
J Neuropsychiatry Clin Neurosci 13:4, Fall 2001 459

REGULAR ARTICLES

Brain Effects of TMS
Delivered Over Prefrontal
Cortex in Depressed
Adults: Role of
Stimulation Frequency
and Coil–Cortex Distance
Ziad Nahas, M.D.
Charlotte C. Teneback, B.S.
Andy Kozel, M.D.
Andrew M. Speer, M.D.
Cart DeBrux, M.D.
Monica Molloy, R.N., M.S.N.
Laurie Stallings, Pharm.D.
Kenneth M. Spicer, M.D.
George Arana, M.D.
Daryl E. Bohning, Ph.D.
S. Craig Risch, M.D.
Mark S. George, M.D.

Received May 9, 2000; revised October 9, 2000; accepted October 26,
2000. From the Brain Stimulation Laboratory, Functional Neuroimag-
ing Research Division, Departments of Psychiatry, Radiology, and
Neurology, Medical University of South Carolina, Charleston, South
Carolina; and the Ralph H. Johnson Veterans Hospital, Charleston,
South Carolina. Address correspondence to Dr. Nahas, MUSC, Insti-
tute of Psychiatry, Room 502 North, 67 President Street, Charleston,
SC 29403. E-mail: nahasz@musc.edu. Address correspondence to Dr.
George, MUSC Department of Radiology, 171 Ashley Avenue,
Charleston, SC 29425.

Copyright � 2001 American Psychiatric Publishing, Inc.

Relative regional brain blood flow was measured
in 23 clinically depressed adults by using ECD
SPECT at baseline and again during actual pre-
frontal transcranial magnetic stimulation (TMS)
following 5 daily sessions of TMS. TMS over pre-
frontal cortex caused increased activity in cortex
directly under the stimulation (inversely corre-
lated with distance from scalp to cortex) and de-
creased activity in remote regions (anterior cingu-
late and anterior temporal poles). High-frequency
rTMS (20 Hz) caused more relative flow immedi-
ately below the TMS coil than did low-frequency
rTMS (5 Hz). Confirming the hypotheses tested,
repeated daily TMS over the prefrontal cortex in
medication-free depressed adults appears to
change both local and remote blood flow in a man-
ner that may also depend on the frequency of
stimulation and coil to outer cortex distance.
(The Journal of Neuropsychiatry and Clinical

Neurosciences 2001; 13:459–470)

Transcranial magnetic stimulation (TMS) affects the
brain by inducing electrical currents and noninva-

sively stimulating superficial cerebral cortex. In TMS,
passing an electric current through a coil of wires resting
on the scalp generates a powerful yet brief orthogonal
magnetic field, which then passes unimpeded through
the skull.1 If induced at high amplitude andwith a rapid
brief onset (100–200 microseconds), this creates a time-
varyingmagnetic field, ranging up to 1.5 tesla. Themag-
netic field intensity falls off exponentiallywith increased
distance from coil surface.2 A naming convention
adopted several years ago emphasizes the importance
of repeated TMS and the frequency of stimulation. Any
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periodic application of TMS is called repetitive transcra-
nial magnetic stimulation (rTMS), which is then modi-
fied by slow (�1 Hz) or fast (�1 Hz) TMS.
For more than a decade, TMS has been used in neu-

rophysiology.3,4 Only in the last five years, however, has
it been widely applied as a probe of neurocognitive be-
havior in health5 and in a variety of neuropsychiatric
conditions.6–9 Several clinical trials have explored TMS
effects on mood and depression.3,10–24 Most of these
studies, but not all,18 suggest that daily prefrontal rTMS
over 2 weeks has an antidepressant effect greater than
placebo. TMS’s mechanisms of action are not known.
Two studies have shown increases in serum thyroid
measures during prefrontal stimulation, suggesting that
changes in mood may be due to transsynaptic hypotha-
lamic stimulation and downstream neuroendocrine
changes.13,25 Other studies,26–31 using radiotracer-based
neuroimaging, have investigated the effect of TMS on
brain activity (reviewed by George et al.32). These lim-
ited studies to date have been confounded by small
numbers of subjects, opposite effects on brain blood
flow and glucose consumption with similar stimulation
parameters,26,30 and different regional effects within the
same individuals.28,29

A prominent hypothesis in the TMS field has been
that fast rTMS (for example, �10 Hz) results in excit-
atory physiological changes, while slow rTMS (�1 Hz)
has inhibitory effects.33,34 This hypothesis is modeled on
long-term potentiation, a neuronal phenomenon where
repetitive stimulations of excitatory synapses cause an
increase in synaptic strength lasting long after the stimu-
lation has stopped.35 In contrast, long-term depression
is a long-lasting decrease in the synaptic strength due to
repeated stimulations at lower frequencies, typically 1
Hz or less.36–38 Electrophysiological studies over motor
cortex are in general supportive of this hypothesis, with
high-frequency stimulation enhancing motor perfor-
mance and electrophysiological measures, and low-fre-
quency stimulation showing diminished local and dis-
tributed effects.39 Some functional imaging studies have
shown differential frequency effects as well.40

In previous reports, we documented perfusion
changes in this cohort that occurred over the entire 2
weeks of treatment.41We found that TMS antidepressant
treatment responders (patients with �50% decrease in
Hamilton Rating Scale for Depression [Ham-D] scores)42

had increased anterior temporal/orbitofrontal activity
at baseline compared with nonresponders. This differ-
ence was present at baseline and increased following
response to treatment. In a separate study of MRI scans
in this cohort, we found that prefrontal cortex distance
was greater than motor cortex distance in most of our
subjects, and the difference appeared to increase with

age.43 Also, none of the subjects older than 55 responded
to rTMS. The current report describes a different SPECT
scan obtained during the end of the 20-minute TMS ses-
sion on day 5 of the study in these same subjects.
The design of the current studywas guided by knowl-

edge of prefrontal cortical and paralimbic connections44

and by evidence that limbic regions and the prefrontal
cortex are dysfunctional in depression.45 We hypothe-
sized that stimulating over the left dorsolateral prefron-
tal cortex (DLPFC) would affect regional brain activity,
both locally in the prefrontal cortex and in paralimbic
areas. Specifically, we conjectured that TMSwould cause
changes in blood flow in the prefrontal cortex near the
TMS coil (DLPFC) and in specific parts of the limbic and
paralimbic cortex (cingulate; caudate; anterior temporal
poles; and inferior frontal, orbitofrontal, and medial
temporal cortex). To test this assumption, we performed
baseline and day 5 scans using [99mTc”-ethyl cysteinate
dimer single-photon emission computed tomography
(ECD SPECT) in depressed adults participating in a
double-blind placebo-controlled TMS antidepressant
treatment trial.46 We posed the following pre-study hy-
potheses. The comparisons to bemade are shown in ital-
ics within parentheses below and are diagrammed in
Figure 1.

1. a) Active rTMS (A) causes local increases from
baseline in left prefrontal regional cerebral blood
flow (i.e., at the site of the stimulation) as well as
in paralimbic areas, whereas placebo stimulation
(P) does not (within groups, [A,P], change from base-
line) b) During stimulation on day 5 of the treat-
ment study, active rTMS, compared with placebo,
is associated with more blood flow directly under
the coil (between two groups [A,P], on day 5 during
stimulation only).

2. The differences between the active and placebo
group in how their rCBF changed across time will
show increased activity in the prefrontal and para-
limbic area in those receiving active rTMS com-
pared with placebo (between-group comparison [A,P]
of the within-group changes from baseline, ignoring the
differential effect of frequency due to small numbers).

3. Within those receiving active stimulation, there is
more blood flow under the coil with fast rTMS than
with slow rTMS (between two subgroups within the
active cell [fast vs. slow frequency], during stimulation).

4. Within those receiving active stimulation, during
active stimulation on day 5 of the treatment study,
there is more blood flow at the site of stimulation
with shorter distance from coil to outer cortex, re-
gardless of the frequency of stimulation.
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FIGURE 1. Illustration of the different comparisons used in SPM
to generate activation maps.
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METHODS
Subjects
We enrolled 32 subjects in a 2-week double-blind pla-
cebo-controlled trial of rTMS. All gave written informed
consent following full explanation of the procedures ap-
proved by the Medical University of South Carolina
(MUSC) Institutional Review Board. The details of the
clinical trial are presented elsewhere (Nahas et al.46 and
unpublished manuscript). We used ECD SPECT to scan
the 27 of the 32 subjects who consented to the SPECT
scanning (which was not required for participation in
the clinical trial). We also obtained 3D structural brain
MRI scans on all participants. Four subjects were ex-
cluded from final image analysis because either a SPECT
scan on day 5 during rTMS was not acquired or the data
were nonusable. Thus, included in this study for final
analysis were 23 subjects (7 men) who met DSM-IV cri-
teria for either major unipolar depression (n�16; 4 men)
or bipolar depression, depressed phase (n�7; 3 men),
using the Schedule for Affective Disorders and Schizo-
phrenia (SADS). Subjects were antidepressant medica-
tion free, although 4 bipolar subjects required ongoing
mood stabilizers (clonazepam, valproic acid, lithium, or

alprazolam), and 1 patient required medication (thy-
roxin) for thyroid disease. Complete subject demo-
graphics are displayed in Table 1.

Transcranial Magnetic Stimulation
TMS was performed with a Cadwell Magnetic Stimu-
lator equipped with a figure-eight–shaped coil and a
continuous water cooling system to prevent overheat-
ing. All subjects wore earplugs during rTMS sessions.
Motor threshold (MT) was determined by placing the
coil over the primary motor cortex and using the
method of limits to determine the minimum amount of
stimulation required to initiate gross motor movement
at rest of the contralateral (right) abductor pollicis brevis
(APB) muscle.21 The left prefrontal cortex stimulation
site was defined as the location 5 cm rostral to and in a
parasagittal plane from the site of optimal APB stimu-
lation. Subjects were randomly assigned to receive left
DLPFC stimulation at either 20 Hz, 5 Hz, or placebo, all
performed at 100% of motor threshold. We applied pla-
cebo stimulation by angling the coil at 45 degrees so that
only the medial wing touched the scalp. This allowed
for the bulk of focal stimulation to pass outside the
skull.47–49 Subjects received treatment for 10 days over 2
consecutive weeks and a total of 16,000 stimuli. Each
session consisted of 30-second stimulation and rest pe-
riods repeated 40 times over 20 minutes.46 The ratio of
stimulation time to rest varied as a function of frequency
in order to match across groups for the total amount of
stimulation. The second SPECT scanwas obtained at the
end of the 5th treatment session, typically 7 days after
the baseline images were obtained.

SPECT Imaging
Whole-brain SPECT imaging was performed on two
separate days, with typically 7 days between studies.
For both scans, the radiotracer consisted of 30mCi (1,110
Mbq) of technetium-99 bicisate (ECD;Neurolite,DuPont
Pharma). (The sequence of events in scan acquisition is
shown in Figure 2.)

Baseline: For the baseline scan (bline) prior to any
rTMS, the radiotracer was injected intravenously fol-
lowing a 15-minute rest period during which subjects
sat in a dark, quiet room with their eyes closed. Follow-
ing the tracer injection, subjects rested for an additional
15 minutes before scan acquisition.

During rTMS: For the scan performed during rTMS
(during), the bolus tracer was injected at the end of the
5th TMS treatment session. Before the start of the TMS
session, a catheter was placed in the right forearm, and
subjects were instructed that 10 minutes into the session
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TABLE 1. Subject demographics

Active rTMS

Variable 20 Hz 5Hz Placebo

N 9 5 9
Age, years 39.8�11.7 39.0�8.7 47.5�9.4
Baseline Ham-Db 30.6�5.8a 26.2�6.9 23.6�4.3a

End Ham-Db 22.0�10.6 12.2�5.1 18.4�6.1
% improvement 29.3�28.8 53�17.7b 23.1�15.7b

Responders (�50% drop on Ham-D after 10 sessions) 3 4 0
Gender, M/F, n 2/7 2/3 3/6
Primary diagnosis, n
Unipolar 7 1 8
Bipolar 2 4 1

Secondary diagnosis, n
GAD 1 3 3
OCD 1 0 0

3 3 3
2 0 0

Previous ECT, n 0 1 5
On medication, n 1 3 1

(thyroxin)

Note: Values for Age, Ham-D, and % improvement are mean�SD. rTMS�repetitive transcranial magnetic stimulation; Ham-D-Hamilton
Rating Scale for Depression; GAD�generalized anxiety disorder; OCD�obsessive-compulsive disorder.

aP�0.1; bP�0.006.

FIGURE 2. Illustration of the sequence of events in acquiring the SPECT scan during the 5th rTMS session.
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the light in the room would be switched off and they
should close their eyes. Then at minute 18, the stimu-
lation parameters were changed from their assigned
randomized rTMS (5 Hz, 20 Hz, or placebo, at 100%MT;
for 5Hz, 8 s on, 22 off; for 20 Hz, 2 s on, 28 s off; 1,440
stimuli), to a different set (10 Hz, 60% MT, 10 s on/off,
for 2 min, and an added 600 stimuli; see Figure 1). The
total 20-minute session thus equaled 2,040 stimuli for all
subjects, regardless of frequency assignment. Those re-
ceiving placebo treatment were also given sham TMS
during the 2 minutes of tracer injection. This altered
rTMS technique in the last 2 minutes of the 20-minute
session was adopted because longer train lengths are
more likely to cause seizures. Subjects who had been
randomized to placebo were also switched to corre-
sponding parameters, but the coil was maintained in the
45-degree sham position for minimal brain penetra-
tion.50 At minute 18, immediately following the first 10
seconds of stimulation, a physician injected the bolus
radiotracer. At the end of the total 20-minute session
(i.e., after the 2 minutes of altered rTMS), the patient
remained quietly with eyes closed in a dark room for
another 15 minutes prior to transport to the Nuclear
Medicine suite.
SPECT imageswere acquired by using a triple-headed

Picker camera with low-energy ultra-high resolution fan
beam collimators. They were processed on an Odyssey
VP computer, using a low-pass filter with the default
order of 2�0.32 as the cutoff. Images were attenuation-
corrected and reconstructed transversely, then trans-
ferred to a Sun SPARC20 for analysis. The y and z com-
ponents were flipped to match radiological convention,
and the matrix was resized to 128�128�43 and pro-
cessed as 8-bit information. Statistical parametric map-
ping (SPM96b) software was used to apply a 10-mm
smoothing followed by linear normalization into Talair-
ach space.51,52 Customized normalization was allowed,
using sinc interpolation with 12 affine parameters, no
nonlinear basis functions, 2�2�2 voxel size, and MNI
(Montreal Neurologic Institute) bounding box (–78:78,
–112:76, –50:85).

MRI Scans
One day prior to beginning treatment, a T1-weighted 3D
volumetric MRI sequence was obtained with a 1.5-tesla
Picker MRI scanner (Picker International, Cleveland,
OH). Scans in this study were 142 sagittal slices 1 mm
thick covering the entire brain (128�128, FOV 20 cm,
TE 4.4, TR 13, voxel size 1.2�1.2�1 mm). A trained and
masked investigator (F.A.K.) assessed the shortest dis-
tance from the coil to the nearest prefrontal cortex (D-
PFC) using MEDx 2.1 software (Sensor Systems, Alex-

andria, VA) The details of these methods employed in
our laboratory have been described elsewhere.53

Statistical Analyses
For the SPECT data analysis we used a two-stage ap-
proach. Both approaches used SPM96 software, which
does not distinguish between hypothesis-driven and
more exploratory analyses. The data were compared
across groups (active, placebo) and/or conditions (bline,
during) using a threshold of P�0.01, a cluster extentwith
a P�0.5, a gray matter threshold of 0.6, and proportional
scaling of the grand mean at 50. The following analyses
were performed to test hypotheses regarding specific
regions, including prefrontal cortex near the TMS coil
(DLPFC), and specific parts of the limbic and paralimbic
systems (cingulate, caudate, anterior temporal poles, in-
ferior frontal, orbitofrontal, and medial temporal cor-
tex). Figure 1 diagrams the different analyses per-
formed.

1. To test the hypothesis that active rTMS would af-
fect brain activity at the site of stimulation and in
connected paralimbic areas, we a) generated two
separate maps (active, placebo) using two-tailed
paired Student’s t-tests comparing baseline activity
with activity during stimulation; and b) generated
a map using two-tailed unpaired Student’s t-tests
comparing activity during the 5th stimulation ses-
sion between the active and placebo groups.

2. To test the hypothesis that changes in rCBF in lim-
bic regions with active or placebo rTMS will be dif-
ferent over time, we directly compared the differ-
ences in brain activity between active and placebo
over time and across conditions.

3. To test the hypothesis that slow and fast stimula-
tion would affect rCBF in different patterns at the
moment of stimulation, we generated a map using
two-tailed unpaired Student’s t-tests comparing
activity during stimulation at high and low fre-
quencies within the active group only.

4. To test the hypothesis that local brain activity in-
duced by rTMS (active—fast, slow) correlates with
the distance from coil to prefrontal cortex, relative
blood flow during the 5th stimulation session was
compared with measurements of D-PFC distance,
using Pearson’s correlations.

This was the full extent of the hypothesis-driven anal-
yses. These regions are listed in boldface in Table 2. Be-
cause SPM performs analyses on all regions regardless
of a priori hypotheses, we report changes in other
regions as well for all contrasts performed (in the table
as medium type). We also report clusters that met the
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TABLE 2. Comparisons

Talairach
Coordinates

(mm)

Comparisons Based on a priori Hypotheses (Numbered) z-score x, y, z Region

1. Differences in rCBF
a) over time (baseline vs. 5th stimulation) during activerTMS only;
b) during active rTMS vs. placebo at 5th stimulation
a. Increases in active rTMS from baseline 4.45 �42, �36, 66 L inferior parietal lobe

4.24 10, 72, 2 R medial frontal lobe
4.19 �48, 26, 34 L mid frontal gyrus
4.01 36, �50, 66 R superior parietal lobe

Decreases in active rTMS from baseline (P�0.001) 6, �46, �20 R cerebellum
�40, 8, �26 L unicate fasciculus
�12, 12, �30 L insula
�26, 34, 24 L cingulate

b. Decreases in active rTMS vs. placebo at 5th stimulation 4.88 26, �50, �44 R cerebellum
4.24 �20, �8, 38 L parietal lobe
4.11 20, 2, 42 R parietal lobe
3.97 8, �6, 4 R thalamus
3.84 �22, �48, �42 L cerebellum
3.8 �14, �92, 4 L occipital lobe
3.58 20, �20, 36 R parietal lobe

2. Differences in rCBF changes over time (baseline vs. 5th stimulation)
between active rTMS and placebo
Decreases with active rTMS (P�0.001) 3.55 �42, 10, �18 L mid temporal gyrus

3.47 �14, �28, �32 Brainstem
3. Differences in rCBF at different frequencies during active rTMS only

Increases in fast rTMS vs. slow rTMS 3.97 �42, 14, 48 L DLPFC
Increases in slow rTMS vs. fast rTMS 4.37 �30, 2, 32 L mid cingulate

4.03 �32, �16, �10 L hippocampus
4. Correlation of rCBF and distance from coil to scalp (D-PFC) during
active rTMS only
Increases inversely correlated with D-PFC 3.48 �50, 6, �10 L temporal gyrus

3.25 48, �48, 66 R superior parietal lobe
3.16 �68, �20, 42 L postcentral gyrus
2.86 �38, 12, 44 L mid frontal gyrus
2.75 0, �22, 30 Mid cingulate gyrus

Note: Z-values, Talairach coordinates (x,y,z in mm), and locations of center of significance for all results, P�0.01 unless otherwise indicated.
Boldface indicates regions of interest in the a priori hypotheses; medium type indicates additional exploratory regions, which can be
considered hypothesis-generating only. rTMS�repetitive transcranial magnetic stimulation; L�left; R�right; rCBF�regional cerebral blood
flow; DLPFC�dorsolateral prefrontal cortex.

criteria for intensity with a P�0.01 but failed to meet the
extent threshold of P�0.5. As these were not hypothesis-
driven, they must be considered exploratory and await
further testing in later studies.

RESULTS

Fourteen subjects received active rTMS. Nine (4 anti-
depressant responders) received 20 Hz rTMS, and 5 (3
antidepressant responders) received 5 Hz rTMS. The
placebo group consisted of 9 subjects, all nonrespond-
ers. Active and placebo groups had no statistically sig-
nificant differences in age, baselineHam-D, or exitHam-
D. They significantly differed in the percentage of
improvement (P�0.022) and the number of responders
(7/14 vs. 0/9; v2�4.67, df�1). Within the 14 subjects

who received active stimulation, thosewho received fast
compared with slow stimulation did not significantly
differ, although the fast stimulation group had a smaller
percentage of bipolar subjects: 2 of 9 bipolar subjects in
the depressed phase compared with 4 of 5 bipolar sub-
jects in the slow stimulation group.

1a. rCBF changes for active or placebo groups during
rTMS relative to baseline: Active rTMS (n�14)
showed relatively increased activity during rTMS
compared with baseline in the right medial frontal
lobe and left middle frontal gyrus. Active rTMS
showed relatively decreased activity in the left cin-
gulate, left uncus, and left insula.Placebo (n�9)
stimulation compared with baseline showed no
significant changes in rCBF across conditions that
met criteria for both intensity and extent of cluster.
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1b. rCBF changes between active and placebo stimu-
lation: Active rTMS subjects (n�14, ignoring fre-
quency) showed significantly less relative activity
in the right thalamus and parietal lobe bilaterally,
when comparedwith the placebo group (n�9). Ac-
tive rTMS showed no significant rCBF increases,
when compared with placebo, that met criteria for
both intensity and extent of cluster.

2. Differences in rCBF changes from baseline between
active TMS and placebo: Those receiving active
rTMS had significantly decreased activity in the left
middle temporal gyrus from baseline (Figure 3)
compared with the difference in brain activity over
time within the placebo group. A scatterplot of the
data from this region by group and time (Figure 5)
suggests that this difference results from an un-
equal initial difference in activity at this region;
those in the placebo cell for some reason had lower
initial values.

3. Subgroup analysis of differences during fast and
slow stimulation: Subjects with 20 Hz rTMS (n�9)
showed relatively increased rCBF in left DLPFC at
the site of stimulation and decreased rCBF in the
left mid cingulate and left hippocampus (Figure 4)
compared with those receiving 5 Hz TMS (n�5).
This small sample comparison could not be
matched across groups for gender, diagnosis, or
treatment response.

4. Correlation between normalized rCBF scans dur-
ing active stimulation (5 and 20 Hz; n�9) and dis-
tance from coil to outer cortex (D-PFC) in milli-
meters: There was a significant inverse correlation
of left DLPFC rCBF and D-PFC (r�0.786, slope fac-
tor�–1.216). That is, those who had the smallest
distance from coil to outer cortex showed the great-
est increase in brain activity at the site of stimula-
tion.

DISCUSSION
This study has examined the effects of prefrontal TMS
on rCBF in the context of an antidepressant treatment
trial. There are three major findings.

1. Compared with baseline, after 5 days of active
treatment, rTMS increased rCBF at the site of
stimulation (left middle frontal gyrus) and in the
right medial frontal lobe, whereas there were no
changes over time in those receiving placebo. Five
days of rTMS compared with baseline was also as-
sociated with decreased activity in the anterior cin-
gulate and anterior temporal poles.

2. In a subgroup analysis within those receiving ac-
tive treatment, rTMS delivered at different fre-
quencies (5 Hz, 20 Hz) for 5 days over the left
DLPFC had different effects on blood flow directly
below the coil. Specifically, after 18 minutes of
stimulation (and following 4 daily sessions), those
receiving fast stimulation had increased blood flow
directly below the TMS coil, compared with those
receiving slow TMS. Further, fast TMS was asso-
ciated with decreased activity in the mid-cingulate
gyrus and left paralimbic area compared with slow
TMS.

3. Blood flow under the TMS coil during active treat-
ment (both frequencies combined) declineswith in-
creasing distance. Specifically, after 18 minutes of
stimulation (and following 4 daily sessions), blood
flow at the site of stimulation inversely correlated
with increased distance from scalp to outer cortex.

The Effect of TMS on Local and Distributed
Brain Activity
The results of this study support the notion that TMS is
an active, relatively noninvasive neuropsychiatric probe
and that placebo stimulation daily for 5 days (as admin-
istered in this study with a figure-eight coil and a 45�
angle) does not cause significant changes in brain activ-
ity.48 Multiple studies have found that TMS induces neu-
ronal depolarization in superficial cerebral cortex under
the TMS coil, and that this local depolarization causes
remote changes through cell–cell communication. This
principle of local stimulation initiating a circuit with re-
mote effects is easily demonstrated by stimulation over
primary motor cortex, which can induce movement in
the contralateral body. The prefrontal cortex is behav-
iorally silent compared with primary motor or sensory
cortex (although sophisticated prefrontal TMS studies
do show immediate behavioral effects of rTMS onmem-
ory and emotion recognition). The results in the present
study suggest that left DLPFC rTMS stimulates a corti-
cosubcortical circuit, similar to those proposed by Al-
exander et al.44

The Role of Frequency
Our findings imply that higher frequency prefrontal cor-
tex stimulation (20 Hz) at MT over 5 days increases
blood flow underneath the coil compared to slow stimu-
lation (5 Hz), while also decreasing blood flow in the
cingulate and hippocampus. An equally plausible inter-
pretation of the data are that 5 days of low-frequency
prefrontal stimulation lowers local blood flow and in-
creases cingulate and hippocampal blood flow, com-
pared with high-frequency stimulation. These provoca-
tive results in a small unmatched sample should be
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FIGURE 3. Changes in rCBF during active left prefrontal rTMS from baseline compared with the changes in placebo stimulation from
baseline. rCBF decreases in the left middle temporal gyrus (blue; P�0.001). Note the unequal initial distribution in rCBF in
baseline groups, which likely is the cause of the between-group differences.

FIGURE 4. Specific changes related to different frequencies: superimposed increases in left prefrontal (red) and decreases in left mid-
cingulate and left hippocampus (blue) in rCBF during fast left prefrontal TMS compared with slow rTMS. Note the site
underneath the coil (42, 14, 48).
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FIGURE 5. Normalized rCBF (SPECT) below left dorsolateral
prefrontal cortex stimulation site in 9 depressed
subjects. Negative correlation with distance of scalp
(TMS coil) to outer cortex.
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treated with caution until and if they are replicated. In-
terestingly, however, a recent PET study40 showed that
in a depressed heterogeneous group, 20 Hz prefrontal
rTMS at 80% MT increased the global absolute cerebral
blood flow, whereas 1 Hz TMS decreased absolute blood
flow. But contrary to our hypothesis, limbic regional ac-
tivity decreased at the time of the 5th rTMS session.
These deeper limbic regions have been implicated in
regulation of mood and appear to be candidate regions
in rTMS’s therapeutic mechanism of action in depres-
sion. A previous report from our same depressed cohort
shows that paralimbic activity is low at baseline and that
10 daily rTMS sessions over 2 weeks normalizes it.41

The present report adds to our prior findings and
poses the question whether this improvement relies on
accessing the paralimbic areas during the stimulation
session and temporarily decreasing their activity during
stimulation and at the end of the 5th session, with a later
rebound in activity at the final scan taken three days
after the last (10th) session. This cross-sectional design
at three time points makes it difficult to fully test dy-
namic effects over serial sessions. The finding of de-
creased cingulate activity in those receiving high-fre-
quency stimulation are consistent with a recently
advanced hypothesis byMayberg et al.54 suggesting that
reconfiguring limbic and prefrontal interactions is the
critical element that mediates the improvement in de-
pression, rather than a specific change in a given re-
gion’s activity. These reconfigurations are initiated
through a “bottom-up model” (as in pharmacotherapy)
or a “top-down model” (initially conceived of with cog-
nitive therapy). Our findings support the notion that

rTMS could act through another top-down mechanism,
affecting deeper limbic structures by directly stimulat-
ing connected cortical areas.

The Role of Increasing Distance from Skull to Outer
Cortex
It is known that the magnetic intensity generated un-
derneath a TMS coil declines exponentially,2 and neu-
rophysiological studies suggest that stimulations with
insufficient intensity will not cause neuronal depolari-
zation. This study does point out the relevant role
played by the distance from site of stimulation and local
brain activity. In an earlier report, we have found that
although distances from scalp to both motor cortex and
prefrontal cortex increase with age and do correspond
to each other, the distance to prefrontal cortex appears
to increase faster with age than the distance to motor
cortex. Given the fact that the intensity of stimulation in
this study was tailored to the MT, it does raise the ques-
tion whether the lack of clinical antidepressant re-
sponses in the elderly across TMS studies is due to non-
adjusted prefrontal intensities.55

With small samples and unequal initial distribution,
we failed to show differences between the active and
placebo groups in how their rCBF changed across time.

Limitations of the Present Study
Several limitations of the current study are important in
interpreting the results. The experimental design was
conducted in a depressed cohort. It is not clear whether
one can extrapolate these findings to nondepressed sub-
jects. Furthermore, the second SPECT scan took place
during the 5th rTMS session. Thus, any change from
baseline could represent specific responses related to the
underlying illness and its response course or to effects
of the previous four treatments, or to the effects of the
previous 18 minutes of TMS. The intracerebral locali-
zation of Tc-99m bicasate requires up to 60 seconds for
regional perfusion and deesterification of the parent
compound. Maximizing the on/off ratio of rTMS to co-
incide with radiotracer settlement in brain tissue does
not guarantee the “during-stimulation” design. That is,
the actual scan represents an average of brain activity
over several minutes, some of which was during stimu-
lation and some of which was during rest between
stimulations. Recent studies with fMRI show that locally
and remotely, blood flow during TMS changes from rest
to stimulation with only a standard 3-second lag.56,57

Additionally, the differences seen in fast versus slow
TMS at the site of stimulation could be the result of the
prior 18 minutes (since it is the same parameters during
the last 2 minutes), or the additive effect of five sessions
from the start of treatment. The exact amount of time
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represented by the image is also unclear, varying be-
tween 30 and 180 seconds. Furthermore, perfusion
SPECT can yield information only about brain changes
relative to other brain regions, not about absolute brain
activity.
The study also suffers from a small sample size and a

heterogeneous group of depressed subjects (3 on con-
comitant mood stabilizers), which could influence the
results. Our small numbers limit the interpretation of
the results found by comparing the frequency of rTMS
and relative blood flow, but they hint at differences. Fi-
nally, the relationship observed between the distance
from TMS coil to cortex and local brain activity waswith
both frequencies combined, even though both were
equally distributed. This does not allow one to address
the contribution of each frequency to such correlation.

Findings From Other Research
There have been other imaging studies examining the
effect of rTMS on prefrontal cortex activity. Using an
FDG PET split-dose design, Kimbrell et al.27 found that
slow (1 Hz) rTMS over 20 minutes compared with a
baseline or sham condition was associated with global
reductions in glucose metabolism. Further, there were
localized relative reductions in activity in the left dor-
solateral prefrontal cortex (the TMS site), and connected
regions such as the caudate, the orbitofrontal cortex bi-
laterally, and the cerebellum. Our group at MUSC re-
cently used perfusion SPECT in 8 healthy adults58 to
image cerebral blood flow during fast (20 Hz) left
DLPFC rTMS, following the same modification in
stimulation parameters as in the present study. Com-
pared with a control scan with sham TMS, George et al.
reported relative decreases in the right prefrontal cortex,
anterior cingulate and bilateral anterior temporal corti-
ces. rTMS produced relative increases in blood flow in
the orbitofrontal cortex (L�R), hypothalamus, brain-
stem, and cerebellum. Contrary to the pre-study hy-
pothesis, there was no increase in rCBF at the coil site
compared with baseline. Recently, Loo et al.59 presented
pilot work detailing the effect of 3 minutes of 15-Hz left
prefrontal rTMS in 5 depressed subjects and found in-
creased activity in the prefrontal cortex (L�R) and an-
terior left temporal lobe compared to a control scanwith
sham TMS. Recently, a PET study40 showed that in a

depressed heterogeneous group, 20 Hz rTMS increased
the global absolute cerebral blood flow, whereas 1 Hz
TMS decreased blood flow and therefore cerebral activ-
ity. And as mentioned above, in an analysis of different
scans of the same cohort as in the present study (before
and after the 2 weeks of treatment), Teneback et al.41

reported the effect of 2 weeks of left prefrontal rTMS in
a depressed cohort and found greater differences in in-
ferior frontal blood flow in responders compared with
nonresponders, and negative correlations between de-
pression severity and limbic and prefrontal blood flow,
initially found at baseline, disappeared. At MUSC, we
have recently performed 1 Hz prefrontal TMS inter-
leaved with functional magnetic resonance imaging
(fMRI) in healthy controls. This method suggests a local
increase in blood-oxygen-level-dependent (BOLD) sig-
nal underneath the coil following 20 seconds of stimu-
lation, as well as increases in distant regions that is bi-
lateral and dose dependent.57

Potential for Research
Examination of the regional brain activity changes pro-
duced by prefrontal rTMS offers the potential for un-
derstanding TMS regional neuroanatomic mechanisms
of action, although clearly much more work is needed
both in conjunction with antidepressant trials and in
healthy subjects. Perfusion SPECT has many relative
disadvantages (poor temporal and spatial resolution; in-
volves radiation) but can address some hypotheses
about TMS brain effects. With SPECT, one can inject the
radiotracer virtually anywhere, and later transport the
subject to the actual scanner. Thus there is no concern
about whether the TMS coil produces artifacts in the
scan—a concern in interleaved PET and MRI TMS stud-
ies. More research into the regional brain effects of TMS
will likely also provide information about the antide-
pressant effect of TMS compared with other antidepres-
sant treatments such as antidepressant medications and
electroconvulsive therapy.60,61

This work received support from DuPont Pharma (grant in
kind for the SPECT tracer), Young Investigator and Indepen-
dent Investigator Awards (Dr. George), The NationalAlliance
for Research in Schizophrenia and Depression, and The Stan-
ley Foundation (Dr. George).
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