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ABSTRACT

Introduction: Repetitive magnetic stimulation
(rMS) is a safe and well-tolerated intervention.
Transcranial magnetic stimulation (TMS) is used
for the treatment of depression and for the
treatment and prevention of migraine. Over the
last few years, several reports and randomised
controlled studies of the use of rMS for the
treatment of pain have been published. The aim
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of this systematic review was to identify the
available literature regarding the use of tMS in
the treatment of peripheral neuropathic pain.
Methods: After a systematic Medline search we
identified 12 papers eligible to be included in
this review.

Results: The majority of the studies were on
patients with phantom limb pain, followed by
radiculopathy, plexopathy, post-traumatic pain
and peripheral neuropathy. The treatment pro-
tocols vary significantly from study to study
and, therefore, pooling the results together is
currently difficult. However, rMS has a definite
immediate effect in pain relief which, in the
majority of studies, is maintained for a few
weeks.

Conclusion: tMS seems to be a promising
intervention in the treatment of peripheral
neuropathic pain. Further research is in the field
is needed. Use of neuronavigation might
increase the precision of stimulation and sub-
sequently its effectiveness.
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Key Summary Points

Both peripheral and central repetitive
magnetic stimulation have been
employed for the treatment of peripheral
neuropathic pain.

Repetitive magnetic stimulation has
potential in the treatment of peripheral
neuropathic pain.

Use of neuronavigation might increase the
precision of stimulation and subsequently
the effectiveness of repetitive magnetic
stimulation.

Assessment of brain networks might be
the way forward to developing an
objective means of studying the effect of
repetitive magnetic. stimulation.

INTRODUCTION

Transcranial magnetic stimulation (TMS) is a
neurostimulation and neuromodulation tech-
nique based on the principle of electromagnetic
induction of an electric field in the brain [1].
Anthony T. Barker was the first to explore the
use of magnetic fields to alter electrical sig-
nalling within the brain, in Sheffield, and the
first stable TMS devices were developed in 1985
[2].

The therapeutic utility of repetitive TMS
(rTMS) has been demonstrated in a variety of
neurological [3] and psychiatric conditions [4]
and has already been approved as a treatment
for depression and migraine in many countries.
TMS is a safe and well-tolerated intervention
whilst serious adverse events during TMS are
rare [5].

Neuropathic pain is a common presenting
complaint of patients with peripheral neuropa-
thy (PN) and is considered one of the most
detrimental aspects of the condition with
regards to patients’ quality of life [6-13]. It is
therefore imperative for robust pain therapeutic

interventions to be innovated, improved and
implemented.

Over the years, increasing reports of the
clinical utility of magnetic stimulation (MS) in
the management of peripheral neuropathic
pain and in particular rMS delivered either
through a peripheral or transcranial route have
been attempted with promising results.

The aim of this work was to systematically
review the current literature regarding the use
of tMS for the management of peripheral neu-
ropathic pain. We aimed to describe the differ-
ent treatment protocols that have been used
and their efficacy in order to establish the
therapeutic utility of tMS in the management of
peripheral neuropathic pain.

METHODS

Search Strategy

A systematic computer-based literature search
was conducted on 12 June 2019 using the
PubMed database. We evaluated all articles
published between the dates of 1 January 1999
and 12 June 2019. For the search, we used three
Medical Subject Heading (MeSH) terms that had
to be present in the title or the abstract. Term A
was “neuropathy” or “phantom limb” or
“polyneuropathy” or “peripheral” or “neu-
ronopathy” or “radiculopathy” or “polyradicu-
lopathy” or “dorsal” or “low back”. Term B was
“magnetic stimulation” or “magnetic therapy”
or “electromagnetic”. Term C was “pain” or
“painful”. No filters were applied to our search.

Inclusion and Exclusion Criteria

In order to be included in this review articles
were required to meet the following criteria: (1)
be original articles; (2) involve study of human
subjects; (3) be written in the English language;
(4) refer to transcranial magnetic stimulation or
peripheral magnetic stimulation; (5) refer to
pain because of peripheral nervous system
involvement. The exclusion criteria for the
articles were as follows: (1) book chapters,
reviews, meta-analyses, systematic reviews,
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letters to the editor and editorials not providing
new data and study protocols; (2) articles which
did not discuss magnetic or electromagnetic
stimulation as a management option; (3) arti-
cles with a lack of individual results for the
management of painful peripheral neu-
ropathies, even if those subjects were included
in the study; (4) articles not referring to patients
with painful peripheral neuropathies.

Synthesis of Results

The study is reported in accordance with the
Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines
[6]. Where studies did not provide raw values in
graphically displayed results, an open-source
programme was used to extract raw data (En-
gauge Digitizer, http://markummitchell.github.
io/engauge-digitizer). A database was developed
using the Statistical Package for Social Sciences,
version 24 for Mac. Pooled frequencies and
descriptive characteristics of demographic
parameters were extracted.

Compliance with Ethics Guidelines

This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.

RESULTS

Our literature search strategy identified 332
articles. Of these, 12 met the inclusion criteria
and were included and analysed in this review.
Of them five were randomised controlled trials
(RCTs), two were small case series and five single
case reports. The majority of the papers (50%)
tested the use of tMS in phantom limb pain,
followed by radiculopathy (17%), brachial
plexopathy (17%), post-traumatic pain (8%)
and peripheral neuropathy (8%).

The PRISMA chart displays the process of
article selection (Fig. 1). Table 1 summarizes the
characteristics of the papers included and gives

a detailed summary of the treatment protocols
and outcomes.

PHANTOM LIMB PAIN

Phantom limb pain (PLP) is difficult to treat and
often responds poorly to conventional pain
management [15, 16]. Phantom limb sensations
can be experienced following amputation.
Phantom limb-like sensations can also be seen
in patients with spinal cord injury, nerve avul-
sions and with congenital limb aplasia [17]. In
PLP, maladaptive plasticity and reduced con-
nectivity in interhemispherical and sensorimo-
tor networks play a major role in pain. tTMS has
been tested in PLP as a tool for blocking mal-
adaptive plasticity in the sensorimotor cortex
and has shown analgesic effects when used on
the motor cortex, through modulating cortical
reorganisation [18]. One particular study has
shown that amputees with PLP have a signifi-
cantly greater activation in the primary motor
cortex and supplementary motor cortex of the
affected hemisphere compared to those without
pain, likely due to increased excitability after
limb amputation [19].

Malavera et al. studied the effects of rTMS in
the treatment of PLP in a randomised double-
blinded placebo-controlled study [16]. Fifty-four
patients underwent real or sham rTMS of the
primary motor area contralateral to the ampu-
tated limb. The analgesic effect of the treatment
was significant for the first 15 days; however, it
was not after 30 days. The analgesic effect found
in this study can possibly be explained by the
effect of rTMS over the central pathophysio-
logical mechanisms relating to PLP. After a
traumatic amputation, maladaptive reorganisa-
tion of the sensorimotor cortex involves a
reduction in intracortical inhibition mecha-
nisms, an imbalance between y-aminobutyric
acid (GABA) and glutamate and an increase in
excitability of corticospinal neurons. High fre-
quency rTMS over the motor cortex enhances
its excitability leading to the indirect activation
of inhibitory projections towards the thalamus,
resulting in the modulation of pain signalling
pathways [16].
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332 articles identified through PubMed
search
R 40 not original work
\ 4
292 articles
268 notreferring to repetitive
> magnetic stimulation forthe
y treatment of peripheral neuropathic
24 articles
R 5 basicscience studies
A 4
19 articles
\ 4
14 articles
_ 1 notwritteninEnglish
13 articles
1 not provided sufficient data
12 articles
Fig. 1 PRISMA chart
In contrast to the RCT conducted by Malav- patients with PLP receiving real rTMS versus
era et al., a study by Ahmed et al. showed a sham. The authors randomised patients to
significant and prolonged reduction of pain in receive either real rTMS (n = 17) or sham rTMS
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(n =10). Sham rTMS involved elevating and
angling the magnetic coil away from the cortex.
The authors found a 55% reduction in pain in
the treatment group immediately following the
fifth session. This effect was still seen at
2 months follow-up [20]. Interestingly the per-
centage of pain reduction was higher in patients
with upper limb phantom pain compared to
patients with lower limb phantom pain. Whilst
the results reported are positive, there are mul-
tiple drawbacks in the methodology within this
study including non-standard randomisation
criteria, small sample size and unequal group
allocation. Additionally, the study recruited a
heterogenous population of patients affected by
PLP, in both upper (n=11) and lower limbs
(n = 16).

Navigated TMS employs conventional TMS
combined with sophisticated neuronavigational
software providing precise anatomical infor-
mation necessary for anatomically controlled
cortical stimulation. It can be used to stimulate
highly selected areas in the brain in PLP. It
promotes the modulation of brain connectivity
to induce its rearrangement in chronic pain
syndromes. In a patient with PLP, Scibilia et al.
used high frequency stimulation (10 Hz) of the
primary motor area and the dorsolateral frontal
cortex contralateral to the pain, and low fre-
quency (1Hz) stimulation of the primary
somatosensory area contralateral to the pain,
using navigated TMS [21]. Using resting state
functional magnetic resonance, they showed
that rTMS promoted cortical and subcortical
plasticity, which led to an associated pain
reduction. After treatment, the patient experi-
enced a significant reduction of 5 points on the
visual analogue scale (VAS) in terms of pain.
This suggests that high frequency stimulation of
the motor cortex contralateral to site of PLP can
induce an analgesic effect. As this was a single
case report, larger cohort studies are warranted
to validate these findings.

In cases such as motor function recovery
post stroke, stimulation with low frequency
rTMS in the unaffected hemisphere has shown
beneficial results [22]. Di Rollo et al. reported
the effect of stimulating the hemisphere ipsi-
lateral to the PLP in a single patient [15]. The
patient showed a 33% reduction in pain at the

end of the third week of treatment and a
decrease of 17% at the follow-up visit which was
3 weeks after the last session.

Lee et al. described a case report of PLP
treated with rTMS of the supplementary motor
cortex and the primary motor cortex, using
neuronavigation. Magnetic therapy dramati-
cally reduced the pain intensity when directed
over the supplementary motor cortex; however,
there was no reduction in pain with therapy
directed over the primary motor cortex
[23]. The authors postulate that this is due to a
reported greater activation of the supplemen-
tary motor cortex in amputees with PLP than
those without [24]. These results, however, are
to be taken with caution, owing to the patient
receiving one round of treatment to the primary
motor cortex, versus five rounds to the supple-
mentary motor cortex.

Grammer et al. reported a patient with upper
extremity PLP. Over 6 weeks they delivered 28
sessions of 1TMS to the dorsolateral prefrontal
cortex and primary sensory area contralateral to
the side of pain. The sessions were of low fre-
quency (1 Hz) for the first five sessions, there-
after alternating between low frequency (1 Hz)
and high frequency (10 Hz). This protocol led to
an 80% decrease in pain as rated on the VAS
[25].

RADICULOPATHY

Attal et al. studied the efficacy of rTMS in
patients suffering from neuropathic pain sec-
ondary to unilateral lower lumbar radiculopa-
thy in an RCT. In tandem with this they
compared the efficacy of rTMS to transcranial
direct current stimulation (tDCS), which applies
low intensity electrical currents directly, rather
than the magnetic field employed in 1TMS [26].
In an altered crossover methodology, they ran-
domised 36 patients to receive either active
1r'TMS and tDCS or sham rTMS and tDCS, with a
3-week period between either modality. Results
showed that rTMS was more effective than tDCS
and sham (tDCS and rTMS), after the third and
final stimulation session. Repetitive magnetic
stimulation maintained its efficacy over sham
when pain was measured 5 days after the final
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session, but not in comparison to tDCS. The
study was limited by its relatively short treat-
ment and follow-up period.

Topper et al. evaluated the use of rTMS in
two patients with PLP-like syndrome who had
suffered cervical nerve root (C7 and C8) injuries
secondary to road traffic collisions [27]. The
authors investigated two separate protocols of
rTMS directed over the posterior parietal cortex
contralateral to the symptomatic side. The first
included high frequency stimulation (10 Hz)
and the second low frequency (1 Hz). The two
protocols were separated by at least 4 weeks.
Whilst the authors reported a significant
reduction in pain measured with VAS during
the rTMS treatment, this effect was seen only for
up to 15 min after therapy. The study is, how-
ever, limited by its small number of
participants.

Brachial Plexopathy

In an RCT of 34 patients with traumatic brachial
plexopathy, Khedr et al. evaluated the efficacy
of r'TMS as an adjuvant intervention to physical
therapy, consisting of electrical stimulation,
ultrasound, heat therapy and therapeutic/active
exercises [28]. Magnetic stimulation was direc-
ted over the superior trapezius muscle, using
stimulation at both 3 Hz (aiming to increase
strength) and 15 Hz (aiming to relieve pain).
The authors reported a significant reduction in
the VAS score in patients receiving real therapy
compared to sham therapy. This effect was seen
both at the end of the therapy and at 1-month
follow-up. The study is limited by the fact that
the sham protocol was substandard as the
authors used an active coil that was elevated
away from the muscle, rather than a sham coil
applied directly over the muscle [29].

In a case report of a 37-year-old patient with
brachial plexopathy, Lefaucheur et al. assessed
the efficacy of high frequency rTMS targeting
the precentral gyrus [30]. Over a treatment
period of 16 months, they found that rTMS
provided a statistically significant reduction in
VAS scores. Whilst the study provides evidence
of long-term use of rTMS, it is limited by being a
single patient report with no matched control.

POST-TRAUMATIC NEUROPATHIC
PAIN

Peripheral nerve injury can lead to the forma-
tion of a neuroma which results from abnormal
nerve regeneration, which is often refractory to
medications and invasive interventions. In a
small case series reported by Leung et al., five
patients tolerated well low frequency TMS over
the site of the neuroma formation and showed
long-term pain relief [31]. This is in line with
other studies demonstrating that low frequency
rTMS provides an inhibitory effect on neuronal
activities. However, this study is limited by its
small sample size, lack of control and unclear
frequency of treatment sessions.

PERIPHERAL NEUROPATHY

Peripheral neuropathy is common amongst the
diabetic population [32]. In a cross-over RCT
Onesti et al. were the first to investigate the
effect of deep rTMS, achieved by using the
H-coil in 25 patients with diabetic neuropathic
pain. The H-coil allows safe access to deep cor-
tical areas which otherwise could not be acces-
sed [33] and has been proven to be effective in
the management of major depressive disorder,
bipolar disorder and focal dystonias [34-36]. In
this study the authors used deep real or sham
I'TMS of the lower limb motor cortex. The
authors reported that real rTMS at 20 Hz reduces
chronic drug-resistant distal diabetic neuro-
pathic pain for 3 weeks.

CONCLUSIONS

Chronic pain perception has been found to
propagate through central brain sensitisation,
particularly involving the prefrontal cortex and
the thalamus, in comparison to acute pain sce-
narios primarily recruiting the spinothalamic
pathways [37]. This presents an opportunity to
identify therapeutic interventions that are able
to target this central processing of pain. Mag-
netic stimulation exerts its effect by the mag-
netic field generated inducing a subsequent
electrical field that is able to depolarise axons
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and therefore modulate active neural networks
within the cortex [38]. This effect may differ
depending on factors such as the magnetic
pulse waveform, the intensity, frequency and
pattern of stimulation [38]. There is consensus
in the literature that low frequency stimulation
(«1Hz) and high frequency stimulation
(> SHz) are responsible for suppression and
facilitation of corticospinal excitability, respec-
tively [39]. There is some consensus that high
frequency rather than low frequency stimula-
tion is able to illicit an analgesic effect in neu-
ropathic pain [38]. Indeed, a similar conclusion
may be drawn from the studies that have been
included in this review.

On a molecular level, rTMS has been reported
to induce endogenous opioid release, with one
study demonstrating a reduction of the analgesic
effect when stimulating the primary motor cortex
in subjects administered naloxone. The authors
did not find this to be the case when rTMS was
applied to the dorsolateral prefrontal cortex [40].
It is important to note, however, that naloxone is
known to play a role in reducing the perceived
analgesic effect derived through placebo [41].
Various other neurochemicals have been reported
to be implicated during rTMS therapy, including
GABA, glutamate and dopamine. Glutamate N-
methyl-p-aspartate (NMDA) receptors are known
to be responsible for synaptic plasticity and have
been reported to be associated with the long-term
analgesic effect of rTMS [42]. In the context of
PLP in particular, high frequency rTMS may
indirectly activate inhibitory thalamic projec-
tions, thereby modulating ascending nociceptive
pathways [43]. Neuropathic pain of diverse aeti-
ologies has been shown to be associated with
decreased intracortical inhibition (ICI) and inter-
estingly rTMS therapy has been correlated with
increased ICI in tandem with pain relief, partic-
ularly in patients with drug-resistant neuropathic
pain [44]. Functional magnetic resonance imag-
ing has revealed that rTMS of the motor cortex
results in subsequent activity within the ipsilat-
eral thalamus and putamen, structures known to
be linked to the sensorimotor cortex, implicated
in the centralisation of pain [45].

This review identified five RCTs, highlight-
ing a paucity in the literature of well-designed
placebo-controlled trials evaluating rMS for

relief of peripheral neuropathic pain. Although
the majority of the studies included in this
review show that rMS has potential for the
treatment of peripheral neuropathic pain, there
is a need for further studies in the field. Whilst
its efficacy is still debated, rMS has been
demonstrated to be a safe and tolerated inter-
vention, with no serious adverse effects noted in
the studies included in this review. Further-
more, there is a need to create consensus
regarding optimum stimulation protocols and
procedures [46]. The use of neuronavigation
might increase the precision of stimulation and
subsequently its effectiveness; however, this
requires further robust assessment as current
evidence is lacking. Finally, assessment of brain
network function, with techniques such as
functional magnetic resonance or appropriate
TMS-compatible EEG recordings, with various
quantitative EEG metrics, might be the way
forward to developing an objective means of
studying the effect of rMS on widely distributed
brain network constituents involved in the
generation and persistence of neuropathic pain.

Limitations

e As in all studies measuring pain with the
VAS, a self-reported questionnaire, there is
potential for an inherent response bias when
reporting the nature and extent of the pain.

e The wvariations in treatment protocols
between studies and the limited number of
studies eligible for inclusion make it impos-
sible to use a meta-analytic approach.

e A more comprehensive search using data-
bases other than PubMed alone might have
identified a greater number of articles suit-
able for analysis.
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