Repetitive transcranial magnetic stimulation
(rTMS) has antidepressant effects in patients with
major depressive disorder. The mechanisms of ac-
tion and optimal stimulation parameters remain
unclear. To test the hypothesis that rTMS exerts
antidepressant effects either by enhancing left dor-
solateral prefrontal cortex (DLPFC) excitability or
by decreasing right DLPFC excitability, the au-
thors studied 45 patients with unipolar recurrent
major depressive disorder in a double-blind, ran-
domized, parallel group, sham-controlled trial. Pa-
tients were randomized to receive 1 Hz or 10 Hz
rTMS to the left DLPFC, 1 Hz to the right
DLPFC or sham TMS. Left 10 Hz and right 1 Hz
rTMS showed similar significant antidepressant
effects. Other parameters led to no significant
antidepressant effects.

(The Journal of Neuropsychiatry and Clinical
Neurosciences 2007; 19:179-186)
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Transcranial magnetic stimulation is a noninvasive
treatment and investigative modality that uses elec-
tromagnetic induction to induce current in focal areas
of the brain. A brief pulse of current flowing through a
coil of copper wire held over the subject’s head gener-
ates a time-varying magnetic field which is able to pen-
etrate the skull and induce secondary currents in the
subject’s brain. These currents depolarize neurons and
affect brain activity. Transcranial magnetic stimulation
(TMS) is painless and few side-effects are known.'
Repetitive TMS (rTMS) to a cortical area is capable of
enhancing or decreasing cortical excitability of that area
beyond the duration of the TMS train. Studies on the
motor cortex have revealed that 1 Hz of stimulation has
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a largely suppressive effect while frequencies of 10 Hz
or greater are largely excitatory.”?

These opposite effects of high and low frequency
rTMS have been confirmed using single photon emis-
sion computed tomography (SPECT) and positron emis-
sion tomography (PET) functional imaging techniques
in studies using rTMS to target the prefrontal cortex in
patients with depression.*”

Patients with major depressive disorder often have
low levels of activity in the left prefrontal cortex.”™"
Various studies have reported antidepressant effects of
high frequency (=10 Hz) rTMS to the left dorsolateral
prefrontal cortex (DLPFC)."*'® Other studies have
found antidepressant effects using low frequency (=1
Hz) rTMS,"” which might be expected to decrease cor-
tical excitability, applied to the right DLPFC.

Despite the growing body of evidence that rTMS can
have antidepressant effects, there remains some confu-
sion as to the most beneficial stimulation site and pa-
rameters. Fitzgerald et al.'® have suggested that both
high frequency left-sided DLPFC and low frequency
right-sided DLPFC stimulation have equivalent antide-
pressant effects, while other permutations are less help-
ful. In the present study, we set up to test this hypothesis
further and provide confirming evidence supporting the
conclusions of Fitzgerald et al.

METHOD

The study was a parallel group, sham-controlled, dou-
ble-blind trial. Forty-five patients with unipolar major
depressive disorder (SCID and DSM-IV) were random-
ized to four groups.

Group 1. High frequency left-sided DLPFC rTMS
(N=10)

Group 2. Low frequency left-sided DLPFC rTMS
(N=10)

Group 3. Low frequency right-sided DLPFC rTMS
(N=10)

Group 4. Sham r'TMS (N =15)

Group 4. (Sham rTMS) was subdivided into three fur-
ther groups corresponding to the sites of real stimula-
tion:

Group 4a. High frequency left-sided DLPFC sham
rTMS (N=5)

Group 4b. Low frequency left-sided DLPFC sham
rTMS (N=5)
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Group 4c. Low frequency right-sided DLPFC sham
rTMS (N=5)

High frequency right-sided DLPFC rTMS was not in-
cluded in this study, given the negative results of this
intervention in a previous study."

The patients in our study had all been referred for
ECT having failed an adequate course of antidepressant
medication.

The patient characteristics are summarized in Table 1.
The number of patients with a history of hospitalization,
ECT, or suicide attempts is relatively high compared
with the general population of patients with major de-
pressive disorder, suggesting that these patients are at
the sicker end of the spectrum.

All patients were right-handed (Oldfield question-
naire) and between the ages of 21 and 80. Patients were
interviewed by a psychiatrist who was able to consult
with their treating psychiatrist, and they met DSM-IV
criteria for a major depressive episode with a score =20
on the 2l-item Hamilton Depression Rating Scale
(HAM-D).

They had no psychotic features and no other Axis I
disorders. All patients were naive to TMS, and none had
participated in previous research studies on TMS and
depression. All patients were treated as outpatients. The
study was approved by the Institutional Review Board.
Written consent was obtained from all participants.
Patients then underwent a 14-day washout of all psy-
chotropic medication, and the reinstatement of this
medication was not permitted until the protocol was
completed. PRN Lorazepam (maximum of 2 mg per
day) was allowed during the first 7 days of washout.
Patients unable to tolerate the medication withdrawal
were excluded.

Exclusion criteria included a history of any psychotic
disorder, including schizophrenia or schizoaffective dis-
order; bipolar disorder; obsessive compulsive disorder;
personality disorder; substance abuse (except nicotine)
within past year; current acute or chronic medical con-
dition requiring treatment with psychoactive medica-
tion; a history of epilepsy or unprovoked seizures or
other neurological disorder; abnormal neurological ex-
amination; family history of medication-resistant epi-
lepsy; prior brain surgery; metal in the head; an im-
planted medical device; or pregnancy.

rTMS sessions were conducted at a laboratory staffed
by personnel certified in basic life support and trained
in the prompt recognition and treatment of seizures and
other medical emergencies. A physician was always
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present during the treatments. Emergency equipment
such as oxygen, IV access tools, and emergency medi-
cation was available.

We used a Dantec Magpro magnetic stimulator (Dan-
tec Medical Inc, Denmark) and a Magstim Super-Rapid
Magnetic Stimulator (Magstim Corporation, UK). Both
used an identical 8-shaped focal stimulation coil. These
machines were used randomly between patients, with
each patient receiving stimulation from only one ma-
chine. Treatment parameters were based on motor
threshold and were thus independent of any interma-
chine variability. Sham TMS was delivered by orienting
the coil perpendicularly to the patient’s scalp, while in
the treatment conditions the coil was held tangentially
to the scalp. During each treatment, the patient’s head
was held with a head support and coil position was
fixed using a coil holder.

Motor threshold was determined on the first day of
treatment in accordance with the recommendations of
the International Federation of Clinical Neurophysiol-
ogy.”

Surface EMG electrodes were used to record from the
belly of the right abductor pollucis brevis (APB) muscle.
Using suprathreshold stimulation, the stimulation site
producing the maximal EMG response was identified.
A descending staircase technique was used to determine
the threshold for APB activation. The threshold was de-
fined as the lowest stimulation intensity to produce
MEDPs of at least 50uV amplitude (peak to peak) in at
least five out of 10 trials.

As in previous studies," stimulation was applied to
an area 5 cm anterior of and in the same parasagittal
plane as the site producing the maximal EMG response
in the contralateral APB muscle. This is presumed to
have targeted the middle third of the frontal gyrus, ap-
proximately the border of Broca’s areas 46 and 9. Fitz-
gerald et al.'® used the same landmarks in their study.

The stimulation parameters for the different groups
are shown in Table 1.

In compliance with current safety guidelines,® pa-
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tients and TMS technicians wore earplugs to prevent
possible auditory threshold shifts. All sessions, includ-
ing sham, were conducted under continuous video
monitoring to allow for detailed evaluation of any un-
expected complication. Patients completed a side effect
checklist before and after each TMS application. The pa-
rameters for Group 1 (Table 1) were slightly above the
recommended safety guidelines, which recommend a
maximum intensity of 80% motor threshold. However,
our growing body of experience' suggests that these pa-
rameters are safe. Patients were made aware of the lim-
ited availability of safety data during the process of in-
formed consent.

A psychiatrist blinded to group assignment con-
ducted all assessments of patients” symptoms. He was
able to discuss the cases with the patients’ treating psy-
chiatrists but remained blinded to group assignment.
Patients were evaluated following the 14-day medica-
tion withdrawal period and weekly thereafter using the
21-item HAM-D.?! In accordance with many other stud-
ies on depression, a clinically significant response was
defined as a HAM-D reduction =50% relative to pre-
treatment baseline. Remission was defined as a HAM-
D score =10. All subjects had a baseline score of =20 on
the HAM-D (21 item); therefore all patients fulfilling the
criteria for remission also fulfilled the criteria for clinical
response.

RESULTS

Demographics

Baseline patient characteristics of the different study
groups were compared using a one-way analysis of var-
iance (ANOVA) which confirmed comparable study
populations. Table 2 summarizes the patient character-
istics of the four different groups. There were no signifi-
cant differences in age, gender, handedness (Oldfield In-
ventory Scores), duration of major depressive disorder,
number of depressive episodes, number of hospitaliza-

TABLE 1. Stimulation Parameters for Different Groups

Train Inter-Train Trains Duration of
Group Intensity Frequency Duration (sec) Interval (sec) per Session Session (sec)
1 (Left High Frequency) 110% motor threshold 10 Hz 8 52 20 1200
2 (Left Low Frequency) 110% motor threshold 1Hz 1600 N/A 1 1600
3 (Right Low Frequency 110% motor threshold 1 Hz 1600 N/A 1 1600

Sham Groups 4a, 4b, and 4c used sham TMS with the same parameters as Groups 1, 2, and 3.
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tions for depressive episodes, or suicide attempts or
prior ECT.

There was no significant difference between groups in
baseline HAM-D score (F [3, 41]=0.02, p>0.05) al-
though there was some variability between individual
subjects. To minimize this, results were analyzed using
percentage decrease from baseline HAM-D score in each
subject.

HAM-D Scores

None of the patients in Group 2 (left-sided, low fre-
quency rTMS) or Group 4 (sham rTMS) met the criteria
for a clinical response. However, at the end of the 10
days of stimulation, 60% of the patients in Group 1 (left-
sided, high frequency rTMS) and 60% in Group 3 (right-
sided, low frequency rTMS) showed a clinical response.
Similarly, while none of the patients in Group 2 or
Group 4 met the criteria for remission, 33.3% of the pa-
tients in Group 1 and 10% of the patients in Group 3
showed this level of improvement (Table 3).

All patients were followed up for 2 weeks after the
treatments ended. The number of patients in remission
in both Group 1 and Group 3 increased slightly in the
week following treatment (from five to six). In Group 1,
the number of patients in remission had fallen to four
by Week 2 of follow-up, representing an increase in
HAM-D score above the threshold for remission for two
patients. The difference between Group 1 and Group 3
at this stage was not statistically significant. The patients
in Group 1 and Group 3 had their HAM-D scores re-
evaluated 4 weeks after treatment. Since only the active
groups were followed up, this must be regarded as an
unblinded follow-up. Four out of 10 patients in Group
1 and two out of 10 patients in Group 3 still met the
criteria for a clinical response. The average decrease in
HAM-D score between baseline and 4 weeks posttreat-
ment was 40% in both groups.

Statistical Analysis

A mixed design factorial analysis was performed be-
tween the four groups over the four time points. Signifi-
cant changes were found between both the different
groups (10 Hz left, 1 Hz left, 1 Hz right, and Sham: F
[3] =25.70, p<<0.0005) and the different time points (rTMS—
1, rITMS-2, Week 1, Week 2: F [3]=14.72, p<<0.0005).

Part A: Analysis of Differences Within Each Group Over
Time Group 1 HAM-D scores differed significantly
over time (F [3, 9]1=47.22, p<0.0005). A post hoc modi-
fied Bonferroni analysis for all possible comparisons
yielded significant differences (p<<0.01) in HAM-D
change scores between rTMS-Week 2, Follow-up Week
1, and Follow-up Week 2, when compared to rTMS-
Week 1.

Group 2 HAM-D scores did not differ significantly
(p>0.05) over time when all time points were compared.

Group 3 HAM-D scores differed significantly over
time (F [3, 91=21.49, p<<0.0005), like Group 1. Here, a
post hoc modified Bonferroni analysis for all possible
comparisons also yielded significant differences (p<
0.05) in HAM-D change scores between rTMS-Week 2,
Follow-up Week 1, and Follow-up Week 2, when com-
pared with rTMS-Week 1.

Group 4 HAM-D scores did not differ significantly
(p>0.05) over time when all time points were compared.

Part B: Analysis of Differences Between Groups Over Time
HAM-D percent change scores were significantly differ-
ent between the groups at all time points after baseline
(rTMS-Week 1, p=0.018; rTMS-Week 2, p=0.0001; Fol-
low-up Week 1, p=0.0001; Follow-up Week 2, p=0.0001).

These results were broken down using a post hoc
modified Bonferroni analysis. Group 1 differed signifi-
cantly from both Group 2 and Group 4 at time points
rTMS-Week 2, Follow-up Week 1, and Follow-up Week
2 (all p<0.0005). We found similar results for Group 3,

TABLE 2. Demographics of Different Trial Groups
Group 1 Group 2 Group 3 Group 4
10 Hz 1Hz 1Hz Sham

Left DLFPC Left DLPFC Right DLPFC rTMS
N 10 10 10 15
Age in years (SD) 53.2 (12) 523 (9.4) 52.8 (9.5) 53.3 (9)
Female/male 6/4 6/4 7/3 9/6
Duration in years (SD) 9.2 (4.8) 11.2 (6.9) 8.5 (5.7) 10.3 (7.5)
No. of episodes (SD) 7.1 (4.8) 6.4 (4.5) 5.9 (3.2) 6.8 (4.1)
No. of hospitalizations (SD) 2.9 (1.8) 32(23) 3.0 (2.0) 24(22)
No. of ECT treatments (%) 5 (50%) 6 (60%) 4 (40%) 7 (46.7%)
No. of suicide attempts (%) 4 (40%) 2 (20%) 3 (30%) 4 (26.7%)
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with significant differences compared to Group 2 and
Group 4 found at time points rTMS-Week 2, Follow-up
Week 1 and Follow-up Week 2 (all p<<0.0005). There
were no differences between Group 2 and Group 4
(sham) at any time point. Also, there were no differences
between Group 1 and Group 3 at any time point.
Finally, we found no correlation between baseline
HAM-D scores, gender, age, or prior history of hospi-
talizations or ECT and subsequent improvement.

Withdrawals and Adverse Effects
A total of eight patients withdrew from the study due to
adverse effects. These patients were from Group 2 (five
patients) and Group 4 (three patients). No patients with-
drew from Group 1 or Group 3, which were the groups
showing a significant antidepressant effect. All subjects
tolerated the procedure without any major complication;
specifically, none of the patients experienced a seizure.

One patient complained of severe headaches on four
occasions during the 10 days of rTMS and was pre-
scribed analgesics (acetaminophen or aspirin). This pa-
tient requested release from the study at the end of the
second week of rTMS. This patient was in Group 4a,
receiving sham, left-sided high frequency rTMS.

While no other patients required analgesia, nine of the
45 patients reported headaches which they rated subjec-
tively as “severe” on at least one of the days of rTMS.

STERN et al.

These headaches always subsided without treatment
within a few hours of rTMS. There was no correlation
between headaches and eventual antidepressant effects.

Optimal Stimulation Parameters for rTMS
Treatment of Depression

The findings of this study confirm the results of previous
sham-controlled trials of rTMS in depression'*'” in find-
ing antidepressant effects of rTMS in patients with major
depressive disorder. Both high frequency left-sided
rTMS and low frequency right-sided rTMS led to a clin-
ically significant antidepressant effect (=50% reduction
in the HAM-D score) in 60% of patients. The magnitude
of this effect is similar to the results in our previous
trial'® and greater than some other published reports.**
This difference in degree might be related to differences
in the rTMS parameters. In our studies, we have used
both a higher stimulation intensity (110% in the present
study) and a larger number of stimuli per session (1,600
in the present study) than most other reported studies.
These parameters are now widely considered safe.!
The main result of the present study is that low fre-
quency rTMS to the right DLPFC has similar antide-
pressant effects to high frequency rTMS to the left
DLPFC. These results confirm the findings of Fitzgerald

TABLE 3. Summary of Results in the Different Groups Over the Entire Monitoring Period
rTMS Follow-Up
Baseline Week 1 Week 2 Week 1 Week 2

Group 1* (10 Hz, Left DLPFC)

HAM-D score (SD) 27.8 (3.2) 222 (5.6) 15.1 (6) 12.8 (5.7) 13.4 (5.6)
to = 10 (%) 0 3 (33.3%) 4 (40%) 4 (40%)
by = 50% (%) 0 5 (50%) 6 (60%) 4 (40%)

Number of dropouts 0 0 0 0

Group 2** (1 Hz, Left DLPFC)

HAM-D score (SD) 27.6 (3.9) 27.6 (5.9) 27.6 (5.9) 26.4 (2.3) 26.6 (3)
to = 10 (%) 0 0 0 0
by = 50% (%) 0 0 0 0

Number of dropouts 0 2 3 0

Group 3*** (1 Hz, Right DLPFC)

HAM-D score (SD) 27.9 (3.8) 20.9 (4.1) 15.8 (4.8) 15.3 (6.4) 14.9 (5.9)
to = 10 (%) 0 1 (10%) 3 (33.3%) 3 (33.3%)
by = 50% (%) 0 5 (50%) 6 (60%) 6 (60%)

Number of dropouts 0 0 0 0

Group 4" (Sham rTMS)

HAM-D score (SD) 27.4 (2.9) 25.6 (4.5) 26.7 (3.6) 26.5 (2.3) 26.8 (2.3)
to = 10 (%) 0 0 0 0
by = 50% (%) 0 0 0 0

Number of dropouts 0 1 2 0

*N=10; age 53.2 (SD=12); 5 men, 5 women
* N=10; age 52.3 (SD=9.4); 5 men, 5 women
*** N=10; age 52.8 (SD=9.5); 5 men, 5 women
*N=15; age 53.3 (SD=9); 7 men, 8 women
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et al.'® In our previous sham-controlled trial of rTMS in
depression,'® right DLPFC rTMS at high frequency was
found to lack antidepressant effects (and for this reason,
this was not included as a treatment arm of the current
study). In the present study, low frequency rTMS to the
left DLFPC did not show antidepressant activity.

Though our study was not designed to assess the du-
ration of the antidepressant effect of rTMS, it is worth
noting that our unblinded follow-up at 4 weeks ap-
peared to show an equal duration of antidepressant ef-
fect for both high frequency left-sided rTMS and low
frequency right-sided stimulation.

If it is accepted that high frequency left-sided rTMS
and low frequency right-sided stimulation are equally
effective in the treatment of depression, factors other
than efficacy must be taken into account when selecting
a treatment modality. The most serious potential side
effect of rTMS is seizure, and a growing body of evi-
dence suggests that low frequency rTMS may be pro-
tective against seizures.”® Therefore, low frequency
rTMS should be the treatment of choice for patients with
risk factors for epilepsy. On the other hand, high fre-
quency treatment is better researched at present and
may remain the first-line modality for some time.

Ultimately, it remains unclear whether some patients
respond better to high freqeuncy left-sided rTMS and
others to low frequency right-sided rTMS. Analysis of
our data fails to reveal any obvious differences between
the patients responding to one or another rTMS regimen.
It is possible that by increasing activity on the left side,
one may transcallosally suppress activity on the right and
vice versa. Therefore, the physiological effects of high fre-
quency left-sided and low frequency right-sided rTMS
may, in fact, be equivalent. Alternatively, some charac-
teristics may predispose patients to respond to one or the
other modality. Our study did not address this issue. Fitz-
gerald et al.'® attempted to investigate this with a cross-
over design in their study. Nonresponders to either high
or low frequency treatments from the first leg of their
study were given the alternate treatment. The patients
were unblinded during their second phase of treatment,
and some of the improvements measured might have
had a placebo effect or a delayed response to the first
phase of treatment. Of 17 patients crossed over, only three
responded to the alternate treatment. It is not possible to
come to a conclusion on this issue without more data.

Another hypothesis that remains to be adequately
tested is that left-sided high frequency treatment and
right-sided low frequency treatment might have an ad-

184 http://neuro.psychiatryonline.org

ditive effect. Fitzgerald et al.** showed that this ap-
proach has efficacy in the treatment of major depressive
disorder, but they compared it with placebo rather than
with unilateral treatment, making comparison difficult.

The Mechanism of rTMS in the Treatment of
Depression

Our results show that right and left hemispheric rTMS
appear to lead to similar antidepressant effects only if
disparate stimulation parameters are used. This finding
is striking in the context of the results of unilateral ECT,
which appears to have equivalent therapeutic value
when applied to the right or left hemisphere.”>?® One
interpretation of these findings is that rTMS and ECT
might have different mechanisms of action.

We believe the differing effects of high and low fre-
quency stimulation represent differing neurophysiolog-
ical responses. Applied to the motor cortex, high fre-
quency rTMS results in an enhancement of excitability
in most subjects, while low frequency rTMS leads to a
transient cortical inhibition (or dysfacilitation).® Evi-
dence from functional imaging supports the inference
that the same differential effect of frequency occurs in
the prefrontal cortex. Furthermore, these studies show
that high and low frequency rTMS lead to completely
different patterns of distal excitability and inhibition, af-
fecting cortical and subcortical structures.**”2®

Though the evidence linking high and low frequency
TMS with excitability and suppression, respectively, is
strong, it is not the case that this mechanism has been
conclusively proven to be responsible for the antide-
pressant effect of TMS. For example, some studies have
associated antidepressant TMS with an increase in brain
derived neurotrophic factors (BDNF),* although other
studies demonstrate contradictory findings.*

Study Limitations

Our study was relatively small (N =45), although the
results were statistically significant.

There is no perfect control condition for rTMS. Both
sham coils and real coils held at noneffective angles have
limitations. However, we have data showing that both
are effective controls in subjects who are naive to TMS,
as our patients were (Pascual-Leone, unpublished).

Finally, we now believe that 10 days of stimulation is
suboptimal. The antidepressant effects appear to con-
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tinue to grow for up to 20 days.> Nonetheless, the effect
size in this particular population of patients is quite
large. However, it is important to note that there is sub-
stantial variability in this regard. For review, see Mitch-
ell and Loo.”?

CONCLUSIONS

This study demonstrates that high frequency rTMS to
the left DLPFC and low frequency rTMS to the right

STERN et al.

DLPFC are both effective in the treatment of depression,
while sham TMS and low frequency rTMS to the left
DLPFC are ineffective.
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Fund, the Stanley Vada NAMI Foundation, the National Al-
liance for Research in Schizophrenia and Depression, and
NIMH. We thank Julian Keenan and Stephanie Freund for
their help with the TMS application to patients, and Federico
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submitted in memory of Maria Dolores Catald.
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