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Abstract: This pooled individual data (PID)-based meta-analysis collectively assessed the analgesic
effect of repetitive transcranial magnetic stimulation (f\TMS) on various neuropathic pain states based
on their neuroanatomical hierarchy. Available randomized controlled trials (RCTs) were screened. PID
was coded for age, gender, pain neuroanatomical origins, pain duration, and treatment parameters
analyses. Coded pain neuroanatomical origins consist of peripheral nerve (PN); nerve root (NR); spinal
cord (SQ); trigeminal nerve or ganglion (TGN); and post-stroke supraspinal related pain (PSP). Raw
data of 149 patients were extracted from 5 (1 parallel, 4 cross-over) selected (from 235 articles)
RCTs. A significant (P < .001) overall analgesic effect (mean percent difference in pain visual analog
scale (VAS) score reduction with 95% confidence interval) was detected with greater reduction in
VAS with ¥TMS in comparison to sham. Including the parallel study (Khedr et al), the TGN subgroup
was found to have the greatest analgesic effect (28.8%), followed by PSP (16.7%), SC (14.7%), NR
(10.0%), and PN (1.5%). The results were similar when we excluded the parallel study with the great-
est analgesic effect observed in TGN (33.0%), followed by SC (14.7%), PSP (10.5%), NR (10.0%), and
PN (1.5%). In addition, multiple (vs single, P = .003) sessions and lower (>1 and =10 Hz) treatment
frequency range (vs >10 Hz) appears to generate better analgesic outcome. In short, rTMS appears
to be more effective in suppressing centrally than peripherally originated neuropathic pain states.
Perspective: This is the first PID-based meta-analysis to assess the differential analgesic effect of
rTMS on neuropathic pain based on the neuroanatomical origins of the pain pathophysiology and
treatment parameters. The derived information serves as a useful resource in regards to treatment
parameters and patient population selection for future rTMS-pain studies.
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europathic pain is broadly defined as chronic pain
resulting from injury or dysfunction of the nervous

system. The underlying pathophysiology is usually
associated with plastic changes both functionally and
structurally in the nervous system, and depending on
the areas of the nervous system being affected, different
neuropathic pain states may respond differently to pain
interventions.'® Transcranial magnetic stimulation
(TMS) offers a noninvasive and nonpainful means of cen-
tral neuromodulation for both studying and treating
neuropathic pain states.” The technology uses electro-
magnetic principles to produce small and localized
electrical currents in the cortex. With technological
advancement in capacitors that allow rapid electrical
charge and discharge, repetitive transcranial magnetic
stimulation (rTMS) has been made available as a treat-
ment option for a variety of psychiatric and neurologi-
cal diseases including various chronic neuropathic pain
states. '3 Several recent articles have provided a prelim-
inary qualitative and quantitative overview of rTMS in
treating various chronic pain states.">'* However,
definitive and quantitative information is still lacking
in the current literature in regard to the relative rTMS
efficacy in treating various neuropathic pain conditions,
based on their neuroanatomical origins. Similarly, the
current literature lacks information regarding combina-
tions of treatment parameters that are likely to provide
favorable clinical outcome. Given that the locations of
neuronal injury or lesions may significantly affect the
underlying pathophysiology that leads to neuropathic
pain states and the subsequent response to rTMS,
assessing the analgesic effect based on neurcanatomi-
cal origins of pain may shed light on the underlying
analgesic mechanisms of rTMS. Therefore it will be
important to assess whether:

(1) rTMS is effective in suppressing all or only certain
types of neuropathic pain conditions;

(2) the neuroanatomical origins of pain pathophysiol-
ogy and their relative cranio-caudal (top-
down) neurocanatomical locations may affect the
outcome;

(3) the different combinations of treatment parame-
ters may affect the analgesic benefit.

With these questions in mind and in hopes of better
characterizing the effect of rTMS in treating different
neuropathic pain states, we conducted a pooled individ-
ual data (PID) meta-analysis to specifically address these
crucial issues related to the use of rTMS in chronic pain
management.

Our main objectives are as follows:

(1) To quantitatively assess the overall analgesic effect
of rTMS at the motor cortex for neuropathic pain
states;

(2) to assess the overall and the differential analge-
sic effect of rTMS among individual neuropathic
pain states in regard to their corresponding
neuroanatomical origins of pain and their rela-
tive cranio-caudal (top-down) neuroanatomical
order;
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(3) to assessthe effect of treatment parameters such as
pulses, frequency, and number of treatment ses-
sions on the outcome.

Methods

Guidelines for meta-analysis were followed whenever
applicable.*®

Search Strategy

An extensive literature search was conducted in August
2007 in the following databases: PubMed, Psycinfo,
Cinahl, Cochrane, and EMBASE, using the following key
words: pain, transcranial magnetic stimulation (TMS),
repetitive transcranial magnetic stimulation (rTMS),
transcortical electrical stimulation. Studies identified as
randomized controlled trials (RTC) in either cross-over
or parallel designs were individually screened for analysis,
based on the following inclusion and exclusion criteria.

Inclusion criteria:

(1) Human study

(2) Neuropathic pain related

(3) Pain diagnoses of the subjects can be attributed to
a neuroanatomical origin

(4) Primary motor cortex (M1) as the treatment site

(5) rTMS was used as treatment intervention

(6) Pain visual analog scale (VAS) score as 1 of the
primary outcome measurements

Exclusion Criteria:

(1) Studies published in non-English literature

(2) Studies published in non-peer review journals

(3) Studies used treatment paradigm outside the pub-
lished safety guidelines'®

Trial Quality Assessment

Authors of articles that met the above criteria were
contacted for providing individual subject level data
for the meta-analysis. The articles were further reviewed
by 2 independent reviewers (a neurologist with an
extensive TMS experience and a pain specialist) for study
inclusion.

Data Extraction

The raw data provided by the authors of the final cho-
sen studies were pooled for the meta-analysis. The out-
come data collected after the last treatment of the
studies were used for the analysis. Percentage changed
for the treatment effect was calculated by the following
equation:

% of pain VAS score change
= (Post-treatment Pain VAS score — Pretreatment
Pain Vas Score)/(Pretreatment Pain VAS Score)

The PID was coded for further analysis as follows:

(1) Age;
(2) Gender;
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(3) Pain diagnoses based on their neuroanatomical or-
igins in the cranio-caudal (top-down) order: post-
stroke supraspinal related pain (PSP); trigeminal
nerve or ganglion (TGN); spinal cord (SC); nerve
root (NR); and peripheral nerve (PN);

(4) Treatment frequency: high range (>10 and =20 Hz)
vs low range (>1 and =10hz);

(5) Number of pulses given per treatment session:
high (>1000) vs low (=1000); and

(6) Total number of sessions: single (S) vs multiple (M)

Since none of the included studies have systematically re-
ported medication utilization with all the information in
regard to the duration, dosage, and class of medications
used by subjects at either the baseline or the postinter-
vention level, it was deemed unfeasible to include pain
medications in the current analysis.

Statistical Method

In studies with the cross-over design, the same subject
was treated with both sham (placebo) and real rTMS. To
account for this within-subject correlation, the general-
ized estimating equations (GEE) were used to estimate
the parameters of the model'”:

Yi = aq M{study; = 1}++as1{study; = 5}
+ﬁ1{t!’ti = TMS}‘*’EU

where Y;; denotes the percent decrease in pain for sub-
ject i under treatment (trt;) with values sham (placebo)
or TMS, study; is a 5-level factor covariate, ¢; are errors
(correlated within subject), and 1 is the indicator func-
tion. The model includes the study indicators, study;, to
account for potential study effects. Next, the effect of
subject level covariates (gender and diagnosis) and their
interaction with treatment was estimated by adding pa-
rameters to the above model and fitting again using GEE.
We also assessed the effect of study level covariates:
number of pulses given per treatment, frequency of
rTMS, and number of sessions. Number of pulses and fre-
quency could only be assessed within the rTMS condition
because the sham condition had no real number of
pulses or frequency directly being delivered to the sub-
jects. These 2 variables turned out to be collinear with
the study indicators. Therefore, 2-sample t tests (high
versus low) were performed. Finally, because the sham
condition could be described as having a particular num-
ber of sessions, we reasonably modeled the interaction
between treatment and sessions and fitted such a model
using GEE. All analyses were conducted using R version
2.6.1 (R Development Core Team 2007, http://www.
R-project.org). The GEE analysis was conducted using
the GEE package [Ported to R by Thomas Lumley (ver-
sions 3.13, 4.4) and Brian Ripley (version 4.13), 2007].

Results

Search Result

Atotal of 235 articles were identified in the initial data
base search. Of those articles, 35 were identified as ran-
domized controlled trials (Table1A).

1207
Table 1A. Initial Search Summary
PUBMED 140 21
PSYCHO! 49 1
CINAHL 29 1
COCHRANE 8 8
EMBASE 9 4
Total 235 35

These 35 articles were subsequently individually
screened based on the additional inclusion and exclusion
criteria listed in the previous section, and 7 articles were
selected by 2 independent reviewers.'® %> The excluded
28 articles and the reasons for exclusion are listed in
Table 1B.27-30-38.49-93 Three of the 7 selected published ar-
ticles came from the same group of authors.’®?° How-
ever, due to computer data loss, this author was able to
provide data from 1 of the articles. This resulted in the
final 5 studies to be included in the meta-analysis (Fig
1, search flow sheet).

Overall, raw data of 149 subjects (75 women and 74
men) were extracted from the 5 articles. Summary sta-
tistics of demographics and outcomes for the individ-
ual studies were demonstrated as follows: (1) Tables 2
and 3 summarize patient gender distribution and neu-
roanatomically related pain etiology, respectively; (2)
Table 4 summarizes the treatment parameters of each
of the 5 studies; and (3) Table 5 lists the sham condi-
tions of the studies.

Treatment Effect

Because the study by Khedr et al** used a parallel de-
sign that was distinct from the other cross-over studies,
we conducted initial analyses both with and without
this particular study. Overall, we detected a significant
treatment effect (Fig 2) with greater reduction in pain
VAS associated with rTMS in comparison to sham
{(mean reduction = 16.7%, P < .001 with Khedr et al;
13.7%, P < 0.001 without Khedr et al). In the 2 studies
that qualified for the analysis but the authors were un-
able to provide us with the raw data due to computer
data loss, 1 of 2 studies consists of 18 subjects with pain
related to supraspinal (12 subjects) and nerve root (6
subjects) etiologies. The summarized result of this study
indicated a significant post-rTMS pain VAS scores reduc-
tion with a single session of 10 Hz rTMS (P = 0.001) in
comparison to sham and 0.5 Hz rTMS.'® In the other
study with a cross-over design, the authors reported
a significant reduction of pain VAS in 14 subjects (7
with PSP and 7 with TGN) with a single session of 10
Hz rTMS M1 treatment in comparison to sham.?® The
single-session treatment effect lasted up to 1 week.
Given that these 2 studies consisted of a relatively small
number of subjects (less than 18% of the potential PID)
and their summary results were similar to the observed
overall treatment effect, we estimated the statistical
impact of those nonincluded data on the overall analy-
sis was minimal. In the analyzed data, no significant
age or gender effect on analgesia between rTMS and
sham in the current meta-analysis was found. In addi-
tion, duration of pain data was only available from

|22
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Table 1B. Excluded Studies
ABBREVIATED
Dara Base AuUTHORS (YEAR) Pusticarion Name Susiect PopuLaTion Main Reasons oF ExcLusion
1 PubMed Avery et al J Nerv Ment Dis Chronic pain patients Left DLPFC as the simulation site
(2007)%¢ of depression (n = 68) and no clear description of
neuroanatomical origin of pain
2 PubMed Borckardt Anesthesiology Postop patients (n = 20) Left prefrontal cortex stimulation.
et al (2006)%7 Nonchronic neuropathic pain
patients and no clear description
of neuroanatomical origin of pain
3  PubMed Brighina J Neurol Sci Migraine patients (n = 11) Left DLPFC stimulation and no clear
EMBASE et al (2004)%® description of neuroanatomical
origin of pain
4 PubMed Clarke J Headache Pain Migraine patients (n = 42) rTMS given over headache
EMBASE et al (2006)*° area and no clear description
neuroanatomical origin of pain
5 Cochrane Dougall Cochrane Database of Schizophrenic patients Non-pain-related review article
et al (2006) Systematic Reviews
6 PubMed Fregni Annuals of Neurology Patients with visceral No clear description
Psychoinfo et al (2005)*° pain (n = 5) neuroanatomical origin of pain
7  PubMed Fregni Pain Patients with traumatic Transcranial direct current stimulation
et al 2006)*' spinal cord injury (n = 17) of the motor cortex was used for
the study; a non-rTMS study
8 Cochrane Furlan Cochrane Database of Nonspecific low back pain Non-rTMS-related review article
Cinahl et al (2002) Systematic Reviews
9 PubMed Graff-Guerrero Brain Res Cogn Brain Res Healthy subjects Nonchronic pain study with DLPFC
et al 2005)* rTMS stimulation
10 Cochrane Hoare BJ Cochrane Database of Children with cerebral palsy ~ Non-pain-related review article
et al (2007) Systematic Reviews
11 PubMed inghilleri Exp Brain Res Neuropathic pain patients on  Only change in motor evoked
et al (2004)* anticonvulsants (n = 23) potentials were assessed
in the study
12 EMBASE Iribacher Nervernarzt Patients with central (n = 13)  Non-English publication
et al (2006) and phantom limb
(n = 14) pain
13 PubMed Kofler Neurosci Lett Healthy subjects (n = 5) Nonchronic pain study
et al (1998)**
14 PubMed Lee et al Neurosci Lett Patients with Non-pain-related studies with
(2005)%* schizophrenia (n = 39) rTMS at temporoparietal
areas
15 Cochrane Martin Cochrane Database of Patients with depression Non-pain-related review article
et al (2001) Systematic Reviews
16 Cochrane Martin Cochrane Database of Patients with obsessive- Non-pain-related review article
et al (2003) Systematic Reviews compulsive disorder
17 Cochrane Martinsson Cochrane Database of Post-stroke patients Non-pain-related review article
L et al (2007) Systematic Reviews ‘
18  PubMed Mosimann Psychiatry Res. Healthy subjects (n = 25) Nonchronic pain subjects
et al. (2000
19 PubMed Padberg Neuropsycho-pharmacology  Patients with Not a neuropathic pain rTMS study
et al (2002)%” depression (n = 31)
20 PubMed Pleger (2004)* Neurosci Lett Patients with complex No clear description of
regional pain neuroanatomical origin of pain
syndrome (n = 10)
21 PubMed Pope et al Spine Patient with low back pain A transcutaneous muscular
(1994)*® stimulation (TMS) study
22 PubMed Passard Brain Patients with No clear description of
et al (2007)*° fibromyalgia (n = 30) neuroanatomical origin of pain
23 PubMed Rosenberg Ann Emerg Med Patient with urinary An antibiotic study with
et al (1985)*° tract infection (n = 52) trimethoprim-sulfamethoxazole
(TMS). Non-pain-related study
24 PubMed Schwenkreis Neurology Patients with CRPS (n = 25) Main assessment was intracortical

et al (2003)*

and healthy subjects
(n = 20) as controls

motor cortex stimulations

— 252 —



Leung et al
Table 1B. Continued
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ABBREVIATED
Dara Base Autrors (Year) Pustication NaME Susiect PopuLATION Main REASONS OF EXCLUSION
25  PubMed Smania J Neurol Patients with myofascial A non-rTMS study
et al (2005)* pain (n = 56)
26 PubMed Svensson Eur J Pain Healthy subjects with Non-neuropathic pain states
EMBASE et al (2003)* experimental pain
27  Cochrane Tharyan Cochrane Database of Patients with schizophrenia Non-pain-related review article
et al (2005) Systematic Reviews
28 Cochrane Van der Wurff Cochrane Database of Depressed elderly Non-pain-related review article
et al (2003) Systematic Reviews

3 studies (Andre-Obadia et al, Hirayama et al, and
Khedr et al). The interaction of pain duration and treat-
ment was not significant. None of these studies
reported any major side effect such as seizures or any
significant neurological deficits related to the rTMS in-

Initial key words search for TMS and
pain related studies (N=235)

terventions. The pretreatment VAS scores were only
available from 3 studies (Hirayama et al, Lefaucheur
et al, Khedr et al). The interaction of pretreatment
VAS scores and treatment was not significant either in-
cluding or excluding the Khedr et al study.

Non-RCTs excluded

\4

Potentially relevant RCTs identified
and screened (N=35)

(N=200)

RCT studies excluded
» based on additional

A 4

Potentially relevant RCT studies for
data pooling and authors contacted
for providing data for study
collaboration (N=8)

inclusion and exclusion
criteria (N=27)

RCT Studies excluded based

v

Potentially relevant studies with
raw data for analysis (N=6) further
reviewed by 2 independent
reviewers

on unavailability of raw
data (N=2)

RCTs excluded by
independent reviewers due

RCTs included in the meta-
analysis (N=5) with total number
of subjects=149

»  to a lack of clear
neuroanatomical etiology
for pain diagnoses (N=1)

Figure 1. Search flow sheet. RCT, randomized controlled trials; TMS, transcranial magnetic stimulation.
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Table 2. Summary of Studies and Gender
Distribution

GENDER FEMALE Toral
Khedr et al (2005)?2 26 53.1% 49
Rollnik et al (2002)** 6 50.0% 12
Lefaucheur et al (2004)'° 32 53.3% 60
Andre-Obadia et al (2006)%° 4 33.3% 12
Hirayama et al (2006)*' 7 43.8% 16
Total 75 50.3% 149

Neuroanatomical Origins of Pain and
Treatment Effect

The effect of diagnosis (Fig 3) by treatment interaction
was marginally significant (Wald test P = .053). We found
the TGN subgroup (Fig 3) to have the greatest treatment
effect (28.8% mean difference in VAS reduction), fol-
lowed by PSP (16.7%), SC (14.7%), NR (10.0%), and PN
(1.5%). In addition, the results were similar when we ex-
cluded the Khedr study, with the greatest treatment ef-
fect observed in TGN (33.0%), followed by SC (14.7%),
PSP (10.5%), NR (10.0%), and PN (1.5%).

Treatment Parameters

Because of the statistical concern of colinearity, we
performed the expected analyses for outcome related
to treatment parameters by reducing the analytical ap-
proach to simple 2-sample t tests (flow number of pulses
vs high and low range frequency versus high) in which
we pooled all experimental arms. The effects of the num-
ber of pulses (low: =1000 vs high) and frequency (low: >1
and = 10 Hz vs high: >10 and <20 Hz) were sensitive to
the inclusion of the Khedr et al study. When we excluded
Khedr (a high-pulse, high-frequency study), low pulse
(P = .038), and frequency in the range of =10 and >1
Hz (P < .001) are more efficacious compared with fre-
quency above 10 Hz. However, including the Khedr et
al study, more pulses given per session of treatment ap-
peared to be more effective (2-sample t test, P = .043)
and there was no significant difference between high
frequency (>10 and =20 Hz) and low frequency (=10
and >1 Hz). This paradox might be explained by the mul-
tiple {(n = 5) therapy sessions being used by Khedr et al,
whereas the other studies used single therapy session.
Comparing the results of Khedr et al with the other stud-
ies, we found that the reduction in VAS with TMS com-
pared with sham was 20.4% (P = .003) greater with 5

rTMS for Suppressing Neuropathic Pain: A Meta-Analysis

sessions compared with the single session studies. Of
note, Rollnik’s study used a nonfocal circular coil,
whereas all the other 4 studies adopted a figure-of-8
coil. This difference in TMS coil design may attribute to
the less robust effect reported in Rollnik’s study as com-
pared with the other studies included in the analysis.

Discussion

Statistical Concern

Previous reviews have provided the readers with useful
gualitative overviews about the analgesic effect of rTMS
and its potential usage in clinical pain management.'*44-4¢
However, to the best knowledge of the authors, this is
the first PID-based meta-analysis conducted to qualita-
tively assess the efficacy of rTMS in treating different neu-
ropathic pain states related to their neuroanatomical
origins. Although using summary statistics extracted
from the literature is a common means to conduct
a meta-analysis, PID is by far the preferred method for
this type of analysis.*’*® Stewart et al*’suggest that PID
should be used for meta-analysis whenever possible
because this “provides the least biased and most reliable
means of addressing questions that have not been satis-
factorily resolved by individual clinical trials.” Therefore,
to address the clinically and mechanistically relevant
issues being raised in the current study, a PID-based
meta-analysis with the appropriate selection criteria
serves as the most effective analytical approach for the
task. Given that 1 of our main objectives was to specifi-
cally assess whether neuroanatomical origins of pain
could affect rTMS analgesic effect, it was necessary for
the analysis to strictly exclude studies in which neuroana-
tomical origins of pain were not clearly indicated. Despite
these stringently designed selection criteria, 2 of the
available articles that consisted of the highest number
of subjects for RCTs in this field were included in the anal-
ysis.'>22 Therefore, the analysis was equipped with the
adequate statistical power to address the specific ques-
tions being raised, especially when we were able to
obtain and combine individual raw data (n = 149) from
studies containing the highest number of subjects.

Treatment Efficacy

The result of this PID-based meta-analysis indicates
that rTMS can provide significant pain reduction in pa-
tients with various neuropathic pain conditions. The
analysis also suggests that rTMS treatment may be

Table 3. Summary of Studies and Neuroanatomical Etiologies for Pain

NR PN PSP sC TGN Torat
Khedr et al (2005)%2 None None 25(51.0%) None 24 (49.0%) 49
Rollnik et al (2002)%4 3(25.0%) 7 (58.3%) None 2(16.7%) None 12
Lefaucheur et al (2004)"° 12 (20.0%) None 24 (40.0%) 12 (20.0%) 12 (20.0%) 60
Andre-Obadia et al (2006)%° 1(8.3%) 1(8.3%) 9 (75.0%) 1(8.3%) None 12
Hirayama et al (2006)*' 1(6.2%) 1(6.2%) 8 (50.0%) 3(18.8%) 3(18.8%) 16
Total 17 (11.4%) 9 (6.0%) 66 (44.3%) 18(12.1%) 39 (26.2%) 149

Abbreviations: NR, nerve root; PN, peripheral nerve; PSP, post-stroke supraspinal related pain; TGN, trigeminal nerve or ganglion.
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Table 4. Summary of Treatment Parameters
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Srupy DesiGn Putses/Session  CopING FOrR Putses  FReQuency  CoDING FOR FREQUENCY — Sessions  CODING FOR SESSIONS
Khedr et al (2005)?? Parallel 2000 High 20 Hz High 5 Multiple
Rolinik et al (2002)* Cross-over 800 Low 20 Hz High 1 Single
Lefaucheur et al (2004)"° Cross-over 1000 Low 10 Hz Low 1 Single
Andre-Obadia et al (2006)*>  Cross-over 1600 High 20 Hz High 1 Single
Hirayama et al (2006)*' Cross-over 500 Low 5 Hz Low 1 Single

particularly effective in alleviating pain in patients with
TGN-related pain. Since our estimate of treatment effect
for TGN subjects both with and without the Khedr et al
study was similar and consistently the highest among
all coded pain origins (33.0% and 28.8%, respectively),
we discerned that this observation was due to the fact
that the Khedr et al study was the only study that used
multiple treatment sessions and 61.5% of the TGN data
were extracted from this study (49.0% of the subjects
in Khedr et al study were TGN). Instead, we postulated
that this observed analgesic effect was largely due to
the neuroanatomical origins of pain and the underlying
analgesic mechanisms of rTMS.

Neuroanatomical Origins of Pain and
Treatment Outcome

Although statistically marginally significant, the over-
alltrend of efficacy related to the pain origins as observed
in the current analysis suggests that rTMS study may have
a differential analgesic effect based on neuroanatomical
origins of the neuropathic pain pathophysiology with
more effective treatment response observed in neuro-
pathic pain states originating from the “top” (supraspi-
nal, cranial or spinal) than the “bottom” (nerve root or
peripheral nerve) locations in the overall cranio-caudal
neuroanatomical scheme. This observed differential
trend is unlikely simply due to sample size or treatment
session differences because overall there were more sub-
jects with PSP (44.3%) than TGN (26.2%) related pain eti-
ologies, and a similar differential effect was observed
with or without the Khedr et al study, in which multiple
treatment sessions were used. In addition, 1 of the impor-
tant distinctions among the pain pathophysiology origi-
nating from the “top” locations is that subjects with
pain related to PSP usually consist of lesions that may di-
rectly impact centrally mediated pain modulatory path-
ways, whereas in TGN-related neuropathic pain

Table 5. Sham Conditions

Srupy SHam CONDITIONS

Khedr et al (2005)% Coil elevated from the skull with
a nonspecified angle

Coil elevated with a 45° angle from
the skull

Placebo coil

Sham coil on top of active coil
ata 90° angle

Coil elevated with a 45° angle from
the skull

Rollnik et al (2002)%*

Lefaucheur et al (2004)"?
Andre-Obadia et al (2006)%°

Hirayama et al (2006)?!

conditions, these pathways are usually uninterrupted.
Therefore, this observed differential response pattern al-
ludes to the underlying mechanisms of rTMS induced an-
algesic mechanisms further discussed in the “Potential
Analgesic Mechanisms of rTMS” section of the report.

in addition, outside the scope of the current analysis
are neuropathic pain states that may involve both pe-
ripheral and central nervous systems as in the case of
complex regional pain syndrome (CRPS Type ). A single
session of rTMS in patients with CRPS Type | has demon-
strated significant short-term analgesic benefit with
rTMS in comparison to sham.?® Similarly, due to the ab-
sence of clearly defined neurcanatomically correlated
etiology, not included in the analyses were also RCTs
that have demonstrated the analgesic effect of rTMS
for fibromyalgia and migraine headache.?®?%39 Al
though some may consider these chronic pain conditions
consist of a more centrally than peripherally originated
pathophysiology, the exact neuroanatomical correlation
and the underlying pain pathophysiology of these condi-
tions have not been well defined in current literature. In
addition, 2 of these studies also used stimulation sites
other than the motor cortex.?®?° Therefore, considering
the objectives of the current analysis, to include these
studies in the current analysis would undoubtedly cloud
the interpretation of the analyzed result. With these con-
cerns, these studies were reasonably excluded.

. Hiragama ) !
' -24.5 (n=16) '
Andre-Obagia
b O ]
4.2 (n=12)
Lefaucheur ,
e Qi '
-15.1 (n=60) ,
Rolinik
o
-2.2 (n=12)
Khedr* :
: ) ;
-34.1 (n=49) .
Overall !
—6 —f !
~13.7 (n=100) '
Overall® '
— 0 —i :
~16.7 (n=149) '
T T T T f T
-40 -30 -20 -10 0 10

Figure 2. Treatment effect analysis. Mean difference (95% con-
fidence interval) in percent of pain visual analog scale (VAS)
score change. *P < .05.
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pom O !
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t— 0 —i '
-16.7 (n=66) X
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~-28.8 {n=39) :
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Figure 3. Diagnosis and treatment effect. Mean difference
(95% confidence interval) in percent of pain visual analog scale
(VAS) score change.*P value is from Wald test for the interaction
effect of diagnosis and treatment on the percent decrease in VAS
score. This P value increases to 0.140 when we exclude the Khedr
study. NR, nerve root; PN, peripheral nerve; PSP, post-stroke
supraspinal related pain; TGN, trigeminal nerve or ganglion.

Site of Treatment

To minimize confounding factors such as stimulation
location difference in the analysis and considering most
RCTs in pain with rTMS were conducted with motor cor-
tex stimulation, we selectively included studies with mo-
tor cortex (M1) stimulation in the analysis. Of the
excluded chronic pain RCTs, which used rTMS stimulation
at locations other than the motor cortex, other selection
criteria such as “no clear description of neuroanatomical
origin of pain” also attributed to their exclusion (Table
1B).2528.29 Therefore it would not be feasible to include
those studies in the site-related treatment effect analysis.
Of note, the favorable analgesic effect of M1 in compar-
ison to other cortical areas (premotor, primary somato-
sensory, and supplemental motor association cortex),
except the prefrontal cortical areas, was nicely demon-
strated by Hirayama et al*' in a previous study. However,
considering the small number of RCTS that used prefron-
tal cortical rTMS for pain and other aforementioned con-
founding factors, to further compare the analgesic effect
of motor verses specific prefrontal cortical rTMS stimula-
tions would be beyond the scope of the current analy-
tical power.

Treatment Parameters

Previous studies with measurement of motor-evoked
potentials have demonstrated that the effect of TMS in
cortical excitability was frequency and intensity depen-
dent. Traditionally, stimulation below or equal to 1 Hz
is considered low frequency rTMS, which has been shown
to decrease cortical excitability, whereas high frequency
(>1 Hz) rTMS can increase cortical excitability.**>° There

rTMS for Suppressing Neuropathic Pain: A Meta-Analysis

is evidence to suggest that treatment frequency above
1 Hz provides better analgesic effect than low frequency
(=1 Hz) for pain.®" In the current analysis, all the studies
(except 1 group from André-Obadia) used high stimula-
tion frequency in the range of 5 to 20 Hz. When we as-
sessed the treatment effect within the high frequency
stimulation at either above (higher range) or below
(lower range) 10 Hz with a single treatment session, we
established that the treatment effect at the lower range
were more effective in comparison to higher range fre-
quency stimulation. However, adding the Khedr et al
study with multiple sessions at 20 Hz, we found that
stimulation given at the higher range to have a better
analgesic effect as compared with the lower range fre-
quency stimulation. This paradoxical observation sug-
gests that the number of treatment sessions rendered
may have a more profound impact on the overall analge-
sic effect than the treatment frequency itself. However,
considering other variables involved in the analysis, fur-
ther controlled studies are required to assess how these
specific treatment parameters may differ in analgesic
efficacy in specific neuropathic pain conditions.
Furthermore, as noticed in the result difference be-
tween Rollnik’s study and other included studies, TMS
coils such as the figure-of-8 coil that can deliver more fo-
cal stimulation may generate a more favorable clinical
outcome in comparison to coils that deliver less focal
stimulation. The importance of the coil design in regard
to stimulation precision and the corresponding clinical
outcome may be largely due to the fact that M1 consists
of a clear somatopical boundary as demonstrated in
previous studies with either noninvasive or invasive M1
stimulation.”®? Therefore, information derived from
the current analysis can serve as a useful reference in con-
sidering coil selection and the choice of frequency, pulse,
and number of session rendered per treatment protocol.

Potential Analgesic Mechanisms of rTMS
It is now well known that chronic pain states are asso-
ciated with plastic changes in the nervous system and
that the development of neuropathic pain states may
involve functional changes in supraspinal components
involved in pain perception.>®”> Therefore, 1 of the
hypothesized mechanisms for the observed analgesic
effect of rTMS is that the noninvasive stimulation can
induce plastic changes in the brain, which in turn
corrects or modulates plastic changes associated with
chronic pain. Initial evidence suggests that TMS affect
central neurotransmitters activity in other neurological
diseases.”®’® However, how these TMS-related neuro-
chemical changes may functionally affect supraspinal
pain processing is largely unknown. Studies from direct
motor cortex stimulation (MCS) suggest that motor cor-
tex stimulation may result in direct inhibition of regions
of brain involved in emotional response of pain and/or
induce mechanisms that will trigger descending inhibi-
tory pathway to act at the dorsal horn level. The former
consists of brain region such as the anterior cingulate
cortex (ACC), and the later consists of brain areas such
as the brainstem periaqueductal grey matter (PAG).”9%
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Other studies also indicate the possible role of endoge-
nous opioid secretions triggered by long-term MCS 8687
Although whether similar analgesic mechanisms may oc-
cur with rTMS or not has yet to be defined, the observed
neuroanatomically based differential order of clinical ef-
ficacy in the current analysis is in line with these hypoth-
esized analgesic mechanisms of rTMS. The current
analysis also suggests the importance of the proximity
of pain origin to the central nervous system and the
overall intactness of the pain modulatory pathways in
affecting the potential analgesic effect of rTMS.

Study Limitations

Potential limitation of the analysis is unequal and un-
balanced number of subjects per diagnosis with respect
to the parameters of the treatment (eg, number of treat-
ment sessions). In particular, this imbalance made it
impossible to control for diagnosis while assessing the
effect of the number of treatment session.

In short, this is the first PID-based meta-analysis that
quantitatively and collectively demonstrates the overall
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Repetitive transcranial magnetic stimulation for intractable neuropathic pain
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Abstract:

The aim of this retrospective study was to confirm the pain relief with repetitive transcranial magnetic stimulation

{(rTMS) in neuropathic pain. The subject was 86 patients with neuropathic pain who underwent 5Hz-rTMS of the
primary motor cortex and evaluation of that efficacy with visual analogue scale (VAS). Among the 43 patients who

underwent both real and sham rTMS, the pain reduction of real rTMS was greater than that of sham (mean reduc-
tion rates of VAS; 30.3%, 14.4%, p=0.0003), and 21 patients (48.8%) showed >30% pain reduction in VAS after real
rTMS, while six patients (14.0%) after sham (p=0.0005). Regarding real rTMS in all 86 patients, the mean reduction
rate in VAS was 23.3% and 28 patients (32.6%) showed 230% pain reduction in VAS. These results confirmed that
5Hz-rTMS of the primary motor cortex could provide pain relief in patients with neuropathic pain.

Keywords: repetitive transcranial magnetic stimulation, neuropathic pain, fiber tracking
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* p=0.0003 {Wilcoxon's signed rank test)
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* p=0.0005 <30% pain reduction

45 (Fisher’s exact test)
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Fig. 1 Among the 43 patients who underwent both real and sham rTMS, the pain reduction of real ¢TMS was greater than that of sham (p=0.0003), and
21 patients showed 230% pain reduction in VAS after real rTMS, while six patients after sham (p=0.0005).
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Fig. 2 Among all 86 patients who underwent real rTMS, the mean reduction rate in VAS was 23.3% and 28 patients showed 2309 pain reduction in VAS.
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