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A 20-minute session of 10 Hz repetitive transcranial magnetic stimulation (rTMS) of Brodmann Area (BA) nine of the left dorsolateral

prefrontal cortex (DLPFC) can produce analgesic effects on postoperative and laboratory-induced pain. This analgesia is blocked by

pretreatment with naloxone, a m-opioid antagonist. The purpose of this sham-controlled, double-blind, crossover study was to identify

the neural circuitry that underlies the analgesic effects of left DLPFC rTMS, and to examine how the function of this circuit, including

midbrain and medulla, changes during opioid blockade. Fourteen healthy volunteers were randomized to receive intravenous saline or

naloxone immediately before sham and real left DLPFC rTMS on the same experimental visit. One week later, each participant received

the novel pretreatment but the same stimulation paradigm. Using short sessions of heat on capsaicin-sensitized skin, hot allodynia was

assessed during 3 Tesla functional magnetic resonance imaging (fMRI) scanning at baseline, post-sham rTMS, and post-real rTMS. Data

were analyzed using whole-brain voxel-based analysis, as well as time series extractions from anatomically-defined regions of interest

representing midbrain and medulla. Consistent with previous findings, real rTMS significantly reduced hot allodynia pain ratings. This

analgesia was associated with elevated blood oxygenation-level dependent (BOLD) signal in BAs 9 and 10, and diminished BOLD signal

in the anterior cingulate, thalamus, midbrain, and medulla during pain. Naloxone pretreatment largely abolished rTMS-induced analgesia,

as well as rTMS-induced attenuation of BOLD signal response to painful stimuli throughout pain processing regions, including midbrain

and medulla. These preliminary results suggest that left DLPFC rTMS drives top-down opioidergic analgesia.
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INTRODUCTION

Non-invasive forms of brain stimulation such as transcra-
nial direct current stimulation and transcranial magnetic
stimulation (TMS) are currently being investigated as
alternative or adjunctive therapies for pain. Clinical interest
in these techniques continues to grow because of rising
opiate abuse and inadequate pain management strategies
(McCarberg, 2011; Warner et al, 2009). Despite this enthu-
siasm, studies on the efficacy of repetitive TMS (rTMS) for
pain have produced mixed results (O’Connell et al, 2011).
Some of the most promising and informative research has
focused on rTMS for perioperative pain. In two different
postoperative studies, a single session of left dorsolateral
prefrontal cortex (DLPFC) rTMS after gastric bypass
surgery reduced morphine self-administration by 40%

when compared with sham stimulation (Borckardt et al,
2008; Borckardt et al, 2006b). These data are particularly
fascinating given the role of the DLPFC in top-down pain
processing (Lorenz et al, 2003).

Centered at the juncture of Brodmann Areas (BAs) 9 and
46 (Rajkowska and Goldman-Rakic, 1995a, b), the DLPFC
remains a popular therapeutic target for rTMS, given its
accessible location and presumed role in high-order
cognition and emotional valence (Fuster, 2001; Hains
et al, 2009; Kober et al, 2008). Animal and human studies
suggest that cingulofrontal regions like DLPFC may modu-
late pain perception via recruitment of opioidergic mid-
brain and brainstem structures like the periaqueductal gray
(PAG) and the rostroventromedial medulla, respectively
(Bingel et al, 2006; Hardy and Haigler, 1985; Lorenz et al,
2003; Valet et al, 2004; Wager et al, 2004). These data
outline the functional circuitry that might be involved in the
analgesic effects of DLPFC rTMS.

Although many studies aim to evaluate the clinical
efficacy of DLPFC rTMS for pain management, few have
examined how it affects pain processing. Imaging the
cerebral signature of pain (Tracey and Mantyh, 2007)

*Correspondence: J J Taylor, Brain Stimulation Laboratory, Department
of Psychiatry, Medical University of South Carolina, 67 President Street,
Room 504 North, Charleston, SC 29414, USA, Tel: +843 792 5729,
Fax: +843 792 5702, E-mail: taylorjj@musc.edu
Received 4 October 2012; revised 2 December 2012; accepted 13
December 2012; accepted article preview online 11 January 2013

Neuropsychopharmacology (2013) 38, 1189–1197

& 2013 American College of Neuropsychopharmacology. All rights reserved 0893-133X/13

www.neuropsychopharmacology.org

http://dx.doi.org/10.1038/npp.2013.13
mailto:taylorjj@musc.edu
http://www.neuropsychopharmacology.org


before and after left DLPFC rTMS might reveal information
about pain circuitry, and help to elucidate the mechanism
by which prefrontal rTMS may produce analgesia.
Previous studies suggest that opioid blockade abolishes left
but not right DLPFC rTMS-induced analgesia (de Andrade
et al, 2011; Taylor et al, 2012). In this study, our a
priori hypothesis was that left DLPFC rTMS would attenuate
blood oxygenation-level dependent (BOLD) signal response
to painful stimuli in pain processing regions. More
specifically, we anticipated that midbrain and medulla
BOLD signal changes induced by left DLPFC rTMS would be
abolished by pretreatment with the m-opioid antagonist
naloxone.

MATERIALS AND METHODS

The Institutional Review Board of the Medical University of
South Carolina approved this sham-controlled, double-
blind, crossover study. Fifteen healthy volunteers signed a
written informed consent. One participant withdrew from
the study without completing the experiments. Thus, 14
healthy volunteers participated in the study.

Screening Procedures

Prospective participants were interviewed over the
phone. In order to qualify for the study, each right-handed
healthy control had to be 18–45 years of age without
a history of seizures, depression, or pain conditions. Stimu-
lants or other medications that lower seizure threshold were
also part of the exclusion criteria. Qualified individuals were
invited to a screening visit during which risks and benefits
were explained. All participants were tested for opiate use
and females were also tested for pregnancy hormones.

Study Design

Outside of the magnetic resonance imaging (MRI) scanner,
participants underwent resting motor threshold (rMT)
assessment, left DLPFC localization and preliminary pain
testing (Figure 1). Next, participants were placed in a 3
Tesla MRI scanner for baseline pain testing. At the
conclusion of baseline testing, participants were asked to
rate the pain that they had experienced. Participants were
subsequently removed from the scanner and randomized to
receive B10 ml intravenous (I.V.) naloxone (0.1 mg/kg) or
saline immediately before 20 min of sham left DLFPC rTMS.
Following sham rTMS, participants returned to the scanner
for the same block testing performed at baseline. After
rating their pain, participants were removed from the
scanner for 20 min of real left DLPFC rTMS. Participants
then returned to the scanner for the final block test. The
order of rTMS treatments was not counterbalanced because
administering real rTMS first might preclude our ability to
cleanly evaluate the effects of sham rTMS on pain ratings
and BOLD signal in pain processing regions.

Motor Threshold Assessment and Prefrontal
Localization

A Neuronetics Model 2100 Therapy System with an iron-
core, solid-state figure-of-8 coil (Neuronetics, Inc.; Malvern,

PA) was used to assess rMT. The TMS machine was initially
set to 50% of its maximal output. Single pulses were
administered near the primary motor cortex until the
area on the scalp that produced contraction of adbuctor
pollicis brevis was identified. Custom-developed software
that use adaptive parameter estimation by sequential
testing data was used to determine rMT, or the minimum
machine output necessary for visible adbuctor pollicis brevis
contraction 50% of the time that pulses were delivered
(Borckardt et al, 2006a). Once rMT was determined, the
location on the scalp that corresponds to BA 9 of the left
DLPFC was found using the Beam F3 method (Beam et al,
2009). A marker was used to denote this location for
subsequent rTMS sessions.

Pain Measures

Pain assessments were performed using cutaneous hot
stimuli via a 30� 30 mm ATS thermode on the Medoc
Pathway System (Israel). Block testing was done with a
slightly adapted model of hot allodynia (Petersen and
Rowbotham, 1999). First, 0.1% capsaicin cream was applied
to a 40� 40 mm region of skin 12 cm away from the wrist on
the right volar forearm. After 30 min, the capsaicin was
cleaned off, and cutaneous heat stimuli were applied to the
capsaicin-treated skin via the ATS thermode. Twenty-two
second blocks of fixed temperatures were used to assess
pain. After each trial, participants rated pain unpleasantness
and intensity using an 11-point (0–10) rating scale.

During preliminary testing, multiple trials were conducted
to determine the temperature that each participant consis-
tently rated as ‘7 out of 10’ in intensity. Studies have shown
that stimuli rated as ‘7 out of 10’ produce reproducible pain
ratings and functional MRI (fMRI) activation without posing
significant risk to participants (deCharms et al, 2005). The
temperature rated as ‘7 out of 10’ during preliminary testing
was used as the test temperature for the remainder of that
participant’s experimental visit.

Structural and Functional Imaging

All scanning was performed on a 3 Tesla Siemens TIM
Trio (Siemens, Erlangen, Germany). High-resolution
T1-weighted anatomical images were acquired for each
participant (TR¼ 1750 ms, TE¼ 4 ms, voxel dimensions
1.0� 1.0� 1.0 mm, 160 slices). BOLD functional imaging
was carried out using a gradient echo based echo-planar
imaging scan sequence (TR¼ 2520 ms, TE¼ 25 ms,
TA¼ 9:08, voxel dimensions 3.0� 3.0� 3.0 mm, 44 slices).
Each BOLD pain scan (baseline, post-sham rTMS, and
post-real rTMS) contained 12 22 s blocks of heat alternating
with 12 22 s blocks of rest (Figure 1). Pain ratings
were acquired immediately upon completion of each
functional run.

Intravenous Drug Infusion and rTMS Treatments

Immediately before sham rTMS, a bolus of B10 ml 0.1 mg/kg
naloxone or saline was infused intravenously into the
participant’s left arm. Neither the participant nor the person
administering the I.V. knew which clear liquid was being
injected. I.V. naloxone was chosen over oral m-opioid
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antagonists like naltrexone because of its consistent bioavail-
ability and immediate onset. Moreover, the biological
half-life of I.V. naloxone (60–90 min) was sufficiently long
for experimental testing (Berkowitz, 1976; Fishman et al,
1973). Naloxone has previously been shown to be safe to
administer to healthy volunteers and drug-naı̈ve subjects
(Borras et al, 2004; Jefferys and Volans, 1983).

Immediately following naloxone or saline infusion, parti-
cipants received 20 min of left DLPFC sham rTMS. The
eSham system was implemented in conjunction with a
specialized Neuronetics sham TMS coil. Two Thymapad
stimulus electrodes (Somatics, LLC; Lake Bluff, IL) were
placed on the scalp location that corresponded to left DLPFC.
Studies have shown that the eSham system effectively blinds
participants to TMS treatment (active vs sham) (Borckardt
et al, 2011a; Taylor et al, 2012). The eSham system was only
active during sham rTMS although electrodes were placed in
the appropriate position during subsequent real rTMS
(20 min of 10 Hz, 5 s on, 10 s off, 110% RMT).

Blinding

Unblinded nurses who were not present during TMS
administration, data acquisition or data analysis prepared
the saline or naloxone syringes according to a randomization
chart. These individuals had minimal interaction with study
participants. This arrangement allowed the Principal Inves-
tigator (J.J.T.), who ran all study sessions, to remain blind
to rTMS pretreatment. Study participants, by contrast, were
blind to both pretreatment and rTMS allocation. At the
conclusion of each rTMS session, participants were asked to
guess whether they had received real or sham stimulation,
and to rate the confidence of their guess on a scale from 0–10.

Data Analysis

Pain Ratings. Pain ratings data were processed using IBM
SPSS Statistics Version 20 (New York, NY). All data were
reviewed for quality before being locked for statistical
analysis. Results are expressed as mean intensity
rating±SE. Analysis of variance (ANOVA) tests were used

to examine effects with Bonferroni adjustments for post hoc
analyses.

fMRI Preprocessing. Functional images were prepro-
cessed using Statistical Parametric Mapping 8 software
(SPM8; London, UK), which was implemented in MATLAB
(Natick, MD). Preprocessing steps included realignment to
the first volume in the run, coregistration of the mean
realigned image with individual structural images, normal-
ization to the Montreal Neurological Institute average echo-
planar imaging template, spatial smoothing with an 8 mm3

Gaussian kernel (full-width at half-maximum), and high-
pass filtering (128 s) to remove low frequency noise.

fMRI Whole-Brain Analyses. A general linear model
approach was used to examine BOLD signal changes during
pain relative to rest blocks. For each participant, first-level
contrasts for pain greater than rest were created. The
resulting contrast images were entered into a random effects
2� 3 full factorial model to examine group-level differences.
The first factor was pretreatment (saline or naloxone) and the
second factor was pain block (baseline, post-sham rTMS, and
post-real rTMS). Thermode ramp times were subtracted from
data before specifying the timing of pain and rest blocks. The
baseline pain contrast was used as a comprehensive (Po0.05
uncorrected voxel level threshold) inclusive mask for
evaluation of post-sham and post-real pain contrasts.
Significant clusters comprised of five or more voxels were
reported (Po0.005 uncorrected voxel level threshold;
Po0.005 cluster level threshold). Montreal Neurological
Institute coordinates were converted to Talairach coordinates
using nonlinear registration (Lacadie et al, 2008). The
Talairach Daemon was used for region identification and
MRIcron was used for data visualization.

fMRI Region of Interest Analyses. An anatomically-
defined region of interest (ROI) analysis was used to
address our a priori hypothesis about BOLD signal changes
in the midbrain and medulla for the pain minus rest
contrast during pain at baseline, pain post-sham rTMS, and

9 min

22 Sec Rest

Baseline Pain Post-Sham rTMS Pain Post-Real rTMS PainrMT BA 9 Capsaicin I.V. Real rTMSPreliminary Pain Sham rTMS

22 Sec Pain X 12

20 min, 10 Hz, 5 sec on, 10 sec off, 110% RMT

0.1 mg/kg Naloxone or Saline

20 min 9 min 20 min

58 min post-I.V.

Figure 1 Schematic representation of study methodology. The vertical line separates preparatory steps (left) from experimental steps (right). After rMT
assessment via parameter estimation by sequential testing and BA 9 localization via BEAM F3 method, participants underwent preliminary pain testing on
capsaicin-sensitized skin. The temperature reported as ‘7 out of 10’ on a VAS during preliminary testing was used during fMRI scanning at baseline, post-sham
rTMS and post-real rTMS (gray boxes). Participants were randomized to I.V. saline on one visit and naloxone on the other visit.
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pain post-real rTMS. ROIs were defined using a Talairach
atlas overlay in MANGO (Research Imaging Institute,
UT Health Science Center at San Antonio, TX, USA;
http://ric.uthscsa.edu/mango/) and covered all structures
located in the midbrain and medulla. Time courses from
both ROIs were extracted from the preprocessed time series
for each individual using MarsBaR (Brett et al, 2002).
Percent signal change (PSC) was calculated based on the
rest block immediately preceding each pain block. ANOVAS
were run in SPSS. Results are expressed as mean PSC±SE.

RESULTS

Pretreatment Baseline Comparisons

There were no significant differences between the saline and
naloxone pretreatment visits in terms of rMT assessment
(P¼ 0.68; Student’s t-tests, two-tailed) or block pain test
temperature (P¼ 0.84).

TMS Blind Integrity

As a group, participants were successfully blind to rTMS
treatment condition. Participants successfully identified 13
out of 28 (46%) sham treatments and 14 out of 28 (50%) real
treatments (w2 (1)¼ 0.02, not significant). The mean confi-
dence rating for correct and incorrect guesses was 4.93
(±0.95) and 4.34 (±0.81), respectively. Confidence ratings
between correct and incorrect guesses were not significantly
different (P¼ 0.29). Thus, even participants who guessed
correctly were no more or less confident than participants
who guessed incorrectly.

Pain Ratings Results

A two-way repeated measures ANOVA (pretreatment:
saline, naloxone; rTMS treatment: sham, real rTMS) revea-
led a significant effect for rTMS treatment (F(3,11)¼ 27,
Po0.001) and a significant pretreatment*rTMS effect
(F(3,11)¼ 4, P¼ 0.04) for pain intensity. To probe
the interaction, two (pretreatment condition) one-way
ANOVAs were conducted.

During the saline visit, participants rated the mean
temperature of 45.51 1C (±0.98 1C) at an intensity of 7.13
(±0.11) during preliminary testing outside of the scanner,
7.46 (±0.26) during baseline testing, 7.36 (±0.24) following
sham rTMS, and 5.61 (±0.26) following real rTMS
(Figure 2). A one-way ANOVA revealed a significant effect
for rTMS treatment (F(3,30)¼ 16, Po0.001). Bonferroni
corrected pairwise comparisons identified significant differ-
ences between preliminary pain ratings vs pain ratings after
real rTMS (Po0.001), baseline pain ratings vs pain ratings
after real rTMS (Po0.001), and pain ratings following sham
rTMS vs pain ratings following real rTMS (Po0.001).

During the naloxone visit, participants rated the mean
temperature of 45.25 1C (±0.89 1C) at an intensity of 7.26
(±0.13) during preliminary testing outside of the scanner,
7.18 (±0.18) during baseline testing, 7.54 (±0.15) following
sham rTMS, and 6.75 (±0.21) following real rTMS. A
one-way ANOVA revealed a significant effect for rTMS
treatment (F(3,4)¼ 3, P¼ 0.04). Bonferroni corrected pair-
wise comparisons revealed a significant difference between

pain ratings following sham rTMS vs pain ratings following
real rTMS (P¼ 0.023).

fMRI Whole-Brain Results

Baseline Pain. A full factorial analysis revealed significant
BOLD signal increases in a number of pain processing areas
during baseline scanning when rest was subtracted from
pain. Significant clusters were found in regions such as
anterior cingulate cortex (ACC), insula, thalamus, and
DLPFC (Figure 3a).

Pain Processing Following Real or Sham rTMS. With
saline pretreatment, a number of cortical and subcortical
regions exhibited lower BOLD signal during pain post-real
rTMS relative to post-sham rTMS (Figure 3b). These
regions included ACC, thalamus, midbrain, and medulla.
When naloxone pretreatment was administered, however,
the rTMS-induced attenuation of BOLD signal during pain
post-real rTMS was largely abolished (Figure 3c). There
were also regions of the PFC (BA9 and BA 10) that exhibited
higher BOLD signal exclusively post-real rTMS during pain
(Table 1).

fMRI ROI Results

Midbrain. A repeated measures ANOVA revealed a signi-
ficant effect for rTMS (F(1,13)¼ 9. P¼ 0.011) and a signi-
ficant rTMS*pretreatment effect (F(1,13)¼ 6, P¼ 0.033). To
probe the interaction, two (pretreatment condition) one-
way ANOVAS and a t-test were conducted.

During the saline visit, the average PSC in the midbrain for
the pain minus rest contrast was 0.16% (±0.04%) at baseline,
0.15% (±0.03%) post-sham rTMS, and 0.00% (±0.04%) post-
real rTMS. A one-way ANOVA revealed a significant effect for
rTMS after saline pretreatment (F(2,39)¼ 7, P¼ 0.003;
Figure 4a). Bonferroni corrected pairwise comparisons
identified significant differences in signal change at baseline
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Figure 2 Comparison of block pain intensity ratings (mean±SE). Twelve
22-second blocks of a fixed temperature reported as ‘7 out of 10’ on a VAS
during preliminary testing were applied to capsaicin-sensitized skin during
fMRI scanning at baseline, post-sham rTMS, and post-real rTMS. Asterisks
(*Po0.05, **Po0.001) indicate Bonferroni corrected significant within-
group differences between ratings after real rTMS and all prior ratings. The
asterisks to the right of the bar indicate a Bonferroni corrected significant
between-group difference after real rTMS.
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vs post-real rTMS with saline pretreatment (P¼ 0.009) and
post-sham rTMS with saline pretreatment vs post-real rTMS
with saline pretreatment (P¼ 0.009).

During the naloxone visit, the average PSC in the
midbrain for the pain minus rest contrast was 0.13%
(±0.04%) at baseline, 0.10% (±0.03%) post-sham rTMS,
and 0.13% (±0.05%) post-real rTMS. A one-way ANOVA
did not reveal a significant effect for rTMS after naloxone
pretreatment (F(2,39)¼ 0.232, P¼ 0.794).

A t-test comparing PSC in the midbrain for the pain
minus rest contrast revealed a significant difference
between post-real rTMS with saline pretreatment vs post-
real rTMS with saline pretreatment (P¼ 0.037; Figure 4a).

Medulla. A repeated measures ANOVA revealed a sig-
nificant effect for rTMS (F(1,13)¼ 6, P¼ 0.031) and a signi-
ficant rTMS*pretreatment effect (F(1,13)¼ 5, P¼ 0.047).

To probe the interaction, two (pretreatment condition) one-
way ANOVAS and a t-test were conducted.

During the saline visit, the average PSC in the medulla for
the pain minus rest contrast was 0.18% (±0.03%) at
baseline, 0.18% (±0.04%) post-sham rTMS, and 0.01%
(±0.05%) post-real rTMS (Figure 4b). A one-way ANOVA
revealed a significant effect for rTMS after saline pretreat-
ment (F(2,39)¼ 13, Po0.001; Figure 4b). Bonferroni
corrected pairwise comparisons identified significant differ-
ences in signal change at baseline vs post-real rTMS with
saline pretreatment (Po0.001) and post-sham rTMS with
saline pretreatment vs post-real rTMS with saline pretreat-
ment (Po0.001).

During the naloxone visit, the average PSC in the medulla
for the pain minus rest contrast was 0.23% (±0.04%) at
baseline, 0.19% (±0.07%) post-sham rTMS, and 0.16%
(±0.04%) post-real rTMS. A one-way ANOVA did not
reveal a significant effect for rTMS after naloxone pretreat-
ment (F(2,39)¼ 0.57, P¼ 0.945).

-25 -14 10 18 44 60-11

-25 -14 10 18 44 60-11

-25 -14 10 18 44 60-11

Figure 3 Visual of whole-brain analysis. Participants received 12 22 s blocks of rest alternating with 12 22 s blocks of a fixed temperature reported as
‘7 out of 10’ on a VAS during preliminary pain testing at baseline, post-sham rTMS, and post-real rTMS. Rest block data were subtracted from pain block data
for all analyses. Panel (a) shows significant BOLD signal elevations during baseline testing before any intervention. This baseline pain contrast was used as a
comprehensive (Po0.05 uncorrected voxel level threshold) inclusive mask for evaluation of post-sham and post-real pain contrasts (Po0.005 uncorrected
voxel level threshold; Po0.005 cluster level threshold; cluster size of five or greater). Panel (b) shows the brain regions that exhibit significantly less BOLD
signal activation during pain after real rTMS than during pain after sham rTMS with saline pretreatment. Panel (c) shows how naloxone pretreatment largely
abolishes the BOLD signal decreases driven by real rTMS shown in Panel (b).
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A t-test comparing PSC in the medulla for the pain minus
rest contrast revealed a significant difference between post-
real rTMS with saline pretreatment vs post-real rTMS with
saline pretreatment (P¼ 0.006; Figure 4b).

DISCUSSION

rTMS Induces Naloxone-Reversible BOLD Signal
Changes in Pain Processing Regions

This study combined neuropharmacologic manipulation
with neuroimaging to examine how neuromodulation of
DLPFC with rTMS affects the cerebral signature of pain.
Consistent with our a priori hypothesis, real DLPFC rTMS
with saline pretreatment was associated with decreased
pain ratings, and modestly decreased BOLD signal response
to painful stimuli in pain processing regions. Midbrain
and medulla were among the regions affected by rTMS,
exhibiting significant PSC decreases that were largely
abolished by naloxone pretreatment. These results support
and extend previous studies, in which naloxone pretreat-
ment significantly diminished the analgesic effects of rTMS
(Taylor et al, 2012). To our knowledge, this is the first study
to show that a single session of left DLPFC rTMS has the
capacity to alter BOLD signal response to noxious stimuli in
pain processing areas. It is also the first study to image the
circuitry that might underlie the opioidergic basis of left
prefrontal rTMS-induced analgesia.

Evidence for a Top-Down Analgesic Circuit

This study builds upon animal studies that show a top-
down functional circuit between PFC, midbrain, and

medulla. Reciprocal anatomical connections between PFC,
PAG, and rostroventromedial medulla have been documen-
ted using retrograde tracing (An et al, 1998; Bragin et al,
1984) and c-fos immmunoreactivity (Lim et al, 2009). These
projections have been shown to have physiological rele-
vance for nociception and pain (Condes-Lara et al, 1989). In
rats and cats alike, electrical stimulation of various
cingulofrontal regions produces behaviorally relevant an-
algesia that is correlated with reduced thalamic and
midbrain spiking activity in response to noxious stimuli
(Andersen, 1986; Hardy and Haigler, 1985; Hutchison et al,
1996). There is also evidence from learned helplessness
models of depression and PTSD that PFC modulates the
protective effects of perceived control via top-down
regulation of the dorsal raphe nucleus and its serotonergic
projections (Hammack et al, 2012; Robbins, 2005). This
circuit could explain why pain and depression are highly
comorbid disorders (Bair et al, 2003; Emptage et al, 2005)
that may both respond to prefrontal rTMS (George and
Aston-Jones, 2010).

Although the mechanism remains unclear, human data
suggest that prefrontal inhibition of functional coupling
within the circuit from midbrain to thalamus to ACC or PFC
is critical for endogenous pain relief (Akitsuki and Decety,
2009; Lorenz et al, 2003; Tracey et al, 2002). In one PET
experiment, elevated left DLPFC activity was associated with
diminished interregional correlation between midbrain and
medial thalamus. These network changes correlated nega-
tively with perceived stimulus intensity and unpleasantness
during hot allodynia (Lorenz et al, 2003). The existence of a
top-down circuit is further evidenced by a meta-analysis of
162 imaging studies, in which coactivation of BA 9 and
midbrain regions like PAG was found to be essential for

Figure 4 Graphs of midbrain and medulla PSC (mean±SEM). Midbrain (Panel (a): green) and medulla (Panel (b); purple) ROIs were extracted from a
Talairach atlas overlay and used for time series extractions via MarsBaR. An asterisk (* Po0.05) above a bar indicates a significant difference as measured via
ANOVA.
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assigning emotional valence, a process that likely contri-
butes to noxious stimulus interpretation (Kober et al, 2008).
A functional connection between the highly evolved PFC
(Fuster, 2001; Hains et al, 2009) and the phylogenetically
conserved opioid circuit (Eippert et al, 2009; Zambreanu
et al, 2005) may be the evolutionary substrate for low
fidelity pain perception and adaptive stress management.

The Role of TMS in Elucidating Pain Circuitry

In order to move beyond functional connectivity based on
time correlations, it is necessary to develop focal stimula-
tion techniques like TMS to map and modulate circuitry.
Placebo analgesia, for example, has previously been shown
to be associated with naloxone-reversible BOLD signal
changes in DLPFC, ACC, and PAG (Eippert et al, 2009;
Wager et al, 2004). There is now evidence to suggest that
reducing DLPFC activity with low-frequency rTMS blocks
opiate-mediated analgesia (Krummenacher et al, 2010),
while enhancing DLPFC activity with high-frequency rTMS
induces opiate-mediated analgesia (Taylor et al, 2012). Left
DLPFC rTMS has also been shown to suppress the analgesic
effects of perceived noxious stimulus controllability,

findings that corroborate the animal literature on a
prefrontal control circuit (Borckardt et al, 2011b).

Limitations of the Present Study

There are a number of limitations that should be considered
when interpreting this study. First, participants received
sham rTMS before real rTMS, because a reversal of this
order would have made it impossible to cleanly measure the
effects of sham rTMS. Although the rationale for adminis-
tering sham rTMS before real rTMS is sound, it is plausible
that order of treatments confounded our results.

Second, the precise level of naloxone blockade is
unknown. The dose of naloxone used in the study was
identical to the dose used in our previous study (Taylor
et al, 2012) and similar to doses used in studies examining
BOLD signal changes in pain processing regions (Borras
et al, 2004; Willer et al, 1981). The biological half-life of
naloxone has historically been reported as 60–90 min
(Berkowitz, 1976; Fishman et al, 1973). The fact that
behavioral testing occurred within 60 min of pretreatment
suggests that the majority of naloxone had not yet lost its
pharmacologic activity. Nevertheless, there is a possibility

Table 1. Summary of Whole-Brain Analysis Findings

Contrast
Pain-rest

Pretreatment Category Location
Region

Hemisphere Brodmann
area

Z-value K-value Coordinates

Mean Max x y z

Post-real rTMS 4
post-sham rTMS

Saline Cortical Medial frontal gyrus L 9 2.86 2.78 9 � 9 47 22

Medial frontal gyrus L 10 2.93 3.09 12 � 28 44 � 3

Medial frontal gyrus R 10 2.55 2.61 7 20 40 13

Post-sham rTMS 4
post-real rTMS

Saline Cortical Superior temporal gyrus L 22 3.37 3.51 29 � 46 � 4 � 3

Lingual gyrus L 18 2.9 2.99 18 � 3 � 82 0

Precentral gyrus L 44 2.93 3.02 14 � 47 0 9

Frontal R 6 2.8 2.72 9 22 � 5 55

Superior temporal gyrus R 22 3.28 3.41 22 49 � 33 5

Anterior cingulate R 24 3.1 3.21 37 5 30 15

Subcortical Brainstem L 3.02 3.12 8 � 8 � 23 � 18

Pulvinar R 3.29 3.42 17 20 � 28 12

Midbrain R 3.27 3.4 23 17 � 17 � 8

Cerebellum R 2.96 3.06 13 3 � 72 � 18

Hippocampus R 2.9 2.99 27 30 � 40 2

Post-sham rTMS 4
post-real rTMS

Naloxone Cortical Medial frontal gyrus R 8 3.09 3.20 9 15 31 39

Inferior parietal lobule R 40 2.87 2.96 11 57 � 45 43

Subcortical Cerebellum L 3.1 3 9 � 23 � 75 � 39

Cerebellum L 2.63 2.69 9 � 33 � 79 � 23

Cerebellum R 2.98 3.08 9 21 � 61 � 12

Participants received 12 22 s blocks of rest alternating with 12 22 s blocks of a fixed temperature reported as ‘7 out of 10’ on a VAS during preliminary pain testing at
baseline, post-sham rTMS, and post-real rTMS. I.V. saline or naloxone (0.1 mg/kg) was administered as a pretreatment immediately before the sham rTMS session. Rest
block data were subtracted from pain block data for all analyses, including secondary contrasts examining the brain regions more or less active during pain following real
vs sham rTMS. Clusters were five voxels or larger (Po0.005).
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that reduced opioid blockade explains the significant
decrease in block ratings after real TMS with naloxone
pretreatment. A more likely explanation for this finding is
that opioids are necessary, but not sufficient for
prefrontal rTMS-induced analgesia. This explanation is
validated by the fact that the average pain rating
following real TMS with saline pretreatment (5.61±
0.24) was significantly lower than the average pain rating
following real TMS with naloxone pretreatment (6.75±
0.21). Similar results were found in our last study (Taylor
et al, 2012).

A third limitation is that all fMRI analyses were run using
a pain minus rest contrast. It is important to note that
capsaicin cream, even without thermode heat, can be
interpreted as a painful stimulus. Thus, rest blocks likely
contained some BOLD signal changes in pain processing
areas. This design limitation raises the possibility that the
results would have been more robust had the rest block
been free of capsaicin.

One final limitation of note is that we were unable to use
high-resolution scanning for midbrain and medulla because
of our decision to get full brain coverage during pain. This
decision prevented us from investigating BOLD signal
changes in small, poorly differentiated gray matter regions
like the PAG (Linnman et al, 2012). Studies with high-
resolution scanning are needed to replicate and refine our
findings.

Summary

A single session of left DLPFC rTMS produced an opioid-
dependent analgesia that was associated with augmented
BOLD signal in BA 9 and 10 during pain and attenuated
BOLD signal in ACC, thalamus, midbrain, and medulla
during pain. It is difficult to interpret the directionality of
BOLD signal changes in midbrain and medulla because
these structures may exhibit signal increases or decreases
during pain (Becerra et al, 2006). Mu-opioid receptor
agonism has traditionally been linked with the inhibition of
synaptic activity (Standifer and Pasternak, 1997). This
mechanism may explain why I.V. morphine administration
diminishes BOLD signal in midbrain and various pain
processing structures (Becerra et al, 2006). From this
perspective, morphine and left DLPFC rTMS have similar
directional effects on BOLD signal in pain processing areas.
With future studies aimed at revealing mechanisms and
maximizing analgesia with serial rTMS doses, prefrontal
TMS may eventually become clinically useful for chronic
and perioperative pain management.
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