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Abstract
Introduction: Pain relief from repetitive transcranial magnetic stimulation (rTMS) over the primary motor cortex (M1) is particularly
poor in patients with leg pain. The optimal parameters for relieving leg pain remain poorly understood. The purpose of this study was
to explore the optimal stimulation parameters of M1-rTMS for patients with leg pain.
Methods: Eleven patients with neuropathic pain in the leg randomly underwent 6 conditions of M1-rTMS with different stimulation
intensities, sites, and coil directions, including sham stimulation. The 5 active conditionswere as follows: 90%or 110%of the resting
motor threshold (RMT) on the M1 hand with an anteroposterior coil direction, 90% or 110% RMT on the M1 foot in the
anteroposterior direction, and 90% RMT on the M1 foot in the mediolateral direction. Each condition was administered for 3 days.
Pain intensity was evaluated using the Visual Analogue Scale and Short-Form McGill Pain Questionnaire 2 at baseline and up to 7
days after each intervention.
Results: Visual Analogue Scale scores were significantly reduced after the following active rTMS conditions: 90% RMT on the M1
hand, 90%RMT on the M1 foot with any coil direction, and 110%RMT on the M1 foot. The Short-FormMcGill Pain Questionnaire 2
results were similar to those obtained using the Visual Analogue Scale. The analgesic effect of rTMSwith stimulus intensity above the
RMT was not superior to that below the RMT.
Conclusion:We suggest that the optimal stimulation parameters of rTMS for patients with neuropathic pain in the legmay target the
M1 foot or M1 hand with an intensity below the RMT.
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1. Introduction

It has been reported that high-frequency repetitive transcranial
magnetic stimulation (rTMS) to the primary motor cortex (M1) has

an analgesic effect on patients with neuropathic pain.4,10,14,16

However, our large rigorous investigator-initiated registration-

directed clinical trial failed to show positive primary or secondary

outcomes.8 The lack of sufficient analgesic effect in this clinical

trial could have been caused by suboptimal stimulation param-

eters (5-Hz with 500 pulses/session) and poor efficacy for leg

pain. Recent reviews have recommended multiple sessions at 10
to 20Hzwith 2,000 to 3,000 pulses; we reported that 10-Hz rTMS
with 2,000 pulseswasmore effective than 5-Hz or 10-Hzwith 500
pulses.15 However, the optimal parameters to relieve leg pain
remain poorly understood. Regarding the optimal stimulation site,
theM1 area somatotopically corresponding to theworst pain was
stimulated in some previous studies,7,8,11,22–24 whereas in
others, it was stimulated regardless of the pain location.1,9,12

The stimulation intensity above the resting motor threshold (RMT)
at which stimulation can sufficiently reach the deep M1-foot has
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rarely been used. Nevertheless, although the TMS coil orientation
on the M1 hand was reported to affect pain relief efficacy,2 it has
not been tested for stimulation of the M1 foot. Therefore, in this
study, we explored the optimal stimulation parameters of M1
rTMS in patients with neuropathic pain in the lower extremities by
examining the pain relief effect with different stimulation
parameters.

2. Methods

2.1. Study design and participants

We performed a randomized, single-blinded, sham-controlled,
crossover exploratory study at Osaka University Hospital from
August 2018 to March 2019. This study was approved by the
Ethics Committee of Osaka University Hospital (approval number:
16309), and written informed consent was obtained from all
participants. This trial was registered with the University Hospital
Medical Information Network Clinical Trials Registry, number
UMIN000025975. We recruited patients with neuropathic pain in
the leg (based on the criteria of International Association for the
Study of Pain)5,25 from an outpatient clinic. Patients with
contraindications to TMS were excluded from the study.20,26

2.2. Repetitive transcranial magnetic stimulation protocol

Each patient underwent 6 rTMS conditions (5 different active
stimulations and 1 sham stimulation) for 3 consecutive days, with
at least two weeks between each session. The order of
stimulation conditions was allocated using a computer-
generated simple randomization method. The patients and
assessors were blinded to the interventions used through. In
the rTMS protocol, active rTMSwas performed using a stimulator
(MagPro X100; MagVenture, Farum, Denmark) with a figure-of-
eight coil (MC-B70; MagVenture). The sham stimulation was
delivered using a sham coil (MC-P-B70; MagVenture). In the
sham condition, electrical stimuli with an intensity of 5-mA were
applied to the skin through surface cup electrodes placed over
the M1-hand contralateral to the painful leg side.3

Before the first session for all conditions, the target stimulation
site, motor hot spot, and RMT were determined according to
visual detection of muscle twitches.7,8 In all treatment sessions,
rTMS parameters consisted of applying 60 trains of 5 seconds
each at 10-Hz (25 seconds intertrain interval), for a total of 3,000
pulses/session. The patients received each of the following 6
types of stimulation: (1) stimulation intensity set at 90% of the
RMT,with the coil installed over theM1hand in an anteroposterior
(AP) direction; (2) 90%RMTover theM1 foot in an APdirection; (3)
90% RMT over the M1 foot with coil positioned in a mediolateral
(ML) direction; (4) 110%RMTover theM1 hand in an AP direction;
(5) 110% RMT over the M1 foot in an AP direction; and (6) sham
stimulation. The TMS navigation system (Brainsight, Rogue
Research, Inc., Montreal, QC, Canada) was used to monitor
the accurate positioning and direction of the coil throughout each
session and across sessions.6,9,15 These rTMS protocols
complied with the safety guidelines for rTMS.20,26

2.3. Clinical assessments

Before the first rTMS session, patient characteristics were
assessed. Baseline data, Visual Analogue Scale (VAS) pain
intensity, and the Short-Form McGill Pain Questionnaire 2 (SF-
MPQ-2) were assessed at baseline (3 days before intervention),
immediately after each intervention phase (3 days), and in the

follow-up phase (up to 7 days after intervention). All assessment
items were contained in unified forms completed by each patient.

2.4. Statistical analyses

The VAS and SF-MPQ-2 were measured for 3 days before the
intervention and averaged for baseline values. For the main
outcome, we used the Wilcoxon signed rank test to examine the
effect of the interventions by comparing the baseline with the
mean of the 3 days of intervention and the 7 days of follow-up
(mean of 10 days). In addition, we used the Steel test to evaluate
the change from the baseline at each time point. To evaluate
possible carry-over effects, the Kruskal–Wallis test was applied to
the baseline values of each intervention. In all analyses, statistical
significance was set at P , 0.05. JMP Pro version 14 (SAS In-
stitute, Cary, NC) was used for the statistical analyses.

Supplementary information about methods is described in
supplementary digital contents 1, available at http://links.lww.
com/PR9/A132.

3. Results

Eleven enrolled patients received the 6 types of stimulation in a
randomly assigned order. One patient was unable to perform
rTMS over the M1 foot at 110% RMT due to scalp pain; all other
patients completed all planned rTMS sessions. Table 1 presents
patients’ baseline demographic and clinical characteristics. No
serious adverse events were observed during the study (see
Table, supplemental digital content 2, available at http://links.
lww.com/PR9/A132).

In the comparison between baseline and the mean of 10 days
(3 days of intervention and 7 days of follow-up), significant
treatment effects in the VASwere observed after 90%RMTon the
M1 hand (P5 0.01), 90%RMT on theM1 foot with AP (P5 0.01),
90%RMT on theM1 foot with ML (P5 0.001), and 110%RMT on
theM1 foot (P5 0.02), but not after 110%RMTon theM1 hand (P
5 0.07) or sham (P 5 0.18). Significant treatment effects in the
SF-MPQ-2 were observed after 90% RMT on the M1 hand (P 5
0.04), 90% RMT on the M1 foot with ML (P 5 0.03), and 100%
RMT on the M1 foot (P5 0.02), but not after the other conditions
(Fig. 1; see Tables, supplemental digital content 3 and 4,

Table 1

Patients’ characteristics at baseline (N 5 11).

Age (y) 62.9 (14.7)

Sex (men/female) 6, 5

Origin of pain
Central poststroke pain 4
Spinal lesion 4
Complex regional pain syndrome 2
Peripheral nerve injury 1

Treated painful region
Right, left 8, 3
Duration of pain (mo), median (interquartile
range)

111 (51–134)

VAS (0–100 mm) 61.1 (15.0)
SF-MPQ-2 total (0–220) 61.3 (49.2)
Continuous (0–60) 17.3 (16.6)
Intermittent (0–60) 16.5 (14.6)
Neuropathic (0–60) 19.3 (10.5)
Affective (0–40) 8.2 (10.6)
MMSE (0–30) 29.1 (1.3)

Data are expressed as mean (SD).

mo, month; VAS, Visual Analogue Scale; SF-MPQ-2, Short-Form McGill Pain Questionnaire 2; MMSE, Mini-

Mental State Examination.
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available at http://links.lww.com/PR9/A132). In the comparison
from baseline to each time point, all conditions except sham
stimulation produced significant pain relief at some time points
compared with the baseline VAS and SF-MPQ-2 scores (see
Table, supplemental digital content 5 and 6, available at http://
links.lww.com/PR9/A132). There was no detectable carry-over
effect for VAS or SF-MPQ-2 (P 5 0.97 and 0.99, respectively).

4. Discussion

This study explored the optimal stimulation parameters of rTMS in
patients with neuropathic pain in the lower extremities by
examining the pain relief effect. The findings of this study showed
that pain relief was significant according to the VAS following 90%
RMT on the M1 hand and M1 foot with any stimulation intensity
and coil direction and according to the SF-MPQ-2 following 90%
RMT on theM1 hand andM1 foot with ML and 110%RMT on the
M1 foot. Thus, the analgesic effect of rTMSwith stimulus intensity
above the RMT was not superior to that below the RMT. These
results suggest that the optimal stimulation parameters of rTMS
for patients with neuropathic pain in the legmay target theM1 foot
or M1 hand with an intensity below the RMT.

We tested different coil orientations, M1-hand or MI-foot areas,
and stronger stimulation to the M1 foot, which was speculated to
sufficiently stimulate the deeper brain area. However, compared
with conventional 90%RMT,wecould not detect a specific optimal
parameter that provided more pain relief, indicating that simply
increasing the intensity of the stimulus does not improve analgesic
effects. Previous studies have reported analgesic effects using
deep rTMS with H coils targeting the M1 foot.17,24 rTMS with an H
coil can generate an electric field deeper into the brain than the
figure-8 coil can.21,27 To alleviate pain with rTMS, it may be
necessary to properly stimulate the target region, rather than simply
increasing the stimulation intensity. In addition, the effects of long-
term rTMS treatment for neuropathic pain have been
reported.8,18,19 However, the present protocol only had 3 sessions
per condition. It is possible that the insufficient analgesic effect of
rTMS is due to the small number of sessions, which could be
considered a limitation of this study. It is difficult to identify the
specific optimal protocol of rTMS treatment for neuropathic
because of the enormous number of parameters, such as
stimulation intensity, number of pulses or session, number of
sessions, frequency, and stimulation site. A practical algorithm for

rTMS in pain treatment has been proposed to manage targeting
and the number of rTMS sessions according to pain location and
the effect of intervention.13 In this way, it may be more practical to
explore and perform the conditions that are appropriate for each
individual. In conclusion, we suggest that the optimal stimulation
conditions for patients with neuropathic pain in the leg may target
the M1 foot or M1 hand at an intensity below RMT as we found no
significant pain relief at an intensity above RMT comparedwith that
below RMT.
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Appendix A. Supplemental digital content

Supplemental digital content associated with this article can be
found online at http://links.lww.com/PR9/A132.

Figure 1. Treatment effect in Visual Analogue Scale (VAS) and SF-MPQ-2. Data are expressed asmean difference695% confidence interval. Significant changes
from the baseline are indicated as *P, 0.05; **P, 0.001. Themean differences shown in the data were calculated with the following equation: [the baseline—the
mean of 10 days (3 days of intervention and 7 days of follow-up)]. AP, anteroposterior;M1, primarymotor cortex; hand, hand area; foot, foot area;ML,mediolateral;
RMT, resting motor threshold; SF-MPQ-2, Short-Form McGill Pain Questionnaire 2; VAS, Visual Analogue Scale.
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