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Abstract

Background and Objective—Repetitive transcranial magnetic stimulation (rTMS) applied to
the motor cortex provides supplementary relief for some individuals with chronic pain who are
refractory to pharmacological treatment. As rTMS slowly enters treatment guidelines for pain
relief, its starts to be confronted with challenges long known to pharmacological approaches:
efficacy at the group-level does not grant pain relief for a particular patient. In this review, we
present and discuss a series of ongoing attempts to overcome this therapeutic challenge in a
personalized medicine framework.

Databases and Data Treatment—Relevant scientific publications published in main databases
such as PubMed and EMBASE from inception until March 2023 were systematically assessed, as
well as a wide humber of studies dedicated to the exploration of the mechanistic grounds of rTMS
analgesic effects in humans, primates and rodents.

Results—The main strategies reported to personalize cortical neuromodulation are: (i) the use
of rTMS to predict individual response to implanted motor cortex stimulation; (ii) modifications
of motor cortex stimulation patterns; (iii) stimulation of extra-motor targets; (iv) assessment of
individual cortical networks and rhythms to personalize treatment; (v) deep sensory phenotyping;
(vi) personalization of location, precision and intensity of motor rTMS. All approaches except (i)
have so far low or moderate levels of evidence.

Conclusions—Although current evidence for most strategies under study remains at best
moderate, the multiple mechanisms set up by cortical stimulation are an advantage over single-
target “clean’ drugs, as they can influence multiple pathophysiologic paths and offer multiple
possibilities of individualization.
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Significance—Non-invasive neuromodulation is on the verge of personalised medicine.
Strategies ranging from integration of detailed clinical phenotyping into treatment design to
advanced patient neurophysiological characterisation are being actively explored and creating a
framework for actual individualisation of care.

1 Repetitive Transcranial Magnetic Stimulation for Pain: Why and How

Neuromodulation refers to a long list of interventions leading to modifications in
spontaneous neural activity, plasticity or information processing in the central or peripheral
nervous system (Moisset et al., 2016). Defined in such broad terms, countless interventions
may be called ‘neuromodulatory’, from taking a bath or listening to music, to attending

a psychotherapy session or using psychoactive medication. Despite this wide definition,
neuromodulation is a term most often used to refer to interventions where external physical
agents (e.g. images, sounds or ultrasounds, electric currents) are delivered to the nervous
system for therapeutic purposes (Moisset et al., 2020). The most used neuromodulatory
agents are electric currents, which can be applied either directly upon nervous structures

in the spinal cord, dorsal ganglion or the brain or externally, over the skin or scalp, as

is the case of transcutaneous electric nervous stimulation (TENS) or transcranial direct
current stimulation (tDCS) (Fernandes et al., 2022; Garcia-Larrea & Quesada, 2022). Such
electric currents may also be induced indirectly, and painlessly, by a rapidly oscillating
magnetic pulse, such as in transcranial magnetic stimulation (TMS). TMS is based on
Faraday’s principle of electromagnetic induction: a very fast electric current flowing for 1
ms through a wiring system in a coil creates a powerful electromagnetic field (approximately
1 Tesla, Neumann, 1846; Barker et al., 1985; Faraday & Day, 1999), which in turn can
induce a secondary electric current in a conductor a few centimetres away from the coil
surface. In the case of TMS, the magnetic field is applied painlessly to the scalp and
cortical axons are the electrical conductors receiving the induced electric current. TMS was
originally designed as a neurophysiological tool to explore the corticomotor pathways and
for performing mapping of selective cortical functions non-invasively (Barker et al., 1985;
Bickford et al., 1987). It was soon realized that when TMS was delivered in repetitive
pulses to the motor cortex, it could induce changes in corticospinal excitability which lasted
beyond the stimulation period (Pascual-Leone et al., 1994). The discovery that the direction
of these modifications towards increases or decreases of corticospinal excitability depended
on the frequency of stimulation (Pascual-Leone et al., 1994), led to the development of
repetitive TMS (rTMS) as a non-invasive modality of therapeutic neuromodulation, which
was granted FDA approval for clinical use in 2008 in the USA (Foy, 2011, CFM. Resolution,
2012).Therapeutic rTMS has been applied since then with varying results, essentially for
the treatment of major depression (focused on the dorsolateral prefrontal cortex) (Kan et
al., 2023) auditory hallucinations (applied to the temporal lobes) (Kennedy et al., 2018;
Marzouk et al., 2020) and chronic neuropathic pain (applied to the motor cortex; Garcia-
Larrea & Quesada, 2022). In this review, we concentrated exclusively on rTMS use in the
chronic pain domain, in particular in neuropathic pain. Our main aim is to discuss the
rationale and grounds for a personalized tailoring of stimulation parameters to better meet
the needs of people with chronic pain, and neuropathic pain was chosen as a model because
a larger number of studies exist for this condition. Other pain types are mentioned when
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relevant to the discussion of methodological and technical aspects of rTMS for chronic pain
in general.

2 Historical Perspective and Mechanisms of Rtms

In the pain field, rTMS was initially used to predict the effects of surgically implanted
epidural motor cortex stimulation (iMCS), which was described as an analgesic procedure
for neuropathic pain relief by Tsubokawa et al. (1991, 1993). Pioneers in rTMS use soon
realized that beyond its effects as a predictor of iMCS efficacy, rTMS to the motor cortex
had analgesic effects that went beyond the stimulation session and could be maintained by
daily or even monthly iteration of rTMS sessions (Lefaucheur et al., 2001; Khedr et al.
2005). This opened the path to explore rTMS as a therapeutic modality of its own in the
chronic pain field. In parallel, an intense ‘back-translational’ movement commenced early
in this century, which explored the potential mechanistic effects (metabolic, hemodynamic
and electrophysiological) of repetitive motor cortex stimulation delivered either epidurally or
transcranially in both humans and experimental animal models.

Similar to epidural stimulation, local metabolic changes intrinsic to motor networks are
scarce or absent during subthreshold rTMS stimulation (Bestmann et al., 2004; Siebner et
al., 2000; Speer et al., 2003), whereas the notion that M1 rTMS preferentially influences
areas far from the primary motor cortex has received consistent support. Abundant human
data suggest that M1 rTMS influences a brain network that includes the anterior cingulate,
insular and dorsolateral prefrontal cortices (DLPFC), striatum and brainstem (Bestmann et
al., 2004; Hodkinson et al., 2021; Siebner et al., 2000). In rats and mice rTMS induced
c-fos neural activation in regions distant from the stimulation site including thalamus,
ACC, striatum and hippocampus (Doi et al., 2001; Hausmann et al., 2000; Ji et al.,

1998) and rTMS-related functional connectivity changes between these areas has been
described in both human patients and a nonhuman primate model of central pain (Kadono
et al., 2021; Pei et al., 2019). It was recently shown that the primary motor cortex in
macaques and humans is not a monotonous strip of motor effector areas, but contains
instead non-motor islands with markedly distinct connectivity and structure, intermingled
between the traditional foot, hand and mouth motor output areas. These non-motor areas
are hubs connecting M1 to the cingular and operculo-insular cortices and are believed to
play major roles in the bodily preparation for motor response by coupling it to ongoing
interoceptive processing and visceromotor programs, arousal tonus, prediction error and
pain. Additionally, these interpolated non-motor effector areas are highly interconnected
between them, providing the basis for whole-body movement control (Gordon et al., 2023).
Taken together these results suggest the view that M1 is a privileged ‘entry gate’ into

the brain, allowing modulation of neuronal activity taking place in areas distant from, but
functionally connected to M1 (Gan et al., 2022; Lefaucheur et al., 2014).

RTMS additionally engages changes in neurotransmitter endogenous opioid function. The
contribution of mu-opioid receptors to the analgesic rTMS effects is supported by (i)
enhancement of serum beta-endorphin after successful stimulation (Ahmed et al., 2011), (ii)
naloxone blockade of rTMS analgesia (de Andrade et al., 2011) and (iii) rTMS-induced
increase in brain opioid receptor occupancy (Lamusuo et al., 2017). Contribution of
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glutamate n-methyl-d-aspartate receptors received support from two studies in humans
(Fregni et al., 2011; Ciampi de Andrade et al., 2014), while in rats rTMS effects were
not blocked by NMDA antagonists (Hausmann et al., 2000).

The profile of cortical and subcortical structures influenced by rTMS to M1 may be
dependent on the fibres preferentially stimulated within the precentral gyrus. A latero-medial
orientation of the TMS coil, which optimizes the activation of the descending corticospinal
tract, did not lead to significant analgesic effects, which were, on the contrary, attained

when the coil was placed in the postero-anterior direction (André-Obadia et al., 2008).

This is believed to depend on the preferential depolarization of cortico-cortical fibres in the
postero-anterior coil orientation, thus influencing M1 outputs to other brain areas rather than
to the descending pyramidal tract (Hodkinson et al., 2021). A recent experimental study
using chemo-and optogenetics supports this view and suggests that M1 stimulation reaching
deeper cortical column layers (V1) would influence emotional and coping behaviours in
neuropathic pain models via a connection to the nucleus accumbens reward circuitry passing
through the thalamus, which would be qualitatively different from the effects restricted to
somatosensory pain components when layer V is preferentially stimulated (Gan et al., 2022).

3 Current Evidence and Current Limitations of Rtms Use for Chronic Pain

The assessment of rTMS efficacy for chronic pain has been traditionally hampered by the
low quality of evidence due to small patient samples, absent blinding, lack of follow-up,

no report on withdrawals and so forth. In 2018, a report from the Cochrane institution
concluded that there was ‘low-quality evidence’ of positive rTMS effects on chronic pain, up
to 6 weeks post-intervention (O’Connell et al., 2018). Since then, several well-conducted
studies have been added to the literature, which now counts at least 14 randomized,
placebo-controlled trials (RCTs) on rTMS in neuropathic pain, each reporting data from

at least 20 patients in the active group and totaling ~750 patients (André-Obadia et al.,

2008, 2011, 2018; Ma et al., 2015; Attal et al., 2016, 2021; Hosomi et al., 2013, 2020;
Lefaucheur et al., 2006,b; Mori et al., 2022; Quesada et al., 2020; Zhao et al., 2020, 2021).
All but one found positive results, and a recent report of the influential US Department of
Veterans Affairs using a best-evidence approach concluded that rTMS “could be a treatment
option for patients who have exhausted other available options for treatment of chronic
neuropathic pain’(Anderson et al., 2020). In accordance, rTMS is currently recommended

in different guidelines in Europe, Latin America and the USA as a treatment option for
chronic pain patients, in particular neuropathic pain (Baptista et al., 2019; Lefaucheur et

al., 2014, 2020; Leung et al., 2020; Moisset et al., 2021). Studies on specific parameters

of stimulation have helped to design ‘optimized’ rTMS protocols at the group level: Thus,

in neuropathic pain (NP) stimulation of the primary motor cortex with 1600-3000 pulses

at 10 or 20 Hz is preferred to stimulation at lower frequencies (Mori et al., 2022) and

to theta-burst stimulation (André-Obadia et al., 2021; Lefaucheur et al., 2012). Also, a
posterior-to-anterior coil orientation was found superior to a latero-medial position (André-
Obadia et al., 2008), and M1 superior to DLPFC as a target to relieve NP (Attal et al., 2021).
Pain relief after rTMS could be maintained for several months by spaced sessions repeated
weekly, fortnightly and even monthly in selected patients with neuropathic pain (Lefaucheur
et al., 2004; Kobayashi et al., 2015; Attal et al., 2021) or fibromyalgia (Mhalla et al., 2011,
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Passard et al., 2007). Overall, after 5 daily induction sessions such ‘optimized’ approaches
provided a 25-50% decrease in pain intensity in around half of the treated patients (Baptista
et al., 2019; Lefaucheur et al., 2014, 2020) and the benefit could be extended up to 3-6
months using longer inter-sessions periods (Attal et al., 2021; Hodaj et al., 2020; Quesada et
al., 2020).

The above advances represent a significant gain, if we consider that patients are addressed
to rTMS because of poor response to optimized drug treatment and may therefore obtain an
additional improvement in pain control. But these studies also demonstrate something that
has been long learned from pharmacological trials, namely the extremely heterogeneous
inter-individual response to rTMS effects. Patients develop chronic pain by different
pathophysiological backgrounds, whereas any single treatment, be it pharmacological

or neuromodulator, has a limited number of mechanisms of action and is, therefore,
condemned to work in only a limited number of patients. Any type of monotherapy, whether
pharmacologic, neuromodulator, surgical or psychological, is, therefore, bound to yield a
proportion of ‘non-responders’, whose mechanisms of disease do not match those of the
(mono)therapy (e.g. Bouwense et al., 2015; Holbech et al., 2015). As rTMS slowly enters
treatment guidelines for the management of chronic pain, it also starts to be confronted
with this limitation. This calls for a collaborative effort to understand how rTMS can be
prescribed in a way that matches an individual’s mechanisms of pain, and thus improve
treatment efficacy.

Below we discuss a series of potential paths to overcome this therapeutic challenge in a
personalized medicine framework (Figure 1; Table 1).

4 Using Rtms to Predict Individual Response to Implanted MCS

Personalized medicine was at the core of the initial studies of rTMS for pain since rTMS
was originally used as a screening tool to select patients for surgery, based on the premise
that those responding to rTMS would be also likely to respond to implanted stimulation of
the same region (iMCS). Cumulative evidence from 7 studies (6 controlled) in 150 operated
patients supports the notion that a positive preoperative rTMS can predict satisfactory pain
relief after epidural implantation in 80-90% of cases (André-Obadia et al., 2006, 2014;
Hosomi et al., 2008; Lefaucheur et al., 2011; Pommier et al., 2018; Saitoh et al., 2006;
Zhang et al., 2017). The heterogeneity of patients is however underlined by a recent negative
study, where a single preoperative TMS session was unable to predict MCS outcome
(Hamani et al., 2021). This may suggest that recurrent, rather than single rTMS sessions
should be explored before establishing a prognosis for iIMCS (Pommier et al., 2018).
Whatever the case, most neurosurgeons would not currently implant patients surgically
unless a previous positive rTMS trial has been verified.

5 Changing Stimulation Modality Without Changing Brain Targets

5.1 Standard versus patterned rTMS modes

Different from standard high-frequency rTMS, “theta-burst stimulation’ refers to the delivery
of bursts of three consecutive pulses at 50 Hz t (i.e. 20 ms inter-pulse interval), which are
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repeated at theta frequencies (5 Hz). ‘Theta-burst stimulation” was initially considered as a
potentially advantageous modification of rTMS based on its greater excitability effects on
M1 (Huang et al., 2005) and on the results of some experimental studies in healthy subjects
(De Martino et al., 2019; Moisset et al., 2015). However, a head-to-head comparison of 46
patients with neuropathic pain showed a significant advantage of standard high-frequency
rTMS over the theta-burst procedure, both in terms of pain relief and in the proportion of
responding individuals (André-Obadia et al., 2021). Of notice, 25% of patients who did

not respond to standard rTMS obtained pain relief from theta bursts, suggesting that this
modality may still be proposed in case of failure of standard techniques. Also, the theta-burst
procedure could represent a useful means to ‘prime’ the pain-relieving effect of rTMS if it is
applied immediately before a standard rTMS session. Thus, in 14 neuropathic pain patients,
the average relief passed from 20% to 33% following theta-burst priming, and the proportion
of responders to 10 Hz rTMS could be almost tripled when preceded by 600 pulses of
intermittent theta burst stimulation (TBS) (Lefaucheur et al., 2012). Although these data
still lack replication, they suggest that stimulation paradigms that may not be “first line’ can
find usefulness in combination, using the same target, coil type and intensity of stimulation.
These data also suggest that being a ‘responder’ or “‘non responder’ to TMS may depend on
the stimulation paradigm and that refractory patients may become responders by changing
the parametric setup. Although identifying good candidates for TBS would clearly improve
personalized approaches, none of the multiple clinical criteria analysed so far have allowed
for this.

5.2 Fields versus currents?

Neuromodulation of cortical neurons using low-intensity direct currents (tDCS) had been
described in animal models since the 1960s (Bindman et al., 1964) but did not emerge as a
potential therapy for chronic pain until the beginning of this century (Fregni et al., 2006). In
a first head-to-head trial, while 10 Hz rTMS to M1 relieved peripheral neuropathic pain due
to radiculopathy, anodal tDCS proved not better than sham stimulation (Attal et al., 2016).
Two larger and cross-over head-to-head trials, however, showed that both tDCS and rTMS
could relieve neuropathic pain to comparable levels, with only a slight superiority of rTMS
in the reported amount of pain relief (André-Obadia et al., 2023; Bonifacio de Assis et al.,
2022). In these two studies, responders to one technique were not necessarily responders to
the other, probably due to the different mechanisms driving pain relief in each of them; the
corollary being that both modalities probably deserve to be tested before declaring a patient
as unresponsive to cortical neuromodulation (e.g. Hodaj et al., 2020). As it was the case
with theta burst stimulation, no predictive markers of response to one or the other approach
are available to date. In the absence of therapeutic alternatives for an individual patient,

we might suggest systematically giving a chance to both modalities, since tDCS is a less
costly technique than rTMS, and can be safely performed outside hospital settings to achieve
long-lasting effects (Garcia-Larrea et al., 2019).
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6 Stimulating Extra-Motor Targets

6.1 The prefrontal cortex

The first approved clinical use of rTMS was to control refractory major depression, and the
target was the left dorsolateral frontal cortex (O’Reardon et al., 2007). Given the substantial
evidence supporting the role of the DLPFC in the cognitive processing and modulation

of pain, and the fact that mood symptoms are ominous in patients with chronic pain, the
DLPFC was also the first extra-motor target to be tested for pain relief. Initial studies in
acute pain models reinforced the idea that this target could have acute analgesic effects
similar to M1 stimulation, with different mechanisms of action (Ciampi de Andrade et al.,
2014; de Andrade et al., 2011; Nahmias et al., 2009).

Regarding neuropathic pain, initial positive results of DLPFC stimulation in small series
(Nardone et al., 2017) failed to be confirmed in larger samples (De Oliveira et al., 2014),
even when targeted by neuronavigation (Attal et al., 2021; Mylius et al., 2013). Additionally,
DLPFC stimulation did not have an effect on human models of neuropathic hyperalgesia

or migraine (Conforto et al., 2014; Sacco et al., 2014). In accordance, recent systematic
reviews have considered DLPFC rTMS as either ineffective versus sham (Hamid et al.,
2019; O’Connell et al., 2018), less effective than M1 stimulation (Attia et al., 2021) or
mildly effective in the short-term (Che et al., 2021).

In non-neuropathic conditions, initial reports of a decrease in postoperative morphine use
by DLPFC stimulation (Borckardt et al., 2006) were, however, contradicted by large-scale
studies from the same group (Borckardt et al., 2014; Imperatore et al., 2021). Also, while
some studies aimed at fiboromyalgia were positive in the short term (Cheng et al., 2019;
Forogh et al., 2021; Sampson et al., 2006), in most other reports DLPFC stimulation proved
to be no better than placebo (Short et al., 2011; Fitzgibbon et al., 2017; Bilir et al., 2021;
review in Anderson et al., 2020).

6.2 The operculo-insular cortex

The integration and processing of nociceptive inputs in the brain involve multiple cortical
areas beyond sensory-motor and prefrontal cortices (Garcia-Larrea & Bastuji, 2018; Kucyi
& Davis, 2017; Peyron et al., 2019). Structures of the so-called ‘nociceptive matrix’

such as the parietal operculum and posterior insula are the target of most spinothalamic
projections reaching the primate cortex (Dum et al., 2009; Garcia-Larrea & Peyron, 2013),
and experimental studies in animals have reported that epidural or deep brain stimulation
of insular areas analogous to the human posterior insula led to analgesia, which needed
opioid, cannabinoid and/or GABA receptors availability to occur (Alonso-Matielo et al.,
2021; Chehade et al., 2021; Dimov et al., 2018; Franca et al., 2013; Komboz et al., 2022).
In humans, direct electric stimulation of the posterior superior insula at ‘inhibitory” high
frequencies (150 Hz) increased heat pain thresholds in patients undergoing stereo-EEG
for focal epilepsy surgery (Denis et al., 2016). Non-invasive targeting of the posterior
insula can be achieved in men with the use of coils allowing for stimulation of deep

brain structures, such as the double-angulated coils used to stimulate the distal leg M1
representation buried between the hemispheres (Ciampi de Andrade et al., 2012; da Cunha,
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Tanaka, et al., 2022). Using this approach, Lenoir et al. (2018) reported a decrease in
thermo-nociceptive perception in healthy volunteers when applying deep rTMS to the
posterior insula via continuous theta-burst, and similar changes in heat pain thresholds
(“anti-allodynic’ effects) were obtained in patients with central neuropathic pain receiving
10 Hz insular rTMS (Galhardoni et al., 2019). However, while there is emerging consensus
that insular stimulation can change the perception of external stimuli, its effect on clinical
ongoing pain remains equivocal: no clinical improvement was found in central neuropathic
pain patients receiving deep insular rTMS (Galhardoni et al., 2019), while in a subsequent
study patients with peripheral neuropathic pain showed analgesic responses to the same
mode of stimulation (Dongyang et al., 2021). Although these data need replication, they tend
to underscore again that different subsets of patients may be responsive to different types
of intervention. If the central/peripheral dissociation were confirmed by further studies,

it could imply that insular rTMS is to be preferentially applied in instances where the
central nervous system is structurally intact—which in turn would have relevance in the
personalized approach to patients with NP.

6.3 The anterior cingulate cortex

The anterior cingulate cortex (ACC) is part of a multimodal network implicated in multiple
tasks including attentional steering, anticipation and decision-making. It also serves as part
of a platform where input from visceromotor areas is confronted with actual somatosensory
information, allowing for prediction error estimation and optimal allostasis (Friston, 2010;
Owens et al., 2018; Seth & Friston, 2016). In the past century, neurosurgical ACC
deafferentation procedures (cingulotomy) were shown to modify the cognitive and affective
appraisal of pain, rather than its intensity (Foltz & White, 1962) but were discontinued
because of their morbidity. In the same line, optogenetic stimulation of ACC in rats
submitted to experimental models of neuropathic pain led to anxiolytic effects without
affecting lesion-induced hypersensitivity (Barthas et al., 2015). In healthy human volunteers,
non-invasive rTMS aimed at the ACC reduced experimental pain when applied at low
frequencies considered as ‘inhibitory” (1 Hz) (Tzabazis et al., 2013), and neurosurgical ACC
stimulation at very high rates of 150 Hz (also considered inhibitory) was also reported

to alleviate sensory and affective components of neuropathic pain in a small series of 12
patients (Boccard et al., 2017). In a longer series of central neuropathic pain (7=33), ACC
rTMS at 10 Hz had a marked positive effect on pain-related anxiety, while the clinical pain
intensity was not modified (Galhardoni et al., 2019). Despite the incertitude on frequencies
and exact mode of stimulation, these reports suggest that ACC rTMS could be potentially
useful in patients not responding to M1 stimulation. The limited amount of data available,
the uncertainty regarding the reliability of anatomical targeting and the huge disparity in
pain types and stimulation modalities prevent definitive conclusions from being drawn at
this stage. The possibility that ACC modulation may improve affective symptoms such as
anxiety or depression linked to chronic pain is very attractive; however, the potential adverse
effects on cognition and mood from chronic perturbation of ACC function (personality
changes, apathy, deficits in self-initiated behaviour) need to be further explored (Cohen
etal., 1999, 2001; Hunt et al., 2019). Again, we are confronted with potentially useful
techniques that will only be reasonably used when a personalized approach based on
consensual phenotyping becomes available.
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7 Networks and Rhythms to Personalize Treatment?

Neuroscience is increasingly using concepts from network dynamics to understand how
brain areas engage to create perception, behaviour, and consciousness (Bassett & Sporns,
2017; Casali et al., 2013; Sporns, 2013). Network science has provided a novel way to

look at the modular organization of the brain and to probe its complexity, which has been

so far seldom applied to neuromodulation. Networks are composed of nodes (neuronal
groups) that communicate with each other by links (axonal projections). Brain networks
have localized clusters of activity that can convey local information to distant regions via
long-range connections including trans-thalamic routes (Bastuji et al., 2023; Sampathkumar
et al 2021). Connectivity patterns between brain areas and networks during neurostimulation
have been explored by coupling TMS with MRI and high-density EEG measurements.
TMS-EEG allows assessing how stimulating one brain area interferes with activity in distant
cortical regions, and performs a mapping of connectivity strength between parts of different
networks in health and disease (Cury et al., 2020; Mueller et al., 2018; Radulescu et al.,
2021; Rantamaki & Yalcin, 2016).

Although inter-areal activity binding can also be measured by correlated changes in MRI-
recorded oxygen consumption in different regions, the temporal resolution of fMRI is

much too slow to guide neurostimulation procedures. Accumulating evidence suggests that
brain networks communicate via oscillatory activity at different frequencies, and a potential
strategy to improve rTMS therapy is to assess individually such oscillatory activity to tailor
treatments (Friston, 2011; Hallett et al., 2020; Tremblay et al., 2019). Synchronized synaptic
activity produced by cortical neurons can be recorded in the form of electroencephalogram
(EEG) oscillations (Pfurtscheller & Lopes Da Silva, 1999), which correspond well to the
range of frequencies used in cortical neuromodulation. Neuronal oscillations link and unify
network activity and create moments in time when depolarization of neuronal groups is
more or less likely to occur (Buzsaki, 2010). This selectivity allows information to be
transferred to distant brain areas and hence influences global brain activity (Buzsaki &
Draguhn, 2004; Casali et al., 2009; Lisman & Buzsaki, 2008). Sensorimator networks
oscillate spontaneously at 10-20Hz, (Feurra et al., 2011; Niedermeyer, 1999; Salmelin et
al., 1995), which are precisely the frequencies that have been found most useful for pain
relief when stimulating the motor cortex (review Garcia-Larrea & Quesada, 2022). This is in
accord with Hebbian models (Scarpetta et al., 2002), which postulate an increase in synaptic
efficacy when phase locking between the driving stimulus (rTMS) and the intrinsic network
frequency is high, as this strengthens the impact of the synchronously firing neurons onto
common targets. Analogous to other neuropsychiatric conditions, chronic neuropathic pain
has been associated with abnormal oscillatory activity in specific EEG bands, notably
increases in amplitude and coherence of theta rhythms at 4-7 Hz (Llinas et al., 1988;
Sarnthein & Jeanmonod, 2008) and slowing of frequency oscillations in the alpha band
(8-12 Hz) (Kisler et al., 2020; Mussigmann et al., 2022). It remains unsettled whether these
abnormalities are directly related to the pain state or rather the result of medication for
neuropathic pain, which can induce similar EEG changes (Blume, 2006). Notwithstanding
this important confounding factor, applying rTMS at frequencies that are physiological for
a given region may be beneficial to restore oscillatory activity to physiological range, and
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hence contribute to its therapeutic effects (Okazaki et al., 2021; Rosanova et al., 2009).
Indeed, ‘optimal” M1 rTMS is already performed within the 10-20 Hz range (see above),
and most studies using these frequencies were generally positive relative to modalities using
different frequencies or stimulation patterns (André-Obadia et al., 2021; Mori et al., 2022).

Founded on the results from M1 stimulation, most rTMS studies for pain relief aiming at
non-motor targets also used 10-20 Hz frequencies. This appears counter-intuitive since
targets such as the ACC, PSI and DLPFC could better be modulated by stimulation
frequencies adapted to their natural frequencies (Rosanova et al., 2009). While extensive
literature has explored the frequency of oscillatory activities in the prefrontal cortex, the
peak frequency of deeper cortical structures such a the insula and cingulate has not been
completely described and would be challenging to determine it using surface EEG. The
neurophysiological exploration of these targets using intracerebral EEG performed during
the pre-operative screening of focal epilepsy could in the near future contribute to a better
knowledge of the baseline EEG peak frequencies in health and disease (Gélébart et al., 2023;
Liberati et al., 2019).

Besides oscillatory frequency, the phase (negative or positive) of the oscillatory EEG
precentral rhythm can also heavily influence the size of the motor response to a TMS pulse,
since for instance pulses arriving during the negative-going deflections on the M1-EEG are
associated with larger MEPs, (Desideri et al., 2019; Schaworonkow et al., 2019; Zrenner

et al., 2018). It is, therefore, tempting to envisage rTMS systems that would be selectively
triggered by one of the phases of the oscillatory EEG, depending on whether we desire
activating or inhibiting effects on the underlying cortex. While it is unknown whether
current EEG systems would allow for such real-time close-loop stimulation strategies in the
10-20 Hz frequency bands, such an approach was recently shown to be feasible at lower
frequency ranges (theta) on the DLPFC for the control of major depression (Gordon et al.,
2021).

8 Genotyping to Select Candidates?

Single nucleotide polymorphism (SNP) refers to the variation of a single base pair in the
genome between one individual and the reference ‘standard’ sequence of the species. These
variations are very common (approximately one in every thousand base pairs in the human
genome), and account for 90% of all human genetic variation. SNPs underlie differences

in susceptibility to many diseases, including some inducing pain, and can modify pain
thresholds especially when pain modulatory pathways are challenged (Vetterlein et al.,
2023); it is, therefore, conceivable that they may contribute to the heterogeneity of response
to rTMS. Since monoaminergic mechanisms modulate pain responses, and polymorphisms
in dopamine-related genes can change functional connectivity following rTMS (Hong et al.,
2023), a number of authors assessed the influence of the dopamine (DRD2) and COMT
gene polymorphisms on the rTMS analgesic effect. The homozygous DRD2 T/T genotype
was found associated with a positive response to M1 rTMS in two studies gathering patients
with orofacial (n7= 16) or central post-stroke pain (7= 17; Ja4skeldinen et al., 2014;

Ojala et al., 2022). Conversely, no correlations were found between the rTMS outcome and
polymorphisms in either DRD2 or COMT Val/Met genotypes, in patients with orofacial or
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central post-stroke pain stimulated over M1 or S2 (Lindholm et al., 2015; Ojala et al., 2022).
The impact on cortical modulation of SNPs of the Brain-Derived-Neurotrophic-Factor
(BDNF) gene has been abundantly investigated; however, the results are partly contradictory
and dependent on the methods used (Chaieb et al., 2014). The Val66Met BDNF SNP was
found to be correlated with resting motor threshold in healthy subjects but did not affect
other measures of cortical excitability (Saghazadeh et al., 2016). Also, while rTMS was
reported to enhance serum levels of BDNF and cortical excitability (Zhao et al., 2020,
2021), this may not be related to genetic variants, since very similar facilitation of cortical
excitability by rTMS was found regardless of BDNF Val/Met polymorphisms in healthy
subjects and stroke patients (Hwang et al., 2015; Uhm et al., 2015). All in all, only a

small number of SNPs have been associated so far with the response to rTMS treatment

for pain, and this in very small samples and with partially inconsistent results. There is a
disproportion between the huge samples needed to assess genetic variations reliably, and

the actual number of subjects included in rTMS protocols; it is therefore anticipated that a
long time will elapse before meta-analyses of studies with comparable methodology may be
able to indicate reliably whether genotypic screening is a valuable method to select rTMS
candidates.

9 Could it Be Simpler Than it Seems?—A Look at Patient’s Symptoms

The development of strategies to classify patients with chronic pain according to sensory
profiles, imaging, serum biomarkers or psychological traits that may relate to prognosis

or treatment is an active field of research. Initial studies failed to find differential effects
of rTMS on specific subtypes of neuropathic pain (continuous, evoked, paroxysmal), since
pain sensations were modified whatever their type, suggesting an effect on the global

pain appraisal rather than on sensory components (André-Obadia et al., 2008). A different
approach consists in using questionnaire-based sensory profiles to classify patients into
‘sensory clusters’ (Freeman et al., 2014). This strategy showed, for example, that patients
responding positively to botulinum toxin clustered into specific sensory phenotypes and
not in others (Bouhassira et al., 2021). This same strategy was recently applied to patients
receiving rTMS to the posterior insula and disclosed that none of the responders to the
intervention had a sensory phenotype characterized by predominant allodynic symptoms
(Dongyang et al., 2021; Cunha & de Andrade 2022). Despite the obvious limitations of such
post hoc analyses, the results suggest that selecting specific clinical presentations based on
symptom profiles may increase the efficacy of rTMS at the individual level. This highly
attractive approach needs, however, prospective validation in large series of patients to avoid
the danger of “self-fulfilling prophecies’, whereby expectations, correct or incorrect, bring
about the expected outcome (Mertens et al., 2022). Indeed, excluding a priori particular
pain phenotypes as supposedly refractory to rTMS, instead of including them in stratified
randomization, may lead to the impossibility of adequately testing the intervention in all
possible profiles of patients.

10 Personalizing Location and Intensity of Rtms

While the motor cortex has proved so far, the most effective rTMS target for
neuropathic pain relief, the identification of its precise motor spot has been performed
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in different manners. An anatomical approach was used in studies using dedicated TMS-
neuronavigation systems, while in other cases a functional determination of the “hot spot’
(the point yielding highest motor responses) was performed not taking anatomical landmarks
into consideration. The superiority of one technique over the other is still open to debate.
There is evidence that the body representation in the primary motor cortex can change

due to deafferentation-related plasticity (Bramati et al., 2019; Karl et al., 2001). From

this standpoint, Nurmikko et al. (2016) compared rTMS delivered to the standard ‘hot

spot’ of the hand M1 representation versus an alternative location reflecting plastic M1
reorganization. Responder rates were similar for both sites irrespective of the targeting
method and independent of pain location. Since best responders to each site were not

the same, using both sites for treatment improved the analgesic results overall. Another
source of central plastic modification is the treatment itself (i.e. rTMS), and it has been
suggested that repetitive series of rTMS can per se introduce plastic changes of the cortical
representation of body regions in M1 irrespective of its clinical effects (Bashir et al., 2011;
Butler & Wolf, 2007; Lee et al., 2003). It is also conceivable that pain relief itself may
represent another potential source of variability in target excitability (Lefaucheur et al.
2006). Plastic changes induced by the effects of rTMS and pain improvement may be related
to each other or not, and may both potentially impact the location of the ‘ideal’ cortical

M1 area to be targeted. Hence, a “follow the hot spot’ strategy, where the stimulation

target is determined repetitively before every therapeutic session, could provide different
results than targeting iteratively the same hotspot determined at baseline. Although this
strategy is being followed by several groups, the magnitude of its effects is unknown and

is probably small. Indeed, it has been shown that matching the stimulation site to the
somatotopic M1 representation of the painful area did not improve efficacy in neuropathic
pain (Andre-Obadia et al., 2018; Jetté et al., 2013; Nurmikko et al., 2016;) or showed very
tiny differences after a single-stimulation sham-controlled session (Ayache et al., 2016). In
this same vein, intra-areal variability in the precise anatomical targeting within the posterior
insula was unrelated to stimulation efficacy (da Cunha, Dongyang, et al., 2022).

Changes in motor threshold during therapy might also influence rTMS efficacy. The rest
motor threshold is defined as the minimal stimulation intensity that triggers a small (50
microvolts) motor-evoked response in half of the trials (Rossini et al., 2015). While rest
motor threshold remains the fundamental factor to individually determine therapeutic rTMS
intensity (Cueva et al., 2016; ter Braack et al., 2019), data from major depression trials
suggest that it may significantly change across therapeutic rTMS sessions (Cotovio et al.,
2021). This may have practical implications because if motor threshold changes are not
assessed before each stimulation session, the intensity of stimulation will be solely based on
its pre-treatment determination, with a risk of under or over-treating patients (Zarkowski et
al., 2009). Assessing motor thresholds systematically before each stimulation session could
be a straightforward and easy way to individualize the dosage of treatment for each patient.
This may have important practical consequences, since motor threshold changes during
stimulation predicted the treatment response to rTMS in depressive patients (Pretalli et al.,
2012), and were recently associated with successful analgesia in neuropathic pain (Zhao

et al., 2020, 2021). Should this be confirmed in future studies, tracking changes in motor
thresholds during treatment would allow clinicians to pursue a treatment even if clinical
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signs of improvement have not yet appeared when motor threshold markers suggest the
patient is likely to respond to the intervention.

11 Conclusions

Personalized and individual treatment strategies for chronic pain management should remain
a major objective in both pharmacological and non-pharmacological approaches. Non-
invasive stimulation by rTMS currently suffers from the same limitation as pharmacological
treatments: while it provides additional relief in a proportion of patients with drug-resistant
chronic pain, it leaves 30-50% of them irresponsive to this strategy. We have summarized
several approaches to select potential responders and individualize treatment, which are
currently being explored in both translational studies and clinical trials. These strategies
range from sophisticated attempts to classify patients according to mechanism-symptom
paradigms and cortical connectivity, to the investigation of different anatomical targets or the
use of sensory and pain phenotypes to identify potential responders. Save rare exceptions
coming from the genetic and oncology fields, the evidence-based individualization of
treatment is still a largely unachieved task. Personalization of treatment is still done in the
classic medical tradition manner: supported by the best scientific evidence available, guided
by clinical judgement and pondered by the patient’s personal preferences and values.
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Study classes

A Class I studyis an adequately data-supported, prospective, randomized, placebo-
controlled clinical trial with masked outcome assessment in 7= 25 patients receiving
active treatment. It should include (a) randomization concealment; (b) clearly defined
primary outcomes; (c) clearly defined exclusion/inclusion criteria; (d) adequate
accounting for dropouts and crossovers with numbers sufficiently low to have minimal
potential for bias and (e) relevant baseline characteristics substantially equivalent among
treatment groups or appropriate statistical adjustment for differences.

A Class Il study is a randomized, placebo-controlled trial performed with a smaller
sample size (/7< 25) or that lacks at least one of the above-listed criteria.

Class 11/ studies include all other controlled trials. (Including well-defined external,
natural history controls) in a representative population, where the outcome is
independently assessed, or independently derived by objective outcome measurement.

Class 1V studies are uncontrolled studies, case series and case reports.
Panel 1: Case vignette

A 48-year-old woman presented with neuropathic pain (definite NP according to the
IASP classification) 1 year after a traumatic lesion to the radial nerve. The pain was
localized to the left arm and did not respond to first and second-line treatments,
including lidocaine patches, intra-cutaneous botulinum toxin injections (2 trials) and
gabapentin. Small doses of tricyclic antidepressant (amitriptyline 12.5 mg qd.) decreased
pain intensity but caused intolerable constipation and sleepiness. Duloxetine 90 mg

qd. was used with a 40% pain intensity reduction, which was not enough to improve
quality of life. She maintained major functional impairment, with pain affecting mood,
sleep and work performance. High-frequency repetitive transcranial magnetic stimulation
(rTMS) was suggested as a third line of treatment, and was added to duloxetine, physical
rehabilitation and psychological care. After safety screening clearance and realistic
discussion about expected results, rTMS to the hand representation on the right primary
motor cortex was performed (figure-of-eight coil, biphasic pulses with the main phase

in the antero-posterior direction). She underwent five daily sessions of 3000 pulses each
when she started to perceive some pain improvement. The treatment was then delivered
weekly for 7 weeks, and then fortnightly for 3 months. Mild and short-lasting headaches
were felt after the first sessions, were managed with paracetamol and then disappeared.
During treatment, the measurement of the rest motor threshold showed a steady decrease
up to 15% below the pretreatment value, and for that reason, the intensity of stimulation
was adjusted based on its value before each session. Pain intensity decreased by a further
40% while medication and rehabilitation treatment were maintained during the whole
period.

Due to a travel during summer vacations, the treatment was discontinued for a month

and pain intensity increased after 3 weeks without rTMS. Upon return home, a new run
of induction and maintenance sessions allowed the clinical improvement to be restored.
The patient is centred on long-term autonomy and independence from hospital visits for
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treatment. She is currently discussing with the healthcare team the possibility to maintain
stimulations at home with transcranial direct current stimulation (anodal to M1) or to
undergo implanted motor cortex stimulation. She is currently inclined to try the former
first.
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DLPFC, dorsolateral prefrontal cortex; iMCS, implanted epidural motor cortex stimulation;

M1, primary motor cortex; PSI, posterior superior insula; rTMS, repetitive transcranial
magnetic stimulation; tDCS, transcranial direct current stimulation. Figure designed with

Biorender.
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