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Background: Recent studies suggest that both high frequency (10 –20 Hz) and low frequency (1 Hz) repetitive
transcranial magnetic stimulation (rTMS) have an antidepressant effect in some individuals. Electrophysiologic
data indicate that high frequency rTMS enhances neuronal firing efficacy and that low frequency rTMS has the
opposite effect.
Methods: We investigated the antidepressant effects of 10
daily left prefrontal 1 Hz versus 20 Hz rTMS with the
hypothesis that within a given subject, antidepressant
response would differ by frequency and vary as a function
of baseline cerebral glucose metabolism. After baseline
PET scans utilizing [18F]-Fluorodeoxyglucose, thirteen
subjects participated in a randomized crossover trial of 2
weeks of 20 Hz paired with 2 weeks 1 Hz or placebo rTMS.
Results: We found a negative correlation between degree
of antidepressant response after 1 Hz compared to 20 Hz
rTMS (r ⫽ ⫺0.797, p ⬍ .004). Additionally, better
response to 20 Hz was associated with the degree of
baseline hypometabolism, whereas response to 1 Hz rTMS
tended to be associated with baseline hypermetabolism.
Conclusions: These preliminary results suggest that antidepressant response to rTMS might vary as a function of
stimulation frequency and may depend on pretreatment
cerebral metabolism. Further studies combining rTMS
and functional neuroimaging are needed. Biol Psychiatry 1999;46:1603–1613 © 1999 Society of Biological
Psychiatry
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Introduction

R

epetitive transcranial magnetic stimulation (rTMS) is
a procedure in which regional electrical activity in the
brain is influenced by a pulsed magnetic field. The
magnetic field is generated by passing current pulses
through a conducting coil placed on the scalp. The rapidly
changing magnetic field produces electrical currents
thereby activating neurons (Barker et al 1985, 1986,
1987). rTMS has generated interest as a probe and
potential treatment in several neuropsychiatric disorders
(Belmaker and Fleischmann 1995; George 1997; George
et al 1996a). Early reports of TMS’s effect in depressed
patients used low frequency (0.3–1 Hz) stimuli over the
cranial vertex that stimulates various regions (Höflich et al
1993; Kölbinger et al 1995). Subsequent open (George et
al 1995) and randomized sham-controlled studies using
high frequency stimuli (10 –20 Hz) rTMS over the left
prefrontal cortex (George et al 1997b; Pascual-Leone et al
1996a) have shown promising antidepressant effects. Additionally, Klein and colleagues recently reported that 1
Hz rTMS of the right prefrontal cortex has short-term
antidepressant efficacy in a large, sham-controlled trial
(Klein et al 1999).
Although the mechanisms of these behavioral effects
are the subject of speculation (Post et al 1997a, 1997b;
Weiss et al 1997a, 1997b), studies of the effects of rTMS
on the primary motor area (M1) and the corticospinal
system have generated findings that may bear on this
question. Experiments examining the size and threshold of
motor evoked potentials (MEPs) to TMS test pulses before
and after rTMS treatments suggest that the frequency of
0006-3223/99/$20.00
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rTMS can influence corticospinal system excitability for
as long as several minutes. Low frequency (1 Hz) stimulation decreases the amplitude of MEPs, indicating decreased excitability (Chen et al 1997; Wassermann et al
1996), whereas treatment with higher frequencies, e.g., 10
Hz (Pascual-Leone et al 1994a) or 5 Hz (Berardelli et al
1998) seems to have the opposite effect, increasing MEP
amplitude and lowering MEP threshold. It has been
speculated that these changes are analogous to some extent
to the differential effects of frequency of stimulation in
vitro and in vivo respectively, where long-term synaptic
depression (LTD) is associated with low frequency stimulation, while long-term potentiation (LTP) and kindling
are associated with higher frequency stimulation (Goddard
et al 1969; Malenka 1994; Malenka and Nicoll 1997; Post
et al 1997a, 1997b; Weiss et al 1997a).
Recently, investigators have begun to use functional
neuroimaging in conjunction with rTMS to explore its
effects (Paus et al 1997; Wassermann et al 1998). These
studies have indicated that rTMS is able to produce
activation, not only at the site stimulated, but also in a
network of interconnected areas, likely by means of
transsynaptic spread. Paus and colleagues (1997) stimulated the frontal eye fields with 10 Hz stimulation and
reported increased cerebral blood flow (CBF) at the site of
stimulation and in visual association cortex. We have
recently found that 1 Hz left prefrontal rTMS significantly
decreases global CMRglu in healthy controls compared to
another group receiving sham condition (T.A. Kimbrell et
al, unpublished data, 1999). These studies suggest that
high frequency rTMS enhances cortical excitability and
low frequency rTMS inhibits cortical excitability as measured by PET, although other studies that have combined
rTMS and neuroimaging do not support this hypothesis
(Fox et al 1997; Paus et al 1998).
Functional neuroimaging studies in depression have
most consistently reported decreased rCBF and rCMRglu
in prefrontal, temporal, basal ganglia and anterior cingulate regions in patients as compared to healthy controls
(Baxter et al 1989; Bench et al 1995; Drevets et al 1997;
George et al 1996b; Ketter et al 1996, 1997; Post et al
1987). It has been postulated that high frequency rTMS
could activate these hypofunctional areas as a possible
mechanism of its antidepressant effect. This has been
preliminarily observed in individual cases in depression
where successful treatment with 20 Hz rTMS was associated with reversal of prefrontal hypometabolism and
hypoperfusion (George et al 1995; Speer et al 1999).
Mood disorder patients, however, are heterogeneous
in their presentation and likely also in pathophysiology.
There are reports of increased cerebral activity as
measured by PET in: familial pure depressive disorder
(Drevets et al 1992); bipolar II patients with summer

seasonal affective disorder (Goyer et al 1992); bipolar I
depression (Ketter et al 1994); and depressed patients
responsive to sleep deprivation (Ebert et al 1991; Wu et
al 1992), carbamazepine (Ketter et al 1996), and fluoxetine (Mayberg et al 1997). We have recently reported
one Hz right prefrontal rTMS was associated with
attenuation of frontal hypermetabolism and improvement in symptoms in two depressed patients with
comorbid PTSD (McCann et al 1998). Together, this
series of theoretical and empirical observations led us to
explore the possible differential effects of 1 Hz versus
20 Hz stimulation of left frontal cortex at 80% of motor
threshold in depressed patients.
Clinical studies done to date, electrophysiological studies, and some neuroimaging evidence thus suggest that
high and low frequency rTMS may have differential
effects in depression. Therefore, we decided to test the
hypothesis that response to 20 Hz rTMS would be associated with a pattern of baseline cerebral hypometabolism
and response to 1 Hz rTMS with baseline cerebral hypermetabolism.

Methods and Materials
Subjects
Thirteen subjects diagnosed by SCID interview and meeting
DSM-IV criteria for major depression were enrolled in the
study: 9 medication free unipolar patients; 1 bipolar II patient
(on lithium); and 3 bipolar I patients (one on lithium and
carbamazepine, one on lithium and lamotrigine, and one
medication free). Patients gave oral and written consent for
the procedures involved that were approved by the NIMH
Intramural Review Board and the NIH. Bipolar patients who
had relapsed during their ongoing mood stabilizer treatment
with a major depressive episode were allowed to remain on
these medications to prevent a possible manic exacerbation.
Four patients were randomized to a 20 Hz/1 Hz order and five
to a 1 Hz/20 Hz order. Three subjects were randomized to
sham stimulation and then received active 20 Hz rTMS. One
subject received sham treatment for 2 weeks followed by 20
Hz treatment for 2 weeks, and then 1 Hz for 2 weeks. This
subject was included in the analysis as receiving high then low
stimulation. Thirteen subjects thus received 10 days of 20 Hz
rTMS treatment given as 20 trains of 20 Hz stimuli for 2 sec
with 1 min intertrain intervals (800 stimuli per treatment) at
80% of motor threshold. Nine of these subjects also received
1 Hz rTMS for 20 min per day (800 stimuli per session) for 10
days. One subject, who was randomized first to 1 Hz rTMS,
received only 4 treatments secondary to distinct clinical
worsening. Table 1 summarizes subject demographics. Clinical response was measured by weekly Hamilton Depression
scales (Hamilton 1960) administered by clinicians blinded to
treatment phase and weekly Beck Depression Inventory (BDI)
(Beck et al 1961) ratings.
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Table 1. Demographics and Hamilton Depression Scores of 13 Patients Receiving rTMS Treatment
20 Hz Treatment

Patient
1
2
3
4a
5
6a
7
8
9
10
11
12
13
Mean
(Standard Deviation)

Gender Age
F
F
F
M
F
F
M
F
M
M
F
M
M

52
65
25
32
46
29
46
50
20
56
38
65
28

Dx

Order of
Treatment

UP
UP
UP
BP I
UP
UP
BP I
UP
UP
BP I
UP
UP
BP II

1 Hz/20 Hz
1 Hz/20 Hz
1 Hz/20 Hz
1 Hz/20 Hz
1 Hz/20 Hz
20 Hz/1 Hz
20 Hz/1 Hz
20 Hz/1 Hz
20 Hz/1 Hz
20 Hz/1 Hz
Sham/20 Hz
Sham/20 Hz
Sham/20 Hz

20 Hz
20 Hz
Entry
Week 2
Hamilton Hamilton
24
25
24
14
49
14
30
26
25
30
35
15
24
25.77
9.42

24
23
36
41
32
19
28
25
25
41
18
17
21
26.92
8.23

20 Hz
Delta
0
⫺2
12
27
⫺17
5
⫺2
⫺1
0
11
⫺17
2
⫺3
1.15
11.55

1 Hz Treatment

Sham Treatment

1 Hz
1 Hz
Sham
Sham
Entry
Week 2 1 Hz
Entry
Week 2 Sham
Hamilton Hamilton Delta Hamilton Hamilton Delta
33
32
23
41
43
19
28
25
25
41

31.00
8.42

24
25
24
14
49
15
26
19
22
30

24.80
9.83

⫺9
⫺7
1
⫺27
6
⫺4
⫺2
⫺6
⫺3
⫺11

⫺6.20
8.80

32
19
22
24.33
6.81

35
15
24
24.67
10.02

3
⫺4
2
0.33
3.79

a

FDG baseline scan not obtained.

Magnetic Stimulation
Magnetic stimulation was performed using a Cadwell High
Speed Magnetic Stimulator and a figure eight–shaped watercooled coil (Cadwell, Inc., Kennewick, WA) mounted on a
swivel arm to minimize physician-patient interaction. Each
subject’s MEP threshold for the right abductor pollicus brevis
(APB) muscle was determined with the stimulating coil placed
over the left M1 using surface electromyography. The optimal
position on the scalp for producing MEPs is known to overlie the
central sulcus (Wasserman et al 1996). The MEP threshold was
defined as the lowest stimulation intensity required to evoke at
least 5 MEPs of ⬎50 uV peak to peak amplitude in at least 5 of
10 consecutive trials. Each subject then received stimulation over
left prefrontal cortex at 80% of this intensity for the remainder of
the study.
The left prefrontal stimulation site was defined as the region 5
cm rostral in the same sagittal plane as the optimal site for MEP
production in the right ABP. This means of locating the dorsolateral prefrontal cortex has been used in rTMS studies of
depression (George et al 1997b; Pascual-Leone et al 1996a),
obsessive compulsive disorder (Greenberg et al 1997) and motor
learning (Pascual-Leone et al 1996b).
For the sham condition, the coil was placed at a 45° angle with
respect to the head, but the plastic shell remained in contact with
the scalp. With the coil held in this orientation over the M1, TMS
does not produce MEPs, but does produce sensations due to
stimulation of scalp nerves and muscles and has been used as a
sham in previous studies (George et al 1997b; Wassermann et al
1998).

PET Procedure and Analysis
Before the first rTMS treatment (1 to 3 weeks), [18F]-Fluorodeoxyglucose (FDG) PET scans were obtained on 11 subjects (9
medication free for 2 weeks, 1 on lithium, 1 on lithium and

carbamazepine). After an overnight fast, a catheter was inserted
into the left radial artery under local anesthesia for arterial blood
sampling and another catheter inserted into a right antecubital
vein for infusion of FDG. Five mCi of FDG were infused over 1
min followed by a 30 min uptake period. The subjects’ eyes were
patched, ambient noise and light were minimized, and subjects
performed an auditory continuous performance task to reduce
variability in attention (Cohen et al 1988). Head movement was
restricted with individually molded thermoplastic masks.
All studies were performed with a Scanditronix (Uppsala,
Sweden) PC22048-7B scanner with an in-plane resolution of 5.2
mm FWHM, interslice interval of 13.5 mm and an axial
resolution of 10 mm FWHM. Four interleaved emission scans of
7 slices each were acquired after the 30 min uptake period,
yielding 28 interleaved slices parallel to the canthomeatal line.
Attenuation correction was calculated from transmission scans
obtained before FDG infusion using a 68GE/68GA pin. Raw pixel
values were converted to glucose metabolic rates in mg of
glucose per 100 g of tissue per minute using a modification of the
Sokoloff operational equation (Brooks 1982; Huang et al 1980;
Sokoloff et al 1977). These 28-slice scans were then inspected
for quality, interpolated to 43 slices, roll-yaw corrected, reoriented along the intercommissural plane (Friston et al 1989),
smoothed with Gaussian filters (10 mm in-plane and 6 mm
axially), and then nonlinearly-warped (Friston et al 1991a) to
yield stereotactically normalized images corresponding to the human brain atlas of Talairach (Talairach et al 1988). For grey-matter
determination, the background noise threshold (above which a voxel
is presumed to be in-brain) was set at one-eighth of the mean of
the entire image space, and whole-brain mean was calculated
using only these suprathreshold voxels. Voxels exceeding 70%
of the whole-brain mean were assumed to be in grey matter.
To examine associations of baseline metabolic abnormalities
with response to rTMS at different frequencies, images were
produced of each patient’s deviation from his or her expected
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regional glucose metabolism (rCMRglu) for the appropriate age
and gender. These were generated by subtracting from each
patient’s scan that of an idealized control (Ketter et al 1995;
Willis et al 1997) comprised in each voxel of the value predicted
at the patient’s age by a linear age regression of rCMRglu in
either 28 healthy women or 38 healthy men, whose FDG scans
were warped into the same space as the patients’ using the
method described above. The resulting difference images were
maintained in a format that preserved both hypometabolic
(negative) and hypermetabolic (positive) deviations from normal.
Measures of global metabolic deviation from ideal (for correlation with change in HamD scores) were calculated by taking the
mean of these difference images over the entire grey matter
region in the brain. For the regional analyses, the difference
images were correlated voxel-wise in SPM95 (Friston et al
1991b) with the changes in HAMD, producing a regional Z-map
corresponding to raw probabilities of a Pearson correlation
coefficient of zero.
To correct for multiple comparisons, these Z-maps were then
submitted to cluster analysis (Friston et al 1994) with a Zthreshold of 1.96 (two-tailed p ⫽ .05) and a cluster probability of
⬍.05. Cluster analysis considers the smoothness of the Z-map,
arising from low-pass filtering of the input images as well as
inherent spatial autocorrelation in the underlying brain function,
in determining the effective independence of the multiple correlations analyzed in the total brain volume. For purposes of
depicting the topography of the associations, raw p-values were
then displayed for all voxels falling within clusters deemed
significant by this analysis. The atlas of Talairach and Tournoux
(1988) was used to identify the brain regions where metabolic
deviation from normal was associated with response.
As a means to discern frequency-dependent divergences in the
relationships of baseline metabolic deviations from normal to
eventual clinical response, the correlations for the 1 Hz (n ⫽ 8)
and 20 Hz (n ⫽ 11) trials were compared at both a global and
regional level. The r-values in these analyses were compared
using their Fisher’s Z transforms to determine where the associations differed significantly (Howell 1992 and NIMH-developed
software for the regional maps). The regional comparison of
correlation coefficients between frequencies was submitted to the
cluster analysis technique described above to correct for multiple
comparisons.

Results
Clinical Response
Individual patients showed differential responsivity to 1
Hz versus 20 Hz rTMS as evidenced by a significant
negative correlation (r ⫽ ⫺0.797, p ⬍ .004) between
change in HAMD scores after treatment with each of the
two frequencies (Figure 1) . The most robust responders to
one frequency tended to deteriorate during treatment with
the other frequency. On average, the degree of improvement in HAMD tended to be greater (t ⫽ 2.23, p ⬍ .053)
after 1 Hz treatment (⫺6.2 points) than after 20 Hz
treatment (⫹1.2 points).

T.A. Kimbrell et al

Figure 1. Individual patients showed highly different degrees
and direction of clinical change after 2 weeks of rTMS stimulation with 1 Hz (ordinate) compared to 20 Hz (abscissa).

The data were analyzed for order effect using a repeated
measures ANOVA on change in BDI and HAMD scores.
A significant interaction was found for the BDI (F ⫽ 6.01,
p ⬍ .01): mean BDI scores in the 4 patients receiving 1 Hz
first decreased 11 points after 1 Hz treatment, and worsened 12.3 points after 2 weeks of 20 Hz treatment. In the
5 patients receiving 20 Hz first, mean BDI decreased 2.4
points after 20 Hz treatment and increased 1.2 points with
1 Hz treatment. This order by frequency interaction did not
reach significance on the HAMD measure (F ⫽ .904 p ⫽
.43). In addition, in the 3 subjects who received the 2
weeks of sham rTMS first and 20 Hz next, the BDI
decreased by 0.3 points and the HAMD increased by 0.3
points after sham treatment, suggesting a lack of major
placebo effect in the first 2 weeks of the study. After active
20 Hz treatment, BDI decreased by 1.7 points and HAMD
decreased by 6 points in these three patients (NS).
A 32-year-old BP I with refractory depression in the
context of rapid cycling illness who had the largest
change in HAMD and BDI with any treatment phase
illustrates the magnitude and consistency of the differential response to rTMS as a function of frequency. The
patient responded to 2 weeks of 1 Hz rTMS as measured
by a HAMD decrease of 27 points (41 to 14), worsened
after crossover to 2 weeks of 20 Hz rTMS with HAMD
increasing 27 points (14 to 41), and reresponded in a
response confirmation phase of 2 additional weeks of 1
Hz treatment with HAMD again decreasing 27 points.
This B-A1-A2-A1 design (B ⫽ baseline, A1 ⫽ 1 Hz
rTMS, A2 ⫽ 20 Hz rTMS) with renewed response in the
second 1 Hz phase, also helps to reconfirm the response
to 1 Hz stimulation. This patient did not have a baseline
PET scan before study entry, so that the relationship of
his selective response to 1 Hz rTMS to regional metabolism could not be assessed.
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Association of Cerebral Metabolism and Response
to rTMS
In the 11 patients with PET scans, the differential effect of
frequency on change in HAMD scores after rTMS correlated with baseline CMRglu measures corrected for age
and gender. Change in HAMD scores after 2 weeks of 20
Hz treatment correlated significantly with baseline global
metabolism, (r ⫽ .567, p ⫽ .03). Thus, better response to
20 Hz rTMS was associated with greater baseline global
hypometabolism. (Figure 2) . Conversely, for 1 Hz treatment, response tended to be associated with global hypermetabolism at baseline although this did not reach statistical significance (r ⫽ ⫺.364, p ⫽ .17); however, these
opposing relationships were significantly different in a
direct comparison of the respective correlation coefficients
(p ⫽ .03). Global hypometabolism at baseline was thus
associated with improvement with 20 Hz rTMS, whereas
the opposite was observed with 1 Hz rTMS treatment,
where response tended to be related to baseline hypometabolism (Figure 2).
Figure 3 shows discrete brain regions where baseline
metabolism correlated with change in HAMD after 2
weeks of 20 Hz treatment (top, n ⫽ 11) and after 2 weeks
of 1 Hz treatment (bottom, n ⫽ 8). Improvement in
HAMD scores after 20 Hz rTMS correlated with a pattern
of baseline, pretreatment hypometabolism in cerebellar,
bilateral temporal, occipital and anterior cingulate regions
(Figure 3, top). No significant clusters of correlation were
found between metabolism and changes in HAMD after 1
Hz rTMS (Figure 3, bottom); however, in a regional map
of significantly different correlation coefficients between
degree of change on each treatment and baseline metabolism (Figure 4) , all of the regions noted above in the 20 Hz
analysis show opposite relationships of basal metabolism
and improvement with 1 Hz rTMS. Additionally, a region
in the right prefrontal cortex related to differential outcome, such that low metabolism there was associated with
subsequent response to 20 Hz, whereas high basal metabolism was associated with 1 Hz response in this region.
Figure 5 illustrates the only patient for whom we have
FDG PET scan before study entry (top) and after clinical
improvement (bottom) on 20 Hz rTMS. This 46-year-old
with refractory unipolar depression patient showed widespread areas of profound hypometabolism on baseline
PET compared to age and gender matched controls (Willis
et al 1997). The patient was randomized initially to 1 Hz
rTMS, but this phase was aborted after 4 treatments
secondary to distinct clinical worsening of mood and
increasing suicidality (here the 1 Hz Hamilton rating in
Figure 1 represents the last observation carried forward).
The patient subsequently showed moderate improvement
after 2 weeks of 20 Hz rTMS and sustained this partial
response for 6 further weeks in the rTMS confirmation

Figure 2. Differential relationships of response to low versus
high frequency rTMS and cerebral metabolism. 1 Hz rTMS
response (A) was inversely correlated with metabolism, whereas
20 Hz response (B) correlated positively (i.e., improvement was
associated with baseline hypometabolism: p ⫽ .03) A Fischer’s-Z comparison of these correlation coefficients showed the
relationships to be significantly different (p ⫽ .03).

phase before she was switched to pharmacotherapy. This
response to 20 Hz was associated with substantial attenuation of the many areas of hypometabolism observed at
baseline (Figure 5, right side).

Discussion
These results preliminarily suggest that there is a differential antidepressant response within individuals to 2
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Figure 3. Reduced baseline cerebral metabolism in cerebellar, temporal, anterior cingulate and occipital regions of the brain (after
cluster analysis and age and gender correction) was correlated with improvement in the HAMD after 2 weeks of 20 Hz rTMS (top).
No significant clusters of correlation were found between metabolism and changes in HAMD after 1 Hz rTMS.

weeks of daily either 1 Hz or 20 Hz left prefrontal rTMS
at 80% of motor threshold, and that response is associated
with differential baseline cerebral CMRglu. That 1 Hz
rTMS in this study tended to improve depression symptoms as measured by the HAMD, is in part consistent with
reports that low frequency TMS improved mood (Höflich
et al 1993; Kölbinger 1995). Although the parameter of
frequency of rTMS stimulation has varied across studies
of the clinical utility rTMS in depression, this is the first
report that divergent or opposite clinical responses within
the same individual vary as a function of low (1 Hz) versus
higher (20 Hz) frequencies.
This finding is supported by preclinical studies that
have found differential effects on neuronal excitability
with low versus high frequency electrical stimulation (Post
et al 1997a, 1997b; Weiss et al 1995). In vitro electrical
stimulation studies of hippocampal (Malenka 1994;
Malenka and Nicoll 1997) or amygdala (Li et al 1998)

slice preparation have demonstrated that low frequency
stimulation induces long-term depression (LTD) under
some conditions, whereas acute high frequency stimulation induces long-term potentiation (LTP). Importantly,
procedures inducing LTD can reverse the effect of LTP,
and vice versa (Li et al 1998; O’Dell and Kandel 1994).
A current working hypothesis is that high frequency
rTMS, analogous to LTP, enhances synaptic efficacy and low
frequency rTMS, analogous to LTD, reduces synaptic efficacy. The ability of high frequency to increase rCBF (Paus et
al 1997) and low frequency rTMS to inhibit global and
regional rCMRglu (T.A. Kimbrell et al, unpublished data,
1999) in healthy controls supports this hypothesis, although
other studies combining rTMS and neuroimaging are not
supportive (Bohning et al 1997; Fox et al 1997). This
suggestion remains to be more systematically investigated
in further studies and in a larger number of subjects.
An additional caveat is that the net effect on neural
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Figure 4. Efficacy for the two frequencies of rTMS treatment had significantly different relationships to baseline age- and
gender-corrected cerebral glucose metabolism in widespread cortical and subcortical areas. A direct comparison of the regional r-value
maps in Figure 3 (using Fisher’s Z transforms) recapitulates the areas in the 20 Hz finding. Additionally, a right frontal region emerges
with divergent polarity in the metabolic prediction of response.

excitability and direction of neuroplastic changes to low
frequency stimulation may depend on the prior history of
cell firing. The LTD effect of low frequency stimulation
requires prior conditioning with high frequency stimulation in the amygdala slice preparation (Li et al 1998) and
brainstem (Grasi et al 1996). Both investigative groups
have found that low frequency stimulation produces LTP
when applied to naive cells, but instead LTD results if
cells are first exposed to high frequency stimulation
followed by the same 1 Hz frequency for 15 min. These
studies suggest a history-dependent meta-plasticity, with
long-term potentiation or depression of synaptic efficacy
in response to low frequency chronic stimulation (1 Hz for
15 min) dependent on baseline neural excitability. To the
extent that basal metabolism as measured by PET in part
reflects the initial set point in functionally and topographically connected neural pathways, the preliminary evi-

dence of an association in this study of a frequencydependent response to rTMS as a function of baseline
metabolism is consistent with such a formulation.
In addition to the individual case presented in Figure 5
that illustrates how clinical response might be associated
with normalization of rCMRglu topography, other reports
support the hypothesis that response to high frequency
rTMS is accompanied by increased neuronal excitability
as measured with functional neuroimaging. George et al
(1995) and Speer et al (1999) have reported normalization
of baseline hypometabolism or hypoperfusion in two
individuals after response to 20 Hz rTMS. McCann et al
(1998) observed attenuation of hypermetabolism and clinical improvement after chronic 1 Hz right prefrontal cortex
rTMS in 2 depressed patients with comorbid PTSD. The
preliminary association of hypometabolism with response
to 20 Hz and hypermetabolism with response to 1 Hz

1610

BIOL PSYCHIATRY
1999;46:1603–1613

T.A. Kimbrell et al

Figure 5. A single case study illustrating marked hypometabolism at baseline (top), and the normalization of this pattern after response
to 20 Hz rTMS (bottom). Both scans are in comparison to a group of age and gender matched healthy controls.

rTMS are conceptually parallel to the findings of Ketter
and associates (1996) of a differential responsivity to the
mood stabilizers carbamazepine and nimodipine in depressed patients with baseline hyper- and hypometabolism, respectively.
High frequency rTMS (10 –20 Hz) in depressed patients
has been most intensely studied and has generated the
most interest to date. In an open trial and later in a
sham-controlled 2 week crossover study (George et al
1995, 1997b), stimulation using the same settings as this
study—i.e., 20 trains of stimuli at 20 Hz for 2 sec with 1
min train intervals (800 stimuli/day) for 10 days at 80% of
motor threshold over left frontal cortex— had modest
antidepressant effects. The most robust response with high
frequency rTMS under sham-controlled and crossover
conditions used 20 trains of stimuli at 10 Hz for 10
seconds with 1 min train intervals (2000 stimuli/day) for 5
days at 90% of motor threshold over left, but not right
frontal cortex (Pascual-Leone et al 1996a).
Lack of overall response to 20 Hz in the current study
could be related to a variety of factors, including small
sample size, relative low intensity of stimulation, different
patient subgroups, different diagnostic subtypes, and possible differences in baseline metabolism. A larger number

of bipolar patients (4 bipolar patients) were included here
than the study of George et al (1997b) (2 bipolar patients)
and Pascual-Leone et al (1996a) (0 bipolar patients) and
some bipolar patients show increased prefrontal rCMRglu
(Ketter et al 1996). The effect of prior rTMS treatment
may be another factor. The effect of treatment order on the
BDI outcome measure also suggests the possibility that
changing frequency after 2 weeks may be interrupting a
possible therapeutic process or be directly counterproductive i.e., 1 Hz rTMS may be inhibiting neuronal excitability in a hyperfunctional circuit or network and crossover to
20 Hz stimulation proceeds to reverse the 1 Hz inhibitory
effect and then exacerbate the underlying pathology or
vice versa.
A limitation of this study is not examining CMRglu
after each rTMS phase that would help examine this
important question. Speer and colleagues (1999) have
reported cerebral blood flow changes at baseline and after
each phase that are consistent with this hypothesis. Additionally, the 3 patients who received the sham/active 20 Hz
order of treatment had an average 6 point decrease in
HAMD score after active 20 Hz rTMS, suggesting that a
larger sample with 20 Hz treatment without a preceding 1
Hz rTMS phase might show a significant response. This

rTMS Antidepressant Response as a Function of Metabolism

possibility requires a larger sample for verification. The
lack of response to sham or to 20 Hz rTMS in the whole
group, especially when it was applied first, suggests that a
placebo effect is not accounting for the observed effects in
this study.
Although this study found a differential antidepressant
response within individuals as a function of the frequency
of rTMS stimulation over left prefrontal cortex, the link of
frequency driven response to baseline cerebral metabolism
must be considered preliminary because of the small
sample size; however, a recent study of Speer et al (1999)
had replicated this opposite effect of high and low frequency on mood across individuals. The optimal stimulus
parameters of rTMS have not yet been identified and
further examination of them is desirable. The current study
does point to the frequency of simulation as one important
variable and one that could be preliminarily linked to
baseline neural functioning as assessed by brain imaging
measures. Should such observations ultimately prove to be
reliable, it may be possible to use baseline measures of
cerebral activity as assessed by functional brain imaging to
choose optimize stimulus parameters and locations of
rTMS in individuals to maximize antidepressant response.

Special acknowledgment is given to Ted and Veda Stanley of the Stanley
Foundation for the supporting the salaries of TAK, JTL, ALD, and
MWM.
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