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Abstract

Background: There is a growing interest in extending the use of repetitive transcranial magnetic stimulation (rTMS) beyond
research centres to the widespread clinical treatment of depression. Thus it is timely to critically review the evidence for the
efficacy of rTMS as an antidepressant treatment. Factors relevant to the efficacy of rTMS are discussed along with the
implications of these for the further optimization of rTMS.

Method: Clinical trials of the efficacy of rTMS in depressed subjects are summarized and reviewed, focusing mainly on sham-
controlled studies and meta-analyses published to date.

Results: There is a fairly consistent statistical evidence for the superiority of rTMS over a sham control, though the degree of
clinical improvement is not large. However, this data is derived mainly from two-week comparisons of rTMS versus sham, and
evidence suggests greater efficacy with longer treatment courses. Studies so far have also varied greatly in approaches to rTMS
stimulation (with respect to stimulation site, stimulus parameters etc) with little empirical evidence to inform on the relative
merits of these approaches.

Limitations: Only studies published in English were reviewed. Many of the studies in the literature had small sample sizes and
different methodologies, making comparisons between studies difficult.

Conclusions: Current published studies and meta-analyses have evaluated the efficacy of rTMS as given in treatment
paradigms that are almost certainly suboptimal (e.g of two weeks’ duration). While the data nevertheless supports positive
outcomes for rTMS, there is much scope for the further refinement and development of rTMS as an antidepressant treatment.
Ongoing research is critical for optimizing the efficacy of rTMS.
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1. Introduction

There is a considerable interest worldwide in the use
of subconvulsive repetitive transcranial magnetic stim-
ulation (rTMS) for the treatment of depression. rTMS
has excited the interest of clinicians and been highly
acceptable to patients (Walter et al., 2001), because of
its ability to stimulate focal areas of brain cortex non-
invasively using magnetic fields. Unlike ECT, it does
not involve a general anaesthetic or seizure. In some
countries, e.g. Canada and Israel, rTMS is approved for
the clinical treatment of depression. In Australia, the
Royal Australian and New Zealand College of Psy-
chiatrists Position Statement on TMS (2003) recog-
nizes the need for further research into TMS but
cautiously allows for its clinical use to treat depression
in limited circumstances, with recommended caveats,
including that the patient sign a consent form acknowl-
edging that “the most efficacious manner of adminis-
tering rTMS has not yet been established”.

The International Society for Transcranial Stimula-
tion Consensus Statement on the use of rTMS is mainly
concerned with advising on safety and procedural
issues in whatever context rTMS is used (Belmaker et
al., 2003). There has been a debate on the advisability
of broadening the use of rTMS to clinics beyond re-
search centres, with discussion of associated regulatory
issues (e.g. Fitzgerald, 2003a; Sachdev, 2003). Apart
from considerations of safety, adequate regulatory safe-
guards and the limitations of current therapeutic
options in treatment resistant depression, a critical

appraisal of the efficacy of rTMS as a treatment for
depression is central to this debate. This article evalu-
ates the efficacy outcomes reported so far in clinical
trials of rTMS, and discusses the potential of future
strategies to optimize the efficacy of rTMS.

2. Studies of the efficacy of rTMS in depression

Given the relatively large number of published
rTMS treatment trials but relatively small sample
sizes in each (see Table 1 for summary of sham-
controlled trials), it is perhaps most constructive to
begin by reviewing the seven published meta-analyses
(including a Cochrane Review) (McNamara et al.,
2001; Holtzheimer et al., 2001; Burt et al., 2002;
Kozel and George, 2002; Martin et al., 2003; Aarre
et al., 2003; Couturier, 2005).

The earliest meta-analysis (McNamara et al., 2001)
only included five controlled studies and excluded the
only negative depression trial for rTMS published at
the time (Loo et al., 1999), yielding unsurprisingly, a
positive result for rTMS compared to a sham control.

Holtzheimer et al. (2001) identified 12 controlled
rTMS depression trials, 11 of which involved rTMS to
the left dorsolateral prefrontal cortex and seven of
which involved a parallel design. The latter distinction
is important as the blinding of subjects in crossover
studies is questionable, given the difference in scalp
sensation with active and sham rTMS (Loo et al,
2000). They calculated the weighted mean effect
sizes (based on the difference in outcome between
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Table 1
Summary of sham-controlled studies of rTMS for the treatment of depression
Publication Study design N  Medication RTMS treatment Mean % change Number of
resistance HRSD* responders®
Pascual-Leone Multiple crossover: 17 Yes 10 Hz, 90%, 20 X 10 s, L active: 48%; L DLPFC
et al., 1996 LY active 5 days x 2000 stim® Other: 4%—-12% active: 4/17
R active Other: 0/17
L sham
(active coil at 45°)
R sham
Vertex active
George et al., 1997 Crossover: 12 No 20 Hz, 80%, 20 X2 s, Active: 16% Active: 1/12
L active 10 days X 800 stim Sham: 13% T Sham: 0/12
L sham
(active coil at 45°)
Loo et al., 1999 Parallel: 18  Yes 10 Hz, 110%, 30X 5 s, Active: 23% Active: 0/9
L active 10 days X 1500 stim Sham: 25% Sham: 1/9
L sham
(active coil at 45°)
Padberg et al., 1999 Parallel: 18  Yes 90%, 5 days x 250 stim Active 10 Hz: 6% All: 0/6
L active 10 Hz 10 Hz: 5x5s Active 0.3 Hz: 19%
L active 0.3 Hz 0.3 Hz: 75 s Sham: 6% 1
L sham 10 Hz
(active coil,
1 wing at 90%)
Klein et al., 1999 Parallel: 70 No 1 Hz, 110%, 2 X 60 s, Active: 47% Active: 17/36
L active 10 days X 120 stim Sham: 22% Sham: 8/34
L sham
(active coil off scalp,
at 90°)
Berman et al., 2000 Parallel: 20 Yes 20 Hz, 80%, 20 X2 s, Active: 39% Active: 1/10
R active 10 days X 800 stim Sham: 0.5% Sham: 0/10
R sham
(active coil at 45°)
Eschweiler et al., 2000 Parallel: 12 9 10 Hz, 90%, 20 X 10 s, Active: 22% ?
L active 5 days X 2000 stim Sham: 7% T
L sham
(active coil at 90°)
George et al., 2000 Parallel: 30 Yes 100%, 10 days X 1600 stim  Active 20 Hz: 26% 20 Hz:3/10
L active 20 Hz 20 Hz: 40x2 s Active 5 Hz: 48% 5 Hz: 6/10
L active 5 Hz 5 Hz: 40 X8 s Sham: 21% Sham: 0/10
L sham (20/5 Hz)
(active coil,
1 wing at 45°)
Garcia-Toro et al., 2001 Add-on® to sertraline 28 No 20 Hz, 30 X2 s, 90%, Active: 38% Active: 4/11
Parallel: 10 days X 1200 stim Sham: 34% Sham: 3/11
L active 10 days X 1200 stim Sham: 34% Sham: 3/11
L sham
(active coil at 90°)
Lisanby et al., 2001a Add-on to sertraline 36 Most L 10 Hz: 20 X8 s L 10 Hz: 21% ?

Parallel:

L active 10 Hz
R active 1 Hz

Sham

(active coil,

1 wing at 90°)

R 1 Hz: 2 %800 s
110%, 1600 stim

R 1 Hz: 20%
Sham: 13%

(continued on next page)
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Table 1 (continued)
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Publication Study design N Medication RTMS treatment Mean % change Number of
resistance HRSD* responders”

Manes et al., 2001 Parallel: 20 Yes 20 Hz, 20 X2 s, Active: 37% Active: 3/10
L active 80% 5 days X 800 stim Sham: 32% Sham: 3/10
L sham
(active coil—-
handle on head)

Dolberg et al., 2002 Parallel: 20 ? 10days Active: 29% ?
Active Sham: 17%
Sham(?)

Padberg et al., 2002 Parallel: 30 Yes 10 Hz, 15X 10s, 100%: 30% 100%: 3/10
L active 100% 10 days x 1500 stim 90%: 15% 90%: 2/10
L active 90% 100%/90%/sham Sham: 7% Sham: 0/10
L sham (active coil,
1 wing at 90°)

Loo et al., 2003 Parallel: 19 Yes 15 Hz, 24 X5 s, Active: 24% Active: 2/9
Bilateral active 90%, 15 days X 1800 Sham: 21% Sham: 1/10
Bilateral sham
(inactive coil)

Nabhas et al., 2003 Parallel: 23 No 5 Hz, 40 x 8s, Active: 25% Active: 4/11
L active 110%,10 days X Sham: 25% Sham: 4/12
L sham 800 stim
(active coil,
1 wing at 45°)

Hoppner et al., 2003 Parallel: 30 No L 20 Hz: 20 X 2s, L 20 Hz: 17% L 20 Hz: 2/9
L active 20 Hz 90%, 800 stim R 1 Hz: 10.5% R 1 Hz: 1/10
L sham 20 Hz R 1Hz: 2X 60 s, Sham: 23% Sham:2/10
(active coil, at 90°) 110%,120 stim
R Active 1 Hz 10 days

Fitzgerald et al., 2003b Parallel: 60 Yes L 10 Hz: 20 X 5s, USED MADRS not HRSD Active: 8/20
L active 10 Hz 1000 stim Active: 13.5% Low freq: 7/20
R active 1 Hz R 1 Hz: 5% 60 s, Low freq: 15% Sham: 2/20
Sham — L 10 Hz 300 stim Sham: 0.76%
or R 1 Hz 100%, 10 days
(active coil,
at 45°)

Jorge et al., 2004 Parallel: 20 Yes 10 Hz, 110% 20 X 5 s, Active: 38% Active: 3/10
L active 10 days x 1000 stim Sham: 13% Sham: 0/10
L sham (active coil,
1 wing at 90°)

Kauffmann et al., 2004 Parallel: 12 Yes 1 Hz, 2 %60 s, Active: 48% Active: 4/7
R active 10 days X 120 stim Sham: 30% Sham: 2/5
R sham
(active coil at 45°)

Holtzheimer et al., 2004 Parallel: 15 Yes 10 Hz X 5 s, Active: 32% Active: 2/7
L active 110%, 10 days X 1600 stim Sham: 28% Sham: 1/8
L sham
(active coil at 45°)

Mosimann et al., 2004 Parallel: 24 No 20 Hz, 40 X2 s, Active: 20% Active: 4/5
L active 100%, 10 daysx 1600 stim Sham: 17% Sham: 0/9
L sham
(active coil at 90°)

Koerselman et al., 2004 Parallel: 55 No 20 Hz, 20X 2 s, Active: 18.5% ?

L active

80% MT, 10 days x 800 stim Sham: 15.4%
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Table 1 (continued)

Publication Study design N Medication RTMS treatment Mean % change Number of
resistance HRSD* responders®
L sham
(active coil at 45°)
Rumi et al., 2005 Add-on to amitryptyline 46 No 5 Hz, 25 %10 s, 120%, Active: 57% Active:21/22
Parallel: 20 days x 1250 stim Sham: 35% Sham:11/24
L active
L sham
(placebo coil)
Miniussi et al., 2005 Crossover 29 Yes 17 Hz, 40 x3 s, 110%
(8 week washout between): 5 days X 1250 stim Active 17 Hz: 32% ?
L active 17 Hz Active 1 Hz: 23%
L sham 17 Hz Sham (both groups): 17%
(active coil, 60% MT,
25 cm wood between
coil and scalp)
Crossover 22 Yes 1 Hz, 40x10 s, 110%
(8 week washout): 5 days X 2000 stim
L active 1 Hz
L sham 1 Hz
Christyakov et al., 2005  Parallel: 59 No 3 Hz: 5x30 s, 110%, ? L 3 Hz 6/12
L active 3 Hz+placebo 10 days X 450 stim L 10 Hz: 1/10
L active 10 Hz+placebo R 3 Hz: 2/12
R active 3 Hz+placebo 10 Hz: 10 X5 s, 100%, R 10 Hz: 2/9
R active 10 Hz+placebo 10 days X 500 Clomipramine:
2/16

Sham rTMS
(active coil at
90°)+ clomipramine

a

i.e. Mean percentage reduction in Hamilton Rating Scale for Depression scores; increases indicated by 1.

® Defined as >50% reduction in HRSD score from baseline. Denominator is number of subjects in that treatment group.
¢ Treatment parameters are 10 Hz, 90% resting motor threshold, 20 trains of 10 s duration, daily sessions for 5 days, total 2000 stimuli per

stimulation session.

9 L = left, R = right. Refers to dorsolateral prefrontal cortex except where stated otherwise.
¢ Arrangement used for sham TMS. 45° means coil was tilted to contact the scalp at 45°. For “1 wing” only 1 side of the figure of eight coil

was in contact with the scalp.
9 = data not available.

¢ j.e. r”TMS was commenced simultaneously with new course of antidepressant medication

active and sham treatment and with studies weighted
for sample size and variability) to be 0.81, 0.89 and
0.88, respectively, for the groups of 12, 11 and 7 trials
mentioned above. All of these outcomes represent
large effect sizes unquestionably favouring active
ITMS over sham. However, though statistically
shown to be efficacious, the authors noted that the
studies analysed did not demonstrate a high degree
of clinical efficacy, with none of the studies showing a
mean reduction in Hamilton Rating Scale for Depres-
sion (HRSD) scores of >50% and only 22% of sub-
jects showing this degree of improvement with active
'TMS, compared with 7.9% of subjects after sham

rTMS. (See also Table 1 for summary of mean im-
provement in HRSD scores and number of responders
for individual studies.)

A comprehensive review by Burt et al. (2002)
reported on two separate meta-analyses, for nine
open depression trials of 'TMS and 16 controlled
trials. Calculations yielded weighted mean effect
sizes of 1.37 for the open studies and 0.67 for the
controlled studies. These are moderate to large effect
sizes, though the difference between the two figures is
interesting, suggesting that placebo effects contributed
substantially to positive outcomes in the open studies.
Again, though the results show strong statistical sup-
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port for the efficacy of rTMS, the clinical results are
not impressive, with subjects improving by 37% on
average (as measured by Hamilton and Montgomery—
Asberg Depression Rating Scales) in the open studies,
and 23.8% (active) and 7.3% (sham) in the controlled
studies.

The authors also noted that the effect sizes for rTMS
treatment were far smaller than those calculated for
electroconvulsive therapy (ECT), e.g. 2.26 for bilateral
ECT and 2.12 for high dose right unilateral ECT from
recent research (Sackeim et al., 2000). The results
overall of studies which randomized depressed subjects
to receive rTMS or ECT support a superior efficacy for
ECT (Grunhaus et al., 2000, 2003; Janicak et al., 2002;
Pridmore et al., 2000a). In some of these studies the
emerging trend in favour of ECT did not reach statis-
tical significance (Janicak et al., 2002), or was only
significant on some measures (Pridmore et al., 2000a),
probably because of the small sample sizes involved.
Of interest, Grunhaus et al. (2000) found a clear differ-
ence between psychotic and non-psychotic depression,
with rTMS equivalent to ECT in efficacy only for the
latter group. It should be noted that the mean improve-
ment with rTMS in these studies (40%—56% decrease
in HRSD scores) is higher than in most depression
treatment trials of rTMS. There was no sham compar-
ison in these studies, making interpretation of this result
difficult. Another important factor is that the outcomes
of a four-week course of 'rTMS were evaluated in these
studies, in contrast to the two-week treatment course in
most sham-controlled studies. These studies have also
been criticized for their modest ECT response (mean
decrease in HRSD scores 48%—66%), though these
may reflect treatment outcomes in community ECT
services, which have been found to be poorer than
those in research settings (Prudic et al., 2004).

Similarly, Kozel and George (2002) calculated a
mean effect size of 0.53 for 10 controlled depression
trials of left prefrontal rTMS, supporting the positive
statistical evidence for rTMS as an antidepressant
treatment.

A Cochrane Review by Martin et al. (2003) com-
pared the results of 14 randomized controlled studies
suitable for quantitative analysis. They found that
high frequency (>1 Hz) left prefrontal rTMS and
low frequency (<1 Hz) right prefrontal rTMS were
statistically superior to a sham comparison, but only at
one time point (immediately after the two weeks of

treatment, with the difference not sustained two weeks
later) and only for the HRSD. As the overall differ-
ence between active and sham treatment was not
large, though significant (standardised mean differ-
ence of —0.35 for high frequency left prefrontal
rTMS), they concluded that there was not strong evi-
dence at this stage to support the benefit of rTMS as
an antidepressant treatment.

Aarre et al. (2003) found the 12 published studies
which met inclusion criteria too diverse in patient
sample characteristics and rTMS parameters for formal
meta-analysis. On qualitative review they concluded
that efficacy was inconsistently shown between stud-
ies, and that where demonstrated, improvements were
clinically modest and not sustained. Thus they also
concluded that there was insufficient evidence as yet to
support the use of rTMS as an antidepressant treatment
and that further research was warranted.

The only meta-analysis to find a negative result for
high frequency left dorsolateral prefrontal rTMS com-
pared to a sham control applied a number of selection
criteria that excluded 13 of 19 eligible trials (Coutu-
rier, 2005). The remaining six trials analysed included
a total of 91 subjects and had low power to detect a
difference.

Overall the meta-analyses indicate that rTMS treat-
ment has been shown to have superior outcomes
compared with a sham control, though inspection of
the mean change in rating scale scores suggests that a
two-week treatment course provides modest clinical
outcomes.

The choice of an appropriate sham form of TMS
has been a difficult methodological issue in these
controlled studies. Tilting the active treatment coil to
reduce cortical stimulation but preserve the sensation
of scalp stimulation (which is important for the sim-
ulation of real TMS) may involve low levels of cor-
tical stimulation (Loo et al., 2000; Lisanby et al.,
2001b), while forms of sham TMS with negligible
stimulation are less convincing and subject blinding
may be ineffective, particularly where subjects are not
TMS naive, e.g. in studies with a crossover design.
The sham approaches used in studies to date are
summarized in Table 1.

There are inherent limitations in the meta-analysis
method, arising from the need to conform studies of
different designs, patient samples, and rTMS tech-
nique to a single method of analysis. In particular,
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unique or notable features of individual studies may
be overlooked. These variations between studies may
be important in identifying strategies which may op-
timize the efficacy of rTMS.

3. Strategies to optimize the efficacy of rTMS

As can be seen from Table 1, studies have varied
greatly in the choice of rTMS parameters used (stimu-
lus frequency (i.e. number of pulses per second), inten-
sity, number of stimuli), with an even larger range of
possible combinations of these. Almost no two studies
have used identical rTMS parameters, except in delib-
erate attempts at replication, making comparisons of
efficacy difficult. As yet, there is little empirical evi-
dence to guide the choice of these parameters.

3.1. Stimulation site

Most rTMS depression trials have given high fre-
quency rTMS to the left prefrontal cortex, encouraged
by positive early results for this approach (Pascual-
Leone et al., 1996). Studies using this form of rTMS
contributed the vast majority of data pooled for the
meta-analyses. As noted above, though yielding statis-
tically robust findings, the clinical outcomes from a
two-week course of left prefrontal high frequency
rTMS were not impressive. The results of sham-con-
trolled studies published since the meta-analyses were
conducted have not challenged this conclusion (see
Table 1).

A few investigators have chosen to trial low fre-
quency (<1 Hz) rTMS to the right prefrontal cortex.
These are several theoretical reasons for this approach.
1 Hz rTMS is relatively safe, with a much lower risk of
inducing an accidental seizure (Wassermann, 1998). It
is more tolerable at a given stimulus intensity (personal
observations) and does not require expensive TMS
machines capable of high frequency stimulation.
Motor cortex studies suggest that high and low fre-
quency rTMS have opposite effects on the excitability
of neurons in brain cortex (Chen et al., 1997; Pascual-
Leone et al., 1994). Stimulation of the motor cortex and
electromyographic (EMG) measurement of outcomes
in contralateral muscles has been a convenient exper-
imental paradigm for investigating the effects of TMS,
though caution is required in applying these findings to

the prefrontal cortex, which has a different cytoarchi-
tecture and connections (Van Economo, 1929). There is
a considerable evidence from neuropsychological, le-
sion and imaging studies that the left and right hemi-
spheres have contrasting roles in mood regulation
(Davidson and Hugdahl, 1995; Silberman and Wein-
gartner, 1987). Thus it might be expected that low
frequency rTMS to the right prefrontal cortex may be
as likely to have antidepressant effects as high frequen-
cy r'TMS to the left prefrontal cortex.

Five open studies reported the treatment of de-
pressed subjects with rTMS at <1 Hz to the right
prefrontal cortex, or to a combination of right and left
prefrontal cortices (Dragasevic et al., 2002; Feinsod et
al., 1998; Geller et al., 1997; Kapiletti et al., 2001;
Menkes et al., 1999). Overall results were positive,
with mean changes in HRSD scores ranging from
26% to 42% over a two-week period, though it is
uncertain how much of this should be attributed to a
placebo effect.

Several sham-controlled have examined the antide-
pressant effects of low frequency right prefrontal rTMS
in depressed subjects (Klein et al., 1999; Lisanby et al.,
2001a,b,c; Hoppner et al., 2003; Fitzgerald et al.,
2003b; Kauffmann et al., 2004). In the first study
Klein et al. (1999) reported promising results with 17
of 35 subjects improving by more than 50% in HRSD
scores in the active group, compared with eight respon-
ders from the sham group of 32. However, subjects in
this study were not medication-resistant. Replication
studies using the same rTMS treatment parameters
have reported both negative (Hoppner et al., 2003)
and positive findings (Kauffmann et al., 2004). Other
studies using a much higher number of TMS pulses
either failed to find a significant difference between
sham and active treatment (Lisanby et al., 2001a) or
found significant differences though the overall degree
of improvement was small (Fitzgerald, 2003a,b). Some
of the above studies directly compared low frequency
right prefrontal rTMS and high frequency left prefron-
tal rTMS but failed to find significant differences be-
tween the two approaches (Lisanby et al.,, 2001a;
Hoppner et al., 2003; Fitzgerald et al., 2003b). Taken
together, the results of the above studies do not allow
conclusions that low frequency right prefrontal rTMS
is more or less efficacious than high frequency left
prefrontal rTMS. However, it is important to note that
the sham-controlled studies used a two-week treatment
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period and that a longer treatment period may yield
more definitive results.

Another strategy has been the development of
“bilateral” rTMS, i.e. rTTMS to both left and right
prefrontal cortices. In the first study of simultaneous
bilateral prefrontal rTMS, Loo et al. (2003) tested the
hypothesis that the superior efficacy of bilateral ECT
over unilateral ECT arose from the stimulation of both
frontal cortices. Subjects received simultaneous high
frequency rTMS to both prefrontal cortices or a sham
control. Results were negative, with suggestions that
high frequency right prefrontal rTMS may have in-
duced tearfulness in some subjects (Loo et al., 2003).
Other investigators have trialled different combina-
tions of low and high frequency rTMS to the left and
right prefrontal cortices — these are considered in the
section below on variations in site and frequency of
stimulation.

Novel approaches involving rTMS to other cortical
areas have also been proposed. Arguing from evidence
for parietal cortex involvement in depression and em-
pirical observations of mood elevation after cerebellar
rTMS, Schutter and van Honk (2005) suggested that
low frequency rTMS to the right parietal cortex and
high frequency rTMS to the cerebellar cortex may be
beneficial, particularly for certain subtypes of depres-
sion. This proposal is highly speculative and their
group is at present studying empirically the effective-
ness of this approach in depressed subjects.

3.2. rTMS parameters — stimulus frequency

Apart from the low frequency studies, most studies
have given rTMS within the range of 5-20 Hz, as
changes in cortical excitability have been demonstrated
after rTMS in this range of frequency (Pascual-Leone et
al., 1994). Preliminary results from rat studies suggest
that higher stimulus frequencies may have greater an-
tidepressant potency (Sachdev et al., 2002). Three
sham-controlled studies have directly compared
rTMS at different stimulus frequencies to the left pre-
frontal cortex (Padberg et al., 1999; George et al., 2000;
Miniussi et al., 2005). Padberg et al. (1999) stimulated
at 10 and 0.3 Hz, George et al. (2000) used 20 and 5 Hz
rTMS and Miniussi et al. (2005) compared 17 and 1 Hz
rTMS. The total number of stimuli was kept constant as
far as possible for the different groups within each
study (see Table 1). The two earlier studies found that

the lower frequency stimulation yielded superior out-
comes though a statistical difference between the two
groups was not demonstrated and the sample sizes
(N=18, 30, respectively) were too small for firm con-
clusions. Miniussi et al. (2005) found better results with
17 than 1 Hz rTMS, though the comparison was only
over a one-week treatment period and larger differ-
ences may have emerged over a longer treatment
course.

Shajahan et al. (2002) attempted to investigate the
differential effects of 5, 10 and 20 Hz rTMS to the left
prefrontal cortex. Unfortunately the sample only in-
cluded 5 subjects per group and no sham control
group. Though on average subjects improved in de-
pression scores by 40% and 5 subjects showed > 60%
improvement, no difference was evident between treat-
ment groups. Thus the optimum stimulus frequency
for antidepressant efficacy remains unclear and the
field awaits large, adequately powered trials directly
comparing the effects of a range of treatment frequen-
cies in depressed subjects.

3.3. rTMS parameters — stimulus frequency and site
of stimulation

Several studies have compared forms of rTMS in-
volving a variety of combinations of stimulus frequen-
cies and stimulation to the left and right prefrontal
cortices. In a novel study, Conca et al. (2002) assigned
36 subjects to receive either 10 Hz rTMS to the left
prefrontal cortex and 1 Hz rTMS to the right prefrontal
cortex consecutively in each session (i.e. non-simulta-
neous bilateral rTMS), 10 and 1 Hz rTMS (alternating
trains) to the left prefrontal cortex, or 10 Hz to the left
prefrontal cortex (i.e. a control group receiving more
typical rTMS treatment). The total number of stimuli
was the same for each group. All groups improved
(23%—31% reduction in HRSD scores) but no signifi-
cant difference was found between them. It is possible
that differences may have emerged with a much larger
sample. Hausmann et al (2004) compared 20 Hz left
prefrontal rTMS alone, 20 Hz left prefrontal rTMS
followed by 1 Hz right prefrontal rTMS, and a sham
control. Disappointingly, no differences were found
between the groups despite the use of relatively intense
rTMS parameters (i.e. long stimulus trains, large num-
ber of stimuli). In the most comprehensive study of this
type to date, Christyakov et al. (2005) randomized
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depressed subjects to receive placebo medication and
rTMS to the left or right prefrontal cortices, at 10 or 3
Hz, or to sham rTMS and clomipramine, over a two-
week period. Results clearly favoured left prefrontal
TMS at 3 Hz, though the advantage over 10 Hz left
prefrontal rTMS could have also resulted from the
higher stimulation intensity used for the 3 Hz group
(110% versus 100%).

3.4. rTMS parameters — stimulus intensity

Most rTMS trials have reported stimulus intensity
relative to the subject’s resting motor threshold, i.e. the
lowest stimulus intensity necessary to produce a motor
response in a relaxed contralateral muscle when TMS is
given over the primary motor cortex. Researchers have
reported that stimulus intensity is an important factor in
determining the induction of long-term potentiation
after seven days of rTMS in rats, with subthreshold
rTMS giving the best results (Kozel et al., 2000). Thus
stimulus intensity may be an important factor in induc-
ing lasting changes in cortical excitability that may be
responsible for antidepressant effects. In depressed
subjects, only one controlled study (N=30) compared
different intensities of stimulation — 100% and 90% of
motor threshold, and a sham condition mathematically
modelled as corresponding to 40% (Padberg et al.,
2002) (see Table 1). Mathematical modelling also dem-
onstrated that higher intensities of stimulation were
associated with higher peak current intensities in un-
derlying brain cortex. Higher stimulation intensity was
significantly associated with greater improvement,
supporting intuitive expectations that a higher intensity
of stimulation would lead to a greater clinical effect.

The same phenomenon was described from a differ-
ent perspective by Kozel et al. (2000) and Mosimann et
al. (2002). Mosimann et al. (2002) found that in older
depressed subjects, a greater distance between the
stimulating coil and brain cortex, i.e. greater prefrontal
atrophy, was associated with a poorer antidepressant
response to rTMS. Kozel et al. (2000) did not find this
association in a younger sample. In these studies great-
er coil-cortex distance is a proxy for stimulation at
reduced intensities as the intensity of the magnetic
field in TMS diminishes rapidly with distance from
the stimulating coil (Barker, 1991).

Previous reviews of the rTMS literature have sug-
gested that studies using higher stimulus intensities

were more likely to have positive results (Gershon et
al., 2003). However, an overview of sham-controlled
studies published to date does not support this obser-
vation, with a large proportion of negative studies
using stimulus intensities at the higher end of the
range (110%-120% motor threshold) (see Table 1).

3.5. Number of stimuli, length of treatment course

Likewise, an inspection of the published sham-con-
trolled studies does not support the conclusion that
treatment protocols using a higher total number of
TMS stimuli per session had better therapeutic out-
comes (see Table 1), though this may be possible. As
mentioned above, it is difficult to compare studies
directly due to the number of differences in treatment
parameters and patient subtypes between studies. The
few studies that reported a longer (4-week) course of
rTMS, have generally demonstrated continued im-
provement over the third and fourth weeks, though
apart from Rumi et al. (2005), these studies were either
not sham-controlled (Grunhaus et al., 2000, 2003;
Janicak et al., 2002) or provided continued rTMS in
an open extension after an initial sham-controlled
phase (Loo et al., 1999; Fitzgerald et al., 2003b).
Given that optimal efficacy is not achieved with other
antidepressant treatments (e.g. medications) in a two-
week period (Stassen et al., 1993), it is to be expected
that a treatment period of greater than two weeks would
be necessary for optimal outcomes with rTMS.

3.6. Further considerations

Apart from the above, there are a number of other
factors in the way TMS is administered which have
been minimally investigated.

Extrapolating from animal studies on the electro-
physiological phenomena of long-term depression and
long-term potentiation (Christie and Abraham, 1994),
it is likely that apart from stimulus parameters such as
frequency and intensity, the frequency of TMS sessions
and prior stimulation conditioning may be important
factors in the attempt to produce lasting effects on
neuronal excitability. rTMS has been given each week-
day in most studies so far but there is little information
on the optimal frequency of treatment sessions — in
practice this could range from multiple sessions per day
to two to three sessions per week.
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Recent TMS motor cortex studies support earlier
observations from investigations in animals that prior
conditioning of the cortex, perhaps by stimulation at
different parameters, can enhance the effects of stim-
ulation. For example, Iyer et al. (2003) demonstrated
that the physiological depressant effect of 1 Hz rTMS
on motor cortical excitability was considerably en-
hanced by prior conditioning with 6 Hz rTMS given
at subthreshold stimulus intensity. Thus, optimal ther-
apeutic effects with rTMS may require treatment with
a particular sequence of stimulus parameters (varying
in frequency, intensity, number of stimuli, length of
stimulus trains and/or intervals between trains), with
the sequence extending either across individual treat-
ment sessions, over the treatment course, or possibly,
both. Furthermore, drawing parallels from the ECT
literature, it may also be that adjustment of stimulus
parameters over a treatment course, e.g. a gradual
increase in stimulus intensity, is necessary for maxi-
mal therapeutic effects. Though researchers may be
guided by findings from motor cortex and animal
studies in understanding the likely implications of
the above factors for the efficacy of rTMS, clinical
trials involving large numbers of subjects will be
necessary to test the relative outcomes of different
stimulation paradigms.

The waveform of the electrical pulse used in TMS
(and hence induced magnetic and electrical fields) va-
ries between machines from different manufacturers.
There is evidence from motor cortex studies to suggest
that TMS with stimuli of different waveforms (e.g.
biphasic versus monophasic) leads to discernibly dif-
ferent outcomes in terms of lasting changes in cortical
excitability. Thus, as in the development of ECT
(Abrams, 2002), refinement of the stimulus waveform
may emerge as an important factor in optimizing ther-
apeutic outcomes with TMS.

The most appropriate role for rTMS as a treatment in
depression, whether it be a stand-alone treatment, add-
on to other treatments (antidepressants, ECT, etc) for
synergistic effects (Garcia-Toro et al., 2001; Hausmann
et al, 2004; Rumi et al., 2005; Pridmore, 2000b), or an
alternative means of inducing seizures (Lisanby et al.,
2001c) is yet to be determined.

An appraisal of the efficacy of rTMS by necessity
includes the identification of patient subgroups most
likely to respond. So far, there are suggestions that
rTMS may be less effective in psychotic depression

(Grunhaus et al., 2000, 2003), elderly subjects (Figiel et
al., 1998; Padberg et al., 1999) and those with depres-
sive episodes of longer duration (Holtzheimer et al.,
2004). It is also likely that subjects who are more
treatment resistant would be less likely to respond to
rTMS, as is the case with other antidepressant treat-
ments (Mitchell et al., 2000). Taking the sample char-
acteristics into account is important when comparing or
pooling the results from different studies as they may
obscure the apparent relative benefits of different forms
of rTMS. For example, it is now widely accepted that
the large number of responders to low frequency right
prefrontal rTMS in the Klein et al. (1999) study is due
at least in part to the non-resistant nature of their
sample.

4. Conclusion

Most of the sham-controlled data for the efficacy of
rTMS in treating depression comes from studies with
a two-week sham-controlled period. The outcomes
suggest clear statistical proof of superiority over pla-
cebo effects but not large clinical effects. However,
the few studies which have reported results of longer
periods of stimulation suggest that a longer course of
rTMS is necessary for optimal therapeutic outcomes.
Thus evidence for the efficacy of rTMS should be
derived from sham-controlled studies of four to six
weeks duration.
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