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Abstract Evidence by functional imaging studies sug-
gests the role of left DLPFC in the inhibitory control of
nociceptive transmission system. Pain exerts an inhibitory
modulation on motor cortex, reducing MEP amplitude,
while the eVect of pain on motor intracortical excitability
has not been studied so far. In the present study, we
explored in healthy subjects the eVect of capsaicin-induced
pain and the modulatory inXuences of left DLPFC stimula-
tion on motor corticospinal and intracortical excitability.
Capsaicin was applied on the dorsal surface of the right
hand, and measures of motor corticospinal excitability
(test-MEP) and short intracortical inhibition (SICI) and
facilitation (ICF) were obtained by paired-pulse TMS on
left motor cortex. Evaluations were made before and at
diVerent times after capsaicin application in two separate
sessions: without and with high-frequency rTMS of left
DLPF cortex, delivered 10 min. after capsaicin application.
We performed also two control experiments to explore: 1:
the eVects of Left DLPFC rTMS on capsaicin-induced pain;
2: the modulatory inXuence of left DLPFC rTMS on motor
cortex without capsaicin application. Capsaicin-induced
pain signiWcantly reduced test MEP amplitude and
decreased SICI leaving ICF unchanged. Left DLPFC
rTMS, together with the analgesic eVect, was able to revert
the eVects of capsaicin-induced pain on motor cortex
restoring normal MEP and SICI levels. These data support

the notion that that tonic pain exerts modulatory inXuence
on motor intracortical excitability; the activation of left
DLPFC by hf rTMS could have analgesic eVects, reverting
also the motor cortex excitability changes induced by pain
stimulation.
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Introduction

In 1991, Tsubokawa et al. reported eYcacy of motor cortex
stimulation (MCS) by dural-implanted electrodes for treat-
ment of chronic, central, drug-resistant neuropathic pain on
twelve patients. Since then, a consistent bulk of evidence
showed this approach as eVective for pain control in several
patients (García-Larrea et al. 1999; Katayama et al. 1998;
Nguyen et al. 1997; Peyron et al. 1995).

The introduction of repetitive transcranial magnetic
stimulation (rTMS) has increased the opportunities to eas-
ily and painlessly perform eVective human cortex stimula-
tion (Pascual-Leone et al. 1998). On the basis of MCS
results, Migita et al. (1995) showed pain reduction in two
patients treated by low-frequency rTMS of motor cortex.
To date, on the basis of literature data, motor cortex is con-
sidered the TMS target area for neuropathic pain (Fregni
et al. 2007; Lefaucheur et al. 2001; Leo and Latif 2007)
also by the EFNS Guideline on neurostimulation therapy
(Cruccu et al. 2007).

The reason why stimulation of motor cortex is eVective in
treatment of pain is not yet completely understood. PET
study showed a regional increase in cortical blood Xow in the
contralateral M1 after tonic stimulation of the skin (Casey
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et al. 1994; Iadarola et al. 1998). The detail of this connection
together with its functional relevance remains yet to be clari-
Wed. The eVects of tonic cutaneous pain on motor cortex
excitability have been few studied. First, Farina et al. (2001)
demonstrated that the activation of the C-Wbers induced
motor cortex inhibition close to the painful area from 20 to
30 min after the capsaicin application. More recently, defec-
tive intracortical inhibition was observed in patients with
chronic neuropathic pain (Lefaucheur et al. 2006). But so far,
changes in motor intracortical excitability of facilitatory and
inhibitory circuits during experimental tonic pain have never
been explored. Motor cortex participates to a neural network
involved in pain experience including thalamus, anterior cin-
gulate cortex (ACC), dorsolateral prefrontal cortex (DLPFC),
cerebellum, and hippocampus (Pridmore and Samilowitz
2003; O’Reardon et al. 2007).

In a study by Tamura et al. (2004a, b), under the condi-
tion of 1 Hz-rTMS of right motor cortex (M1), SPECT
analysis demonstrated a signiWcant relative rCBF decrease
in the right medial prefrontal cortex (MPFC) and a signiW-
cant increase in the caudal part of the right-ACC both cor-
relating with pain reduction. This could mean that motor
cortex stimulation could indirectly act on pain through the
deactivation of the right MPFC and activation of ACC.

However, only a few studies explored other potential tar-
get areas for pain treatment. Among the brain areas of the
pain neural network, the DLPFC is considered to play an
important role in nociceptive control (Mylius et al. 2006).
Functional imaging studies (Lorenz et al. 2002, 2003)
showed that left DLPFC activation is temporally related to
amelioration of pain sensation in a model of acute pain
induced by capsaicin. Recently, interesting results on relief
of pain syndromes came also by stimulation of DLPFC in
patients with migraine (Brighina et al. 2004; O’Reardon
et al. 2007) and Wbromyalgia (Sampson et al. 2006).

In agreement with these results, we recently observed
the bilateral analgesic eVects of the high-frequency stimula-
tion of the left DLPFC on capsaicin-induced pain in normal
subjects (Giglia et al. 2008).

DLPFC has reciprocal connections with brain regions
that are associated with motor control (Fuster 1997; Wood
and Grafman 2003). This together with the evidence that
M1 stimulation for pain control modulates activation of
PFC (Salako 2006) makes it reasonable to suppose that
DLPFC stimulation during acute-tonic pain might modulate
motor intracortical excitability. The question is if the anal-
gesic eVect of DLPFC stimulation involves in some way
the motor cortex. In the present study, acute pain was
induced by topical capsaicin application in healthy subjects
(Baumann et al. 1991; Schmidt et al. 1995).

On such grounds, the Wrst aim of the study was to
explore in normal subjects the eVects of topic capsaicin
application on motor cortex excitability evaluated by

paired-pulse (pp) TMS technique. The second aim was to
investigate if the analgesic eVect induced by left DLPFC
activation by rTMS on capsaicin-related tonic pain could
concur with the reversion of motor cortical excitability.

Methods

Seven healthy patients (four men/three women, mean age
32.4 § 8.79) participated in the study. All subjects gave
their informed consent and the study was conducted in
accordance with the Declaration of Helsinki (Salako 2006).

Experimental procedure and magnetic stimulation

All subjects were comfortably seated in a chair and
instructed to be as relaxed as possible. They wore a tight-
Wtting plastic swimmer’s cap to mark the optimum site of
stimulation and coil placement. Electromyography (EMG)
signals were recorded from the right abductor pollicis bre-
vis (APB) muscle using 0.9-cm diameter Ag–AgCl surface
electrodes placed 3 cm apart over the belly and tendon of
the muscle. The EMG activity was recorded with a band-
pass between 10 and 1,000 Hz and a display gain ranging
from 50 to 200 �V/cm. EMG signals were collected, aver-
aged, and analyzed oV-line.

Focal TMS was applied over the hand motor cortex of
the left hemisphere by using a Wgure-of-eight coil con-
nected to two Magstim 200 stimulators through a Bistim
module (Magstim Co., Dyfed, UK). The stimulating coil
was placed over the optimal site for eliciting responses in
the contralateral target muscle, paying attention to keep ori-
entation and position constant. The resting motor threshold
(MT) for eliciting responses in the relaxed APB muscle was
deWned as the intensity of stimulation needed to produce
responses of 50 �V in at least 50% of trials. Subjects were
given audiovisual feedback of EMG activity to assist in
maintaining complete relaxation. Recordings contaminated
by muscle activity were discharged from the analysis.

Intracortical facilitation (ICF) and short intracortical
inhibition (SICI) of motor cortex were assessed by means
of a paired-pulse paradigm with a sub-threshold condition-
ing stimulus (CS) set to 80% of the MT followed by a test-
ing stimulus (TS) at an intensity of 120% of the resting MT.
Two diVerent interstimulus intervals (ISIs) were used: 2
and 10 ms representing, respectively the inhibitory and
facilitatory limbs of the paired-pulse paradigm.

Three conditions (test stimulus alone and paired stimula-
tion at ISIs of 2 and 10 ms) were applied ten times each,
intermixed in a pseudo-randomized order based on single
trials. The inter-trial interval was 10 s for all measurements.

Before topical application of capsaicin, two recordings
each consisting of 30 conditioned and unconditioned MEPs
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were performed. The peak-to-peak amplitude of MEPs
recorded at 2 and 10 ms ISIs were averaged in each subject
and expressed as percentage of change from the respective
mean TS alone. Amplitude of MEP measured for each con-
dition (n = 20) was averaged and used as baseline values.

Main experiment

Capsaicin (Dolpyc Teofarma 3%) was applied over the
dorsal surface of the right hand on square area of 2 £ 2 cm
for 60 min.

After capsaicin application, 30 trials, 10 for each condi-
tion (test stimulus alone and paired stimulation at ISIs of 2
and 10 ms), were recorded every 10 min from the applica-
tion up to 80 min after. Two sessions with and without
DLPFC rTMS were performed with at least one-week inter-
val; each session, the order of which was randomly selected
across subjects, followed the same protocol.

DLPFC rTMS was delivered after 10 min of capsaicin
application, through a water-cooled Wgure-of-eight coil
powered by a Cadwell High Speed Magnetic Stimulator
(Cadwell Laboratories, Kennewick, Wash. USA). rTMS
session consisted of 1,800 stimuli, divided in 12 trains, at
5 Hz frequency, 90% MT intensity, and separated by 10-sec
pause. The site of stimulation was set on the scalp 5 cm
anterior to the hot-spot for the Abductor Pollicis Brevis
(APB) muscle (Brighina et al. 2004).

Constant coil position was continuously monitored dur-
ing the experiment. Peak-to-peak amplitude of MEPs was
measured in the single trial and averages were calculated
for each condition within each session (with and without
rTMS) in each subject. Amplitude of conditioned and
unconditioned MEPs collected after capsaicin application
was expressed as percentage changes from baseline.

Control experiment 1

In Wve subjects, measurement of spontaneous pain was per-
formed by using a 0–100 point visuo-analogic scale (VAS)
every 10 min from the time of capsaicin application up to
its removal (60 min). Two sessions with and without
DLPFC rTMS were performed with at least one-week inter-
val; each session, the order of which was randomly selected
across subjects, followed the same protocol. In the session
with DLPFC stimulation, rTMS was delivered 10 min after
capsaicin application with the same stimulation parameters
as the main experiment.

Control experiment 2

Because of the lack of data about the eVects of hf DLPFC
rTMS on motor cortex excitability, three of the seven sub-
jects underwent the same experimental procedure of the

main experiment without capsaicin application. DLPFC
rTMS was carried out by using the same parameters as
above. A paired-pulse paradigm with three conditions (test
stimulus alone and paired stimulation at ISIs of 2 and
10 ms) was applied on the left motor cortex; 30 trials, 10
for each condition, were recorded and motor cortex excit-
ability (MEP amplitude, SICI and ICF) was evaluated
every ten minutes from 10 up to 30 min after rTMS.

Statistical analysis

Three separate repeated measures analysis of variance
(ANOVA) were used to compare amplitude of uncondi-
tioned (TS) and conditioned MEP at 2 ms (SICI) and 10 ms
ISI (ICF) for main and control 2 experiments.

A repeated measures ANOVA was also used to compare
the intensity of capsaicin-induced pain in control 1 experi-
ment.

A 5% level of signiWcance was used for all measure-
ments.

Results

No serious negative consequences of left prefrontal rTMS
were observed, except only a mild headache in few cases.

Main experiment

Mean MT before capsaicin application was 47.6 § 10.69.
For analysis of each measure (TS MEP, SICI, ICF),

ANOVA was performed with Condition (two levels: with
and without rTMS) and Time (seven levels: 20, 30, 40, 50,
60, 70, 80 min) as within subject factors. The ANOVA
employed to compare amplitude of unconditioned TS MEP
showed a signiWcant main eVect of the two-way interaction
Condition X Time [F(6, 36) = 3,38, P < .005]. The main
eVect of Condition was only marginally signiWcant
[(F(1,6) = 4,50, P = .08]; while the main eVect of Time was
not signiWcant [F(6,36) = 1,31, P = .28].

Duncan’s post hoc analysis showed that in the control
condition (without rTMS), MEP inhibition occurred as
early as 10 min after application of capsaicin but became
signiWcant (P < .005) 20 min after capsaicin application,
then progressively returned to the basal value up to 50-
80 min. In the rTMS condition, no signiWcant diVerences
with respect to the baseline values were found throughout
the experiment. (Fig. 1).

ANOVA analysis to compare SICI values with and with-
out rTMS showed a signiWcant main eVect of Condition
[F(1, 6) = 6,7512, P = .04]. No signiWcant eVects of Time
[F(6,36) = 1,003, P = .44] and of the interaction Condition
with Time [F(6,36) = 0,69, P = .66] were found.
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Post hoc analysis showed that in control condition (with-
out rTMS) SICI was signiWcantly decreased (P < .01)
20 min after capsaicin application and remained almost
unchanged throughout the experiment, tending to return to
the basal values after capsaicin removal.

In rTMS condition, SICI approximated baseline values
at the Wrst evaluation (10 min) after rTMS and remained
stable for all the time. (Fig. 2) The ANOVA comparing ICF
in control and rTMS conditions did not show any signiW-
cance. Main eVect of Condition [F(1, 6) = 0,043, P = .84];
Time[F(6, 36) = 0,51, P = .79]; Interaction between Condi-
tion X Time [F(6, 36) = 1,94, P = .1]. In both conditions,
ICF maintained closed to baseline values. (Fig. 3).

Traces of a representative subject concerning the signiW-
cant changes observed (unconditioned MEP and SICI) are
reported in Fig. 4.

Control experiment 1

Two-way ANOVA was used to compare the time course
of capsaicin-induced pain with Condition (two levels:
with and without rTMS) and Time (seven levels: 0, 10,
20, 30, 40, 50, 60 min) as within subject factors. The main

eVects of Time (F(6,24) = 4,03, P < .01) and the interac-
tion Condition x Time [F(6,24) = 4,38, P < .005] were
signiWcant.

Duncan’s post hoc analysis showed that without rTMS
the intensity of pain reached a signiWcant level after 20 min
and persisted high through all its application. In the session
with DLPFC rTMS, pain did not signiWcantly increase
throughout the experiment. (Fig. 5).

Control experiment 2

For analysis of each measure (TS, SICI, ICF), three sepa-
rate ANOVAs were performed with Time (four levels:
baseline pre-rTMS, and 10, 20, 30 min after rTMS) as
within subject factor. No signiWcant eVects were found for

Fig. 1 Changes in MEP values, expressed as percentage of baseline
(before capsaicin) MEP, during and after capsaicin application, with
and without left DLPFC rTMS, delivered 10 min after capsaicin
application

Fig. 2 Changes in SICI values during and after capsaicin application,
with and without left DLPFC rTMS, delivered 10 min after capsaicin
application. SICI changes are expressed as percentage of SICI values
obtained in baseline, therefore higher SICI ratio (>100%) means
decreased inhibition

Fig. 3 Changes in ICF values expressed as percentage of baseline
(before capsaicin) MEP, during and after capsaicin application, with
and without left DLPFC rTMS, delivered 10 min after capsaicin
application

Fig. 4 MEP and SICI traces of a representative subject in baseline (no
capsaicin) and during capsaicin in condition without and with left
DLPFC rTMS recorded at 20, 50, and 80 min after capsaicin
application
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all measures: ICF [F(4, 8) = ,85, P = .53]; SICI [F(4,
8) = ,64, P = .65]; MEP [F(4, 8) = 1,12, P = .411]. (Fig. 6).

Discussion

The main Wndings of the study were the following: (1)
pain induced by topical capsaicin application decreases

cortico-spinal pathway activation with reduced MEP
amplitude and modulates intracortical excitability lower-
ing intracortical inhibition on the contralateral motor cor-
tex; (2) hf rTMS on the left DLPFC reverts motor
intracortical excitability changes due to experimentally
induced pain in healthy subjects. Concerning motor cortex
inhibition, in agreement with Farina’s et al. study (2001),
we found that it occurred simultaneously to the onset of
pain and became signiWcant as pain intensity progressed
(20 min after capsaicin application). However, motor cor-
tex inhibition started to fade when pain perception was
still high thus indicating that changes in M1 excitability
are not tightly temporally related to the intensity of pain.
As suggested by Farina et al. (2001), one can argue that
M1 area inhibition during acute painful stimulation might
lead to a “disinhibition” of the protective nociceptive spi-
nal reXexes. So that inhibition of motor cortex is no
longer necessary when levels of perceived pain become
stable and no further increase in pain perception is
expected. Indeed a central facilitation of the nociceptive
Xexor reXex (due to C-Wbers-induced pain) was previ-
ously demonstrated by Gronroos and Pertovaara (1993) in
humans. In our study, hf rTMS reverts M1 area inhibition
probably not inXuencing nociceptive reXexes. This is con-
sistent with a recent work by Mylius et al. (2007) showing
no eVects of hf rTMS of motor cortex on A delta Wber–
mediated spinal nociceptive reXexes.

Here, we did not test spinal and peripheral nerve excit-
ability, since in a previous study it has been demonstrated
that the F- H and the M-waves were not modiWed by capsa-
icin-induced pain, suggesting that the transient inhibition of
MEP amplitude to contralateral motor cortex was of corti-
cal origin (Farina et al. 2001).

Our results showed also that during capsaicin-induced
pain SICI was reduced, while no eVects on ICF were
observed. The decreasing of SICI maintained in the course
of capsaicin application and started to increase toward the
baseline values after capsaicin removal, suggesting that
modulation of intracortical excitability depends upon inten-
sity or variation of pain perception.

During the application of capsaicin, we did not explore
motor threshold whose changes could have conditioned test
stimulus intensity and consequently SICI and ICF (Ili’c
et al. 2002), but it was previously found that the resting
motor threshold remained unchanged during the course of
experiment (Farina et al. 2001). To our knowledge, this is
the Wrst evidence of a modulatory eVect of acute experi-
mental cutaneous tonic pain on motor intracortical excit-
ability. Interestingly, similar eVects concerning reduced
SICI were found by Lefaucheur et al. (2006) in patients
with chronic neuropathic pain. This is presumed to reXect
disruptions in the balance between inhibitory gamma-
aminobutyric acid (GABA) and excitatory glutamate

Fig. 5 Control experiment 1: Changes in spontaneous capsaicin-
induced pain (VAS) with and without Left DLPFC rTMS

Fig. 6 Control experiment 2(no capsaicin application): (a) TS-MEP
(b) SICI and ICF values before and at diVerent times after Left DLPFC
rTMS
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neurotransmission. In a model of acute experimentally
induced pain, as here employed, the reduced inhibition
could be a sort of transient “alert mechanism” that allows
motor cortex to promptly adapt itself to ongoing requests.

In our study, the DLPFC rTMS delivered 10 min after
capsaicin application reduced pain and concurrently
changed motor intracortical excitability. Pain was signiW-
cantly reduced 10 min after DLPFC rTMS, in the same
time when MEP amplitude and SICI approached baseline
values, remaining almost stable through the time of experi-
ment. This could suggest that the eVects of DLPFC stimula-
tion on motor intracortical excitability contributed to or
were partly dependent upon the analgesic eVect.

To date, few studies have demonstrated analgesic eVects
on experimental pain induced by prefrontal cortex TMS
(Borckardt et al. 2007; GraV-Guerrero et al. 2005; Kanda
et al. 2003).

GraV-Guerrero et al. (2005) evaluated whether rTMS of
DLPFC modiWes experimental pain threshold and tolerance
by using the cold pressor test as the painful stimulus. Right
DLPFC low-frequency rTMS increased pain tolerance even
if did not inXuence other measures of pain. Based on the evi-
dence of inter-hemispheric rivalry, these Wndings are not in
contrast with the present results. The low-frequency stimula-
tion on the right cortex or the high frequency on the left
homologous cortex have been indiVerently used in the treat-
ment of psychiatric (Avery et al. 2008; Brunelin et al. 2007)
or neurologic disorders (Finocchiaro et al. 2006; Naeser et al.
2005). Indeed, more recently, Borckardt et al. (2007) demon-
strated that 15 min of high-frequency left prefrontal TMS
acutely increases thermal pain threshold in healthy subjects.

However, it is also to be considered that the varied
eVects of DLPFC rTMS on acute pain may be inXuenced by
the type of experimentally induced pain. It is known that
motor cortex rTMS can diVerently inXuence A delta and
C-Wbers mediating pain (Tamura et al. 2004a, b). SpeciWcally,
pain elicited by capsaicin and mediated by activation of
C-Wber pathways was reduced by slow motor cortex rTMS
(Tamura et al. 2004a); by contrast, acute laser-implemented
pain primarily involving A delta Wbers increased by slow
motor cortex rTMS (Tamura et al. 2004b). Pain induced by
CO2-laser stimuli was attenuated by paired-pulse (pp) TMS
over the medial frontal cortex (MFC) (Kanda et al. 2003),
whereas ppTMS over MFC can enhance pain perception of
acute Ad Wber-mediated electrically induced pain (Mylius
et al. 2006).

In our study, cutaneous tonic pain was experimentally
induced by topical application of capsaicin on the skin,
which predominantly activates polymodal C-Wbers
(Borckardt et al. 2007, Schmidt et al. 1995). Therefore, the
observed motor cortical eVects as well as the eVects of
DLPFC stimulation would be speciWcally regarded to
C-Wber activation.

It has been hypothesized that prefrontal cortices may
exert a ‘‘top–down’’ modulation of pain inhibitory system
(Hadjipavlou et al. 2006) through anatomical circuitry con-
necting the prefrontal cortex with both the nucleus cunei-
formis and periaquaductal gray. Pain processing might be
modulated by direct eVects of stimulation on PFC or indi-
rect eVects on ACC or on spinal nociception (Lorenz et al.
2003).

An early direct activation of the ACC by TMS is unlikely,
since the TMS mainly aVects the cortex to a depth of 20 mm
(Peyron et al. 2000; Rudiak and Marg 1994), but a contribu-
tion from indirect modulating eVects on ACC cannot be
excluded. Indeed, a functional connectivity within the frontal
lobe has been demonstrated by modulation of blood Xow
changes within the ACC induced by rTMS over the left mid-
dorsolateral frontal cortex (Paus et al. 2001).

Based on this evidence, it is also conceivable that
DLPFC rTMS can inXuence pain indirectly by modulating
the emotional valences associated with pain through the
activation of deeper limbic structures likely involved in the
aVective dimension of pain experience.

In this study, also to reduce the number of experimental
sessions, we did not perform a sham stimulation, but the
ability of DLPFC rTMS to revert capsaicin-induced eVects
on motor cortex excitability (the “null” eVects of capsaicin
cutaneous stimulation on motor cortex following DLPFC
rTMS) seems reasonably to exclude a placebo or unspeciWc
eVect of the stimulation. Moreover, it is to be considered
that some of the same subjects underwent a previous exper-
iment where sham DLPFC rTMS showed no eVect on
capsaicin-induced pain (Giglia et al. 2008).

In the control 2 experiment (without capsaicin applica-
tion), hf rTMS of DLPFC did not modify the excitability of
the motor cortex. This Wnding could imply that activation
of pain circuits could allow DLPFC to access the motor
system to escape or defense.

Specular connections between motor and prefrontal cor-
tices via direct or indirect (through cingulate or premotor
areas), activated by anti-nociceptive mechanisms was evi-
denced by Tamura et al. (2004a, b) that suggested that these
pathways might contribute to the mechanisms of pain relief
by rTMS over M1.

Therefore, our data seem to reasonably support the notion
that the activation of left DLPFC by hf rTMS during experi-
mental cutaneous pain had analgesic eVects, reverting the
motor cortex excitability changes induced by pain stimulation.

Based on our previous observation (Giglia et al. 2008) of
the bilateral analgesic eVect of the left DLPFC stimulation,
one limit of our study is to not have investigated the possi-
ble eVect of the left DLPFC rTMS on the contralateral
motor cortex excitabiity.

Since the pathophysiology of acute pain diVers from
chronic pain, in light of the present results, we could not
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fully speculate upon the possible modulatory eVects on
chronic pain by DLPFC rTMS.

Further studies in larger series should shed light on the
physiological mechanisms underlying relief of acute-tonic
pain perception through the use of rTMS in sites other than
motor areas, providing a rationale for alternative therapeu-
tic options of pain syndromes.
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