.0137).
The steepness of the regression lines was slightly increased in the
lsevier Inc. on behalf of the
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Figure 1. Experimental design. a. The study design was as a randomized within-subject crossover with respect to TBS stimulation. b. Timings of actions performed
during the three sessions. QST was conducted under three experimental conditions: condition 1 (C1) (presensitization/pre-TBS), condition 2 (C2) (postsensitization/
pre-TBS), and condition 3 (C3) (postsensitization/post-TBS). QST measurements were performed immediately after TBS administration and were less than the known
duration of the TBS effects on cortical excitability. c. Central sensitization was induced by heat/capsaicin treatment to the right arm, with the left arm serving as the
control. d. Test areas were the forearms with two squares drawn at symmetrical locations: an inner square matching the size of the contact thermode, and an outer
square defined as the target area for mechanical punctate stimulation.
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treated arm but not the control site [control, r = 0.610/0.587;
treated, r = 0.379/0.413]. The individual effects of TBS on the
magnitude of pain over the range of stimulating forces are shown
in Figure 4, and the inferences from the observed changes in pain
ratings to TBS are depicted in Figure 5.
Finally, to investigate the protocol-specific effects of TBS on

secondary hyperalgesia, we directly contrasted the responses of
iTBS and cTBS to baseline (no stimulation). The profiles used
normalized changes relative to the individual’s baseline assessed
before any conditioning (Fig. 6). In the treated arm, changes in pain
ratings were significantly higher after cTBS than in the other groups
(one-way ANOVA: cTBS > iTBS p = 0.0355; cTBS > No Stim p =
0.0283; main effect; p = 0.0482). No significant differences were
www.neuromodulationjournal.org © 2023 The Authors. Published by E
International Neuromodulation Societ
under the CC BY license (http://creative
reported between the groups in the control arm (one-way ANOVA:
main effect; p = 0.8412).
DISCUSSION

Neurogenic hyperalgesia, including enhanced pain perception to
noxious pinprick stimuli (punctate mechanical hyperalgesia) and
pain to non-noxious light tactile stimuli (dynamic mechanical
allodynia), is a common sign of many clinical pain conditions. We
replicated this phenomenon using a well-characterized experi-
mental injury-free pain model and show that stimulation of the
human motor cortex through two different TBS protocols induces
lsevier Inc. on behalf of the
y. This is an open access article
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Figure 2. Secondary hyperalgesia to light touch (allodynia). QST to light touch in the heat/capsaicin-treated and control arm. At each of the three sessions, QST was
conducted under three experimental conditions: condition 1 (C1), presensitization/pre-TBS; condition 2 (C2), postsensitization/pre-TBS; condition 3 (C3),
postsensitization/post-TBS. Group comparisons were performed using Fisher’s LSD test (*p < 0.05, **p <0.005, ***p < 0.0005). BR, soft brush; QT, Q-tip fixed to a plastic
strip. [Color figure can be viewed at www.neuromodulationjournal.org]
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Figure 3. Secondary hyperalgesia to punctate mechanical stimuli. QST involving SRF to mechanical pinprick stimuli in the heat/capsaicin-treated and control arm. At
each of the three sessions, QST was conducted under three experimental conditions: condition 1 (C1), presensitization/pre-TBS; condition 2 (C2), postsensitization/
pre-TBS; condition 3 (C3), postsensitization/post-TBS. Group comparisons were performed using RM-ANOVA (*effect of individual probes: *p < 0.05, **p < 0.005, ***p
<0.0005; $main effect: $p < 0.05, $$p < 0.005, $$$p < 0.0005). All data adjusted for multiple comparisons using false discovery rate method of Benjamini-Hochberg.
[Color figure can be viewed at www.neuromodulationjournal.org]
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immediate changes in pain sensitivity to mechanical punctate
stimuli delivered around the treated site (secondary hyperalgesia).
In the following discussion, we consider the potential mechanisms
underlying the effects on neuronal excitability and its potential
relevance for the therapeutic effects of modulating central sensi-
tization in patients with clinical hyperalgesia.
A major finding of this study is that cTBS of the human motor

cortex facilitates secondary hyperalgesia to punctate mechanical
stimuli. rTMS protocols of repeated low-frequency stimulation (ie, ~1
Hz) and cTBS have routinely shown LTD-like effects on cortical syn-
apses,40 althoughno studyhas ever tested thiswith respect to central
sensitization. In general, conditioning stimuli like capsaicin that
www.neuromodulationjournal.org © 2023 The Authors. Published by E
International Neuromodulation Societ
under the CC BY license (http://creative
induce LTP at C-fiber synapses also cause hyperalgesia in humans.6

Under this assumption, we hypothesized that reversing the estab-
lished LTP may provide a method of stimulation-induced analgesia
(hypoalgesia), which may be partially attributable to LTD. However,
the intensification of secondary hyperalgesia suggests a different
mechanism of action either by inhibiting LTD and/or facilitating LTP,
or through modulation of cortical inhibition. The reason for this is
unclear, but it has been shown that on occasion, a single TBS protocol
can cause LTP in certain neurons, whereas it causes LTD in others.41,42

In humans, the physiological effects of TBS also are highly variable,
with inhibitory effects observed in some subjects and facilitatory
effects observed in others.43–45 At the behavioral level, this most
lsevier Inc. on behalf of the
y. This is an open access article
commons.org/licenses/by/4.0/).

Neuromodulation 2024; 27: 812–823

http://www.neuromodulationjournal.org
http://creativecommons.org/licenses/by/4.0/


Figure 4. Individual responses to TBS during secondary hyperalgesia. The magnitude of individual responses to mechanical pinprick stimuli in the heat/capsaicin-
treated and control arm. Comparisons between condition 2 (C2) (postsensitization/pre-TBS) and condition 3 (C3) (postsensitization/post-TBS) were performed using
RM-ANOVA (*effect of individual probes: *p < 0.05, **p < 0.005, ***p < 0.0005; $main effect: $p < 0.05, $$p < 0.005, $$$p < 0.0005). All data adjusted for multiple
comparisons using false discovery rate method of Benjamini-Hochberg. [Color figure can be viewed at www.neuromodulationjournal.org]
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Figure 5. Excitatory and inhibitory responses to TBS. Neuromodulation was reflected as facilitatory (positive) or inhibitory (negative) changes in (Δ) (D) pain ratings
between condition 2 (C2) (postsensitization/pre-TBS) and condition 3 (C3) (postsensitization/post-TBS). Zero line indicates no change to pinprick stimuli in treated
(red) and control arm (blue). The black dots depict individual subjects’ data. Comparisons were performed using RM-ANOVA (*main effect of punctate stimuli: *p <
0.05, **p < 0.005, ***p < 0.0005). All data adjusted for multiple comparisons using false discovery rate method of Benjamini-Hochberg. [Color figure can be viewed at
www.neuromodulationjournal.org]

Figure 6. Protocol-specific effect of TBS on secondary hyperalgesia. Between-
session comparisons of the TBS protocols across all forces of mechanical
pinprick stimuli. Normalized data represent the percentage change in (Δ) (D)
pain ratings between condition 2 (C2) (postsensitization/pre-TBS) and condition
3 (C3) (postsensitization/post-TBS) divided by condition 1 (C1) (presensitization/
pre-TBS). Group-level comparisons were performed using one-way ANOVA
(*effect of individual: variables: *p < 0.05, **p < 0.005, ***p < 0.0005; $main
effect: $p < 0.05, $$p < 0.005, $$$p < 0.0005). No Stim, no stimulation. [Color
figure can be viewed at www.neuromodulationjournal.org]
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likely relates to the different experimental conditions or parameters
of stimulation and the methods used to evaluate TBS-induced plas-
ticity.46,47 However, therapeutic outcomes also are known to be
highly variable from subject to subject, suggesting that for TMS to be
effective in the treatment of chronic pain,48 there needs to be better
standardization.26,49

In the same individuals under identical experimental conditions,
it appeared that iTBS had a similar facilitatory effect on the
magnitude of perceived pain to secondary hyperalgesia. Although
direct post hoc testing at the group level could not differentiate it
from baseline (no stimulation). The mechanisms by which iTBS
exerts its effects are not yet fully defined,46 but there is strong
evidence for inducing synaptic plasticity through LTP-like mecha-
nisms that requires interaction with NMDA receptors.50,51 The
process of iTBS-induced plasticity and pain hypersensitivity likely
share similar LTP-like signaling mechanisms, although direct
modulation of central sensitization in the human nociceptive sys-
tem could not be shown. LTP in the spinal cord is an fundamental
mechanism underlying central sensitization,5,15,52,53 with the
induction of human secondary hyperalgesia after capsaicin
believed to involve two primary afferent pathways: C-nociceptors
for induction and Aδ-mechanonociceptors for signaling the state of
pain amplification.30,38 However, it is C-fiber nociceptors that are
believed to be responsible for the largest contribution to induction
of both homotopic and heterotopic LTP (secondary hyperalgesia).39

Other dynamic changes in functional plasticity can occur over
different temporal scales (acute to chronic) and on the molecular,
synaptic, cellular, and network levels in pain processing.7,54 For
example, spinal dorsal horn neurons can be modulated by different
levels of tonic and phasic inhibition, which is determined by γ-
amino butyric acid (GABA)-ergic and glycinergic neurotransmis-
sion.55,56 Interestingly, modulation of inhibition has been proposed
as an alternative way to explain lasting changes in cortical excit-
ability, with some animal data showing that iTBS interferes with
distinct subgroups of inhibitory interneurons in the cortex.57

Therefore, it is feasible that the effects in humans are mediated
by changes in both glutamatergic and GABAergic signaling within
local excitatory-inhibitory networks.58 As such, we cannot exclude
additional forms of activity-dependent plasticity as possible
mechanisms of TBS-induced changes in pain perception.
There are several limitations and interesting questions raised by

the present study that should be considered. Although it appears
that TBS can influence central sensitization, it did not allow us to
www.neuromodulationjournal.org © 2023 The Authors. Published by E
International Neuromodulation Societ
under the CC BY license (http://creative
distinguish between the TBS protocols (iTBS and cTBS) or the
functional classes of neurons affected by the stimulation. Future
studies will need to dissect the relative contribution of different
neurotransmitter systems and receptor subtypes to TBS effects and
determine whether they also may induce adaptive or maladaptive
plasticity relevant to pain hypersensitivity. Synaptic plasticity in the
nociceptive system also may differ from the classical induction of
plasticity in the human motor system.34 For example, the extent to
which stimulation of the motor cortex interferes with the activity in
local and distributed neural circuits is complex59,60 and unlikely to
follow the exact same pattern of activity as other cortical areas.
Studying TBS effects in animal models of chronic pain will be one
way to further highlight the cellular mechanisms related to
stimulation-induced changes in central sensitization. This also may
lsevier Inc. on behalf of the
y. This is an open access article
commons.org/licenses/by/4.0/).
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Table 1. Secondary Hyperalgesia to Light Touch.

Session Force Control Treated

VAS (± SEM) p Value (t-score) VAS p Value (t-score)

C1 C2 C3 C1 vs C2 C1 vs C3 C2 vs C3 C1 C2 C3 C1 vs C2 C1 vs C3 C2 vs C3

Baseline 3 mN (CW) 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) – – – 0.00 (±0.00) 0.38 (±0.11) 0.48 (±0.21) 0.02 (2.52) 0.07 (1.97) 0.45 (0.77)
100 mN (QT) 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) – – – 0.00 (±0.00) 0.29 (±0.10) 0.47 (±0.21) 0.08 (1.86) 0.09 (1.87) 0.10 (1.77)
400 mN (BR) 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) – – – 0.00 (±0.00) 0.00 (±0.00) 0.33 (±0.12) – 0.07 (1.99) 0.07 (1.99)

cTBS 3 mN (CW) 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) – – – 0.00 (±0.00) 0.00 (±0.00) 0.27 (±0.09) – 0.09 (1.84) 0.09 (1.84)
100 mN (QT) 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) – – – 0.00 (±0.00) 0.00 (±0.00) 0.26 (±0.09) – 0.10 (1.78) 0.10 (1.78)
400 mN (BR) 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) – – – 0.00 (±0.00) 0.00 (±0.00) 0.16 (±0.06) – 0.33 (1.00) 0.33 (1.00)

iTBS 3 mN (CW) 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) – – – 0.00 (±0.00) 0.18 (±0.06) 0.23 (±0.09) 0.25 (1.19) 0.16 (1.46) 0.45 (0.77)
100 mN (QT) 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) – – – 0.00 (±0.00) 0.16 (±0.06) 0.26 (±0.09) 0.33 (1.00) 0.10 (1.78) 0.19 (1.38)
400 mN (BR) 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) – – – 0.00 (±0.00) 0.20 (±0.07) 0.16 (±0.06) 0.16 (1.48) 0.33 (1.00) 0.61 (0.52)

QST to light touch in the heat/capsaicin-treated and control arm. Participants across three sessions received the same QST measures under three experimental conditions: C1, presensitization/pre-TBS; C2,
postsensitization/pre-TBS; C3, postsensitization/post-TBS. Group comparisons were performed using Fisher’s LSD test. Dashes (–) represent no result owing to zero values (ie, no pain responses to the
stimulus). BR, soft brush; QT, Q-tip fixed to a plastic strip, VAS, visual analog scale.
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Table 2. Secondary Hyperalgesia to Punctate Mechanical Stimulation.

Session Force Control Treated

VAS (± SEM) p Value (t-score) VAS (± SEM) p Value (t-score)

C1 C2 C3 C1 vs C2 C1 vs C3 C2 vs C3 C1 C2 C3 C1 vs C2 C1 vs C3 C2 vs C3

Baseline 32 mN 0.45 (±0.12) 0.45 (±0.11) 0.59 (±0.15) 0.95 (0.06) 0.33 (1.02) 0.22 (1.29) 0.49 (±0.12) 1.27 (±0.31) 1.52 (±0.40) <0.0001 (6.29) 0.0087 (2.71) 0.7353 (0.34)
64 mN 0.52 (±0.12) 0.71 (±0.23) 0.64 (±0.19) 0.31 (1.05) 0.40 (0.88) 0.66 (0.46) 0.56 (±0.13) 1.62 (±0.38) 1.82 (±0.50) <0.0001 (8.49) 0.0015 (3.34) 0.7357 (0.34)
128 mN 1.09 (±0.20) 0.99 (±0.20) 1.11 (±0.26) 0.43 (0.82) 0.91 (0.12) 0.35 (0.97) 1.04 (±0.21) 2.18 (±0.48) 2.31 (±0.54) <0.0001 (9.18) 0.0020 (3.23) 0.8788 (0.15)
256 mN 1.55 (±0.29) 1.53 (±0.31) 1.70 (±0.38) 0.85 (0.20) 0.27 (1.16) 0.14 (1.57) 1.62 (±0.27) 2.71 (±0.58) 3.03 (±0.67) <0.0001 (8.80) 0.0004 (3.75) 0.5742 (0.56)
512 mN 2.03 (±0.40) 1.88 (±0.35) 2.02 (±0.52) 0.38 (0.91) 0.95 (0.06) 0.37 (0.93) 2.12 (±0.38) 3.13 (±0.66) 3.42 (±0.80) <0.0001 (8.10) 0.0009 (3.51) 0.5403 (0.62)
Main effect 1.13 (±0.13) 1.11 (±0.13) 1.21 (±0.16) 0.97 (0.35) 0.37 (1.91) 0.20 (2.46) 1.17 (±0.13) 2.18 (±0.23) 2.42 (±0.27) 0.0055 (10.51) 0.0035 (11.96) 0.6893 (0.17)

cTBS 32 mN 0.45 (±0.10) 0.31 (±0.10) 0.38 (±0.08) 0.13 (1.61) 0.45 (0.78) 0.26 (1.17) 0.26 (±0.07) 0.76 (±0.14) 1.08 (±0.25) <0.0001 (4.76) <0.0001 (6.99) 0.0134 (2.55)
64mN 0.60 (±0.15) 0.57 (±0.16) 0.50 (±0.11) 0.59 (0.55) 0.12 (1.63) 0.31 (1.04) 0.48 (±0.11) 1.08 (±0.19) 1.40 (±0.31) <0.0001 (5.69) <0.0001 (7.80) 0.0140 (2.53)
128 mN 0.90 (±0.24) 0.98 (±0.31) 0.99 (±0.25) 0.40 (0.86) 0.39 (0.89) 0.92 (0.10) 0.82 (±0.23) 1.55 (±0.27) 2.06 (±0.42) <0.0001 (6.87) <0.0001 (10.5) 0.0001 (4.09)
256 mN 1.50 (±0.38) 1.57 (±0.44) 1.69 (±0.39) 0.69 (0.41) 0.31 (1.04) 0.48 (0.73) 1.53 (±0.41) 2.43 (±0.46) 2.72 (±0.55) <0.0001 (8.53) <0.0001 (10.1) 0.0281 (2.25)
512 mN 1.85 (±0.46) 1.93 (±0.49) 2.02 (±0.52) 0.57 (0.59) 0.35 (0.97) 0.43 (0.81) 1.83 (±0.51) 2.89 (±0.55) 3.29 (±0.62) <0.0001 (10.7) <0.0001 (12.4) 0.0022 (3.19)
Main effect 1.06 (±0.14) 1.07 (±0.16) 1.12 (±0.16) 0.98 (0.28) 0.61 (1.33) 0.65 (1.26) 0.98 (±0.15) 1.74 (±0.18) 2.11 (±0.22) 0.0006 (23.0) 0.0008 (17.4) 0.0297 (5.769)

iTBS 32 mN 0.41 (±0.10) 0.38 (±0.11) 0.42 (±0.09) 0.34 (0.94) 0.93 (0.09) 0.51 (0.68) 0.52 (±0.19) 0.96 (±0.17) 1.04 (±0.23) <0.0001 (4.49) <0.0001 (4.41) 0.4363 (0.78)
64 mN 0.68 (±0.21) 0.56 (±0.15) 0.65 (±0.17) 0.06 (2.00) 0.68 (0.42) 0.22 (1.29) 0.67 (±0.20) 1.30. (±0.24) 1.53 (±0.33) <0.0001 (6.46) <0.0001 (7.26) 0.0339 (2.17)
128mN 1.06 (±0.26) 1.00 (±0.26) 1.03 (±0.28) 0.54 (0.62) 0.74 (0.34) 0.72 (0.36) 0.95 (±0.26) 1.80 (±0.38) 2.16 (±0.44) <0.0001 (8.70) <0.0001 (10.2) 0.0011 (3.44)
256mN 1.51 (±0.38) 1.59 (±0.37) 1.62 (±0.40) 0.50 (0.70) 0.45 (0.77) 0.76- (0.32) 1.50 (±0.34) 2.31 (±0.49) 2.77 (±0.51) <0.0001 (8.21) <0.0001 (10.7) <0.0001 (4.42)
512mN 1.97 (±0.49) 1.84 (±0.45) 2.04 (±0.46) 0.12 (1.64) 0.39 (0.89) 0.0137 (2.79) 1.86 (±0.41) 2.69 (±0.57) 3.25 (±0.63) <0.0001 (8.49) <0.0001 (11.8) <0.0001 (5.39)
Main effect 1.13 (±0.15) 1.07 (±0.14) 1.15 (±0.15) 0.25 (2.26) 0.84 (0.80) 0.10 (3.12) 1.10 (±0.14) 1.81 (±0.19) 2.15 (±0.22) 0.0030 (12.47) 0.0022 (13.59) 0.0420 (4.95)

QST involving SRF to mechanical pinprick stimuli in the heat/capsaicin-treated and control arm. Participants across three sessions received the same QST measures under three experimental conditions: C1,
presensitization/pre-TBS; C2, postsensitization/pre-TBS; C3, postsensitization/post-TBS. Group comparisons were performed using RM-ANOVA with all data adjusted for multiple comparisons using false
discovery rate method of Benjamini-Hochberg.
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benefit other clinical methods of neuromodulation that at least
partly may be attributable to plasticity in the spinal cord and
supraspinal structures or both.48,61

Considering the facilitatory (pronociceptive) effects of cTBS, this
finding is at odds with the recruitment of classical LTD-like mech-
anisms discussed in the literature and should receive further
investigation. One possibility is that this is a nonspecific effect of
TBS; therefore, testing with a sham-controlled stimulation may be
useful for future comparisons. TBS was applied at a lower intensity
(80% RMT), which is below the threshold for activating the excit-
atory inputs to pyramidal neurons.62 This intensity differs from the
80% active motor threshold used in the original TBS paradigm
assessing short-interval intracortical inhibition in the motor cor-
tex.32 We used RMT to more accurately reflect the resting state
under which TBS was delivered; thus, the stimulation intensity
required during voluntary motor activation may be comparatively
higher in healthy subjects.63 On the basis of this evidence, we
cannot exclude the possibility that the modulating effects of TBS
on secondary hyperalgesia may be mediated by changes in corti-
cospinal and/or intracortical excitability.
Finally, the principle of metaplasticity64–66 (higher-order plas-

ticity) has been shown extensively in the human motor cortex for
corticospinal excitatory synaptic neurotransmission67–74 and
accounts for considerable interindividual variation in the direction,
magnitude, and duration of TBS responses.43–45,75 Currently, very
little is known concerning the extent to which it operates in other
brain areas and ways it links to behavior such as pain hyperexcit-
ability.76 Given the interest in using TBS as a clinical tool to treat
disorders such as chronic pain, which would benefit from the
reliable and stable induction of plasticity conferred by LTP or LDP, it
is important we understand how protocol parameters choices (such
as pulse interval, duration, and frequency) and the nociceptive
state interact and affect the outcome of stimulation.

CONCLUSIONS

In conclusion, we show cTBS modulates secondary hyperalgesia
(a form of use-dependent central sensitization) that may rely on the
induction and expression of neural plasticity through hetero-
synaptic potentiation of LTP-like mechanisms in the peripheral
nociceptors, spinal cord, and supraspinal brain areas. This study
provides a fundamental basis for understanding the principal
mechanisms of TBS-driven synaptic plasticity in the nociceptive
system and offers new methods for developing improved neuro-
modulation protocols that may be effective in reducing symptoms
and disability in some people with chronic pain.
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