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A B S T R A C T

Deep transcranial magnetic stimulation (TMS) is a technique of neuromodulation and neurostimulation

based on the principle of electromagnetic induction of an electric field in the brain. The coil (H-coil) used

in deep TMS is able to modulate cortical excitability up to a maximum depth of 6 cm and is therefore able

not only to modulate the activity of the cerebral cortex but also the activity of deeper neural circuits.

Deep TMS is largely used for the treatment of drug-resistant major depressive disorder (MDD) and is

being tested to treat a very wide range of neurological, psychiatric and medical conditions. The aim of

this review is to illustrate the biophysical principles of deep TMS, to explain the pathophysiological basis

for its utilization in each psychiatric disorder (major depression, autism, bipolar depression, auditory

hallucinations, negative symptoms of schizophrenia), to summarize the results presented thus far in the

international scientific literature regarding the use of deep TMS in psychiatry, its side effects and its

effects on cognitive functions.

� 2012 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Deep transcranial magnetic stimulation (TMS) is a technique of
neuromodulation and neurostimulation based on the principle of
electromagnetic induction of an electric field in the brain [72]. This
field can be of sufficient magnitude and density to depolarize
neurons, and when TMS pulses are applied repetitively they can
modulate cortical excitability, decreasing or increasing it, depend-
ing on the parameters of stimulation [26], even beyond the
duration of the train of stimulation. This has behavioural
consequences and therapeutic potential.

Deep TMS is used for the treatment of drug-resistant major
depressive disorder (MDD) and there are ongoing studies of its use
to treat a very wide range of neurological, psychiatric and medical
conditions such as Alzheimer’s disease, autism, Asperger’s
disorder, substance addictions, alcoholism, tinnitus, bipolar
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depression (BPD), post-traumatic stress disorder, migraine,
cognitive deficits, Parkinson’s disease, multiple sclerosis, neuro-
pathic pain and schizophrenia. Deep TMS is a modification of
standard TMS, which was originally invented by Barker et al. in
1985 and has been used from many years for medical and research
purposes [2].

Standard TMS is mostly applied with an electromagnetic coil
called a figure-of-eight coil (8-coil); deep TMS can be applied with
different types of coils: the H-coil [71], the C-core coil [16] and the
circular crown coil [18]. Among these, the only coil whose safety
and effectiveness has been tested is the H-coil. Therefore it is the
only one that has been used in clinical trials and the only one that
will be reviewed in this text (Table 1).

Both standard TMS and deep TMS can modulate (positively or
negatively) cortical excitability, inducing changes in those neural
circuits that are assumed to be dysfunctional. The 8-coil, used in
standard TMS is able to modulate cortical excitability up to a
maximum depth of 1.5–2.5 cm from the scalp; the H-coil, used in
deep TMS, is able to modulate cortical excitability up to a
maximum depth of 6 cm [72] and is therefore able, not only to

http://dx.doi.org/10.1016/j.eurpsy.2012.02.006
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modulate the activity of the cerebral cortex, but also the activity of
deeper neural circuits.

Considering that treatment with standard TMS has been proved
to be moderately effective in treating a wide range of neuropsy-
chiatric diseases [51], it is reasonable to think that the deep TMS
might be more effective, because the electromagnetic field
generated by this technique can reach deeper brain regions. For
this reason, deep TMS is gaining the attention of the global medical
community as a possible therapeutic tool in the treatment of
numerous pathological conditions.

The aim of this review is to illustrate the biophysical principles of
deep TMS, to explain the pathophysiological basis for its utilization
in psychiatric disorders, and to summarize the different findings
presented thus far in the international scientific literature regarding
the use of this therapy in the treatment of psychiatric disorders.

2. Biophysics of deep transcranial magnetic stimulation (TMS)

Biophysics of deep TMS relies on the electrical features of the
nervous tissues. In particular, deep TMS functioning obeys Faraday’s
law of induction, which states that a closed electrical circuitS within
an enclosed magnetic field B whose flux is time-dependent, will be
subject to a variation of the electrical current E induced by the
magnetic field itself. This law can be expressed as follows:

I
@S

E � ds ¼ � dfB

dt
(1)

where fB is the flux of the magnetic field. Equation (1) also shows
also that the resulting electrical current propagates in the opposite
direction to the variation of the magnetic field flux. In other words,
the presence of a dynamic magnetic field leads to either an increase
or a decrease in the intensity of the electric current of a closed
electrical network. On the other hand, it is also true that an electric
current whose intensity varies over time will also induce a second
Table 1
Reviewed studies.

Study Coil Clinical target Cortical target 

Enticott et al. 2011 Haut-coil Social symptoms of

Asperger’s disorder

Bilateral medial

prefrontal cortex

Krause et al. 2011 Haut-coil Cognitive and affective

ToM functions

Bilateral medial

prefrontal cortex

Rosenberg et al., 2011 H1-coil Hauditory allucinations

of schizophrenia

Left temporo-pa

cortex

Levkovitz et al., 2011 H1-coil Negative symptoms

of schizophrenia

Left prefrontal

dorsolateral cort

Levkovitz et al., 2009 H1-coil

H2-coil

H1L-coil

Major depressive disorder Left prefrontal c

and bilateral

prefrontal cortex

Rosenberg et al., 2010 H1-coil Major depressive disorder Left prefrontal c

Isserles 2011 H1-coil Major depressive disorder Left prefrontal c

Rosenberg et al., 2010 H1-coil Major depressive disorder Left prefrontal c

Rosenberg et al., 2011 H1-coil Major depressive disorder Left prefrontal c

Levkovitz et al., 2011 H1-coi

H2-coil

H1L-coil

Major depressive disorder Left prefrontal c

and bilateral

prefrontal cortex

Harel et al, 2012 H1-coil Major depressive disorder Left prefrontal c

Harel et al., 2011 H1-coil Bipolar depression Left prefrontal c

Bersani et al., 2012 H1-coil Bipolar depression Left prefrontal c

ToM: theory of mind; AHRS: auditory hallucinations rating scale; SAPS: scale for as

electroconvulsive therapy; TMS: transcranial magnetic stimulation.
magnetic field. The induced magnetic field will interact with the
one in which the electric circuit is immersed and it will be
perpendicular to the plane where the enclosed electric circuit lies.
Furthermore, the direction of Bind will be uniquely fixed by the
direction of propagation of the electrical current.

In agreement with these principles, a time-varying electrical
current can thus generate a magnetic field able to change both the
intensity and direction of a current propagating through a second
electric circuit. In the case of the deep TMS used in neuropsychia-
try, the electric circuit yielding a magnetic field is represented by
the H-coil applied to the scalp whereas the conductor’s subject to
the induced electric current are the neuronal streams.

As mentioned before, magnetic stimulation with the 8-coil
(standard TMS) has biological effects on the nerve cells within 1.5–
2.5 cm from the scalp. Indeed, the induced electromagnetic field
substantially decreases in intensity as it approaches deeper regions
of the brain. Several studies on the 8-coil found an exponential
decay of the electromagnetic signal as a function of the distance
from the coil [15,23]. This fact is mainly due to the properties of the
cerebral tissue, which acts as a conductor whilst both the air and
the skull can be well approximated as insulating. As a consequence,
beside the field EI induced by the 8-coil, a concentration of electric
charges on the cranial surface will yield a second field EB whose
direction will be opposite to EI. Since the total electromagnetic field
ETOT will be given by the sum of the two field vectors:

ETOT ¼ EI þ EB (2)

it is straightforward to notice the attenuating effect led by EB.
Equation (2) implies also that, in order to stimulate deeper regions
of the brain through the 8-coil, a high intensity of electric current
would be required. This could lead to serious collateral effects to
the facial nerves (e.g. pain, muscle contractions) as well as a high
risk of seizure due to an excess of electrical charges on the cranial
surface. Furthermore, several studies found that the efficiency
Enrolled

patients

Results

1 Improvement of self-report ToM scales

16 Reduced affective ToM in patients with high empathy

and increased affective ToM in patients with low empathy

rietal 8 AHRS improved by 27.8% and SAPS improved by 13.75%

ex

15 SANS scores decreased by 16,82%

ortex 65 Better efficacy of the higher intensity treatments. Greater

response and remission rates induced by left rather than

bilateral stimulation

ortex 7 Reduction of more than 50% of HDRS in 3 patients; partial

response in 1 patient

ortex 57 Efficacy of treatment in monotherapy; negative emotional

directives caused important reductions in antidepressant

outcome

ortex 6 Reduction of more than 50% of HDRS in 2 patients who

previously underwent ECT, including 1 who achieved

full remission

ortex 8 The magnitude of response in the second deep TMS

treatment was smaller than in the first treatment course

ortex 54 Deep TMS of the PFC affects both apathy and depression

similarly

ortex 29 Deep TMS continuation treatment can help maintain an

antidepressant effect for 18 weeks

ortex 19 Reduction of more than 50% of HDRS in 12 patients (63,2%);

10 patients (52,6%) achieved remission

ortex 1 Efficacy of continuation of deep TMS treatments in

maintaining euthymia

sessment of positive symptoms; HRDS: Hamilton depression rating scale; ECT:
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e = ETOT/EI of coils is maximized by an orientation of the electric
circuits tangential with respect to cranial surface [10,14].

The H-coil was developed taking into account these consider-
ations. The principle of this coil is based on the production of
several electric fields across the cranial surface. Each generated
field radially converges into a common point inside the brain
where the resulting intensity will be given by the sum of all the
fields. The H-coil has a flexible structure that allows the electric
circuits to be tangential in all directions to the scalp such to limit
the attenuating contribution of the second induced field EB. In
addition, the H-coil structure can be morphologically modulated in
relation to the morphology of the cortical target area.

Thanks to the H-coil, the penetration of the field reached deeper
brain areas. Several experimental analyses have demonstrated a
depth of field of about 4 cm without the necessity of sharply
increasing the electric current applied to the coil. Roth et al. have
mathematically assessed that the electrical fields induced by
various types of coils are always greater in cortical regions (closer
to the coil placement) but that the decrease in electrical field
within the brain is markedly slower for the H-coil [71]. Further
analyses demonstrated a deeper detection of the magnetic field
yielded by the H-coil with respect to that produced by the 8-coil. In
2005, Zangen et al. compared the H-coil to a regular 8-coil in six
healthy volunteers; they measured thresholds for activation of the
abductor pollicis brevis representation in the motor cortex as a
function of distance from each of the coils [85]. The rate of decrease
in the coil intensity as a function of distance was markedly slower
for the H-coil. The motor cortex could be activated by the H-coil at
a distance of 5.5 cm compared to 2 cm with the figure-8 coil. In
2007, Roth et al. employed the two types of coils on a model human
head filled with a physiological solution in order to give a
quantitative measure of the strength of the electromagnetic field
[72]. The outcomes confirmed the results previously obtained
through mathematical models: suprathreshold field was induced
by the H-coil at depths of up 5 to 6 cm, whilst the 8-coil induced
suprathreshold field at depths of up to 1.5 cm.

Different types of H-coil have been used in the clinical trials
published in peer reviewed journals so far:

� H1-coil: it induces greater stimulation over the left prefrontal
cortex. The coil has 14 windings. Some elements are oriented
along the anterior-posterior axis on the left hemisphere, thus
preferably stimulate neuronal pathways along this axis. Other
elements lead the return currents on the right hemisphere.
Finally some windings produce an electrical field along the
lateralmedial axis, in prefrontal and orbitofrontal regions (when
placed over the frontal cortex) [72];
� H2-coil: it induces bilateral stimulation on prefrontal cortex. The

coil has 10 windings. Some elements are oriented along the
lateralmedial axis, thus preferably stimulate neuronal pathways
along this axis. Other elements are oriented along the anterior-
posterior axis on the left hemisphere, and other windings lead
the return currents on the right hemisphere [72];
� H1L-coil: it induces stimulation exclusively over the left

prefrontal cortex [47];
� Haut-coil: it is designed for effective activation of neuronal

structures within the bilateral medial prefrontal cortex [24]. The
coil is designed to be symmetrical with respect to left and right
hemispheres;
� Hsham-coil: it is designed to simulate the noise and the

perceived sensations of deep TMS treatment, without having
any stimulating activity. It was invented to assess the placebo
effects in clinical trials.

All these coils are connected to neurostimulators (usually
Magstim Rapid or Magstim Rapid 2).
3. Treatment administration

The first step of treatment administration is to identify the
motor threshold (MT), that is the lowest stimulation intensity
required to evoke a motor potential (MEP) of at least 50 mV or the
contraction of abductor brevis pollicis muscle in five out of ten
stimulations [51]. MT represents a global measure of corticospinal
excitability and depends on the excitability of axons activated by
the TMS pulse, as well as the excitability of synaptic connections at
both the cortical and spinal level [58,51].

MT is affected in several different situations: medications
(carbamazepine, phenytoin, lamotrigine, oxcarbazepine, rebox-
etine, citalopram) [58], abuse of substances (ketamine) [58],
electroconvulsive therapy (ECT) [76] and pathological events [27].
For this reason, during therapy with deep TMS, MT should be
measured every day.

After the identification of MT, the coil is moved from the motor
cortex to the target cortical region. In the treatment of social
symptoms of autism spectrum disorders (ASD) the target area is
the bilateral medial prefrontal cortex [24]; in the treatment of
MDD, BD and negative symptoms of schizophrenia the target is the
left dorsolateral prefrontal cortex [33,47,48]; in the treatment of
auditory hallucinations in patients with schizophrenia, the target
area is the left temporo-parietal cortex [70].

Two quantitative variables are also considered: the frequency
and intensity of electromagnetic stimulation. The frequency
determines the effect of the stimulation on the cortical excitability.
In particular, frequencies equal to or less than 1 Hz produce an
inhibitory effect and frequencies more than 1 Hz produce an
excitatory effect. The intensity determines the depth of the
stimulation [26]. The intensity is measured from 1 to 100. This
number represents a percentage value respect to the maximum
intensity of the neurostimulator. The correct intensity is measured
in relation to the MT (100% of MT, 110% of MT, 120% of MT etc.)
[51].

4. Contraindications and side effects of deep transcranial
magnetic stimulation (TMS)

For safety reasons, some patients with specific physiological or
pathological conditions are discouraged from undergoing deep
TMS treatment. Among these, the most important are: a personal
history of seizures or epilepsy, a history of seizures or epilepsy in
first degree relatives and the presence of any known factor that can
lower the seizure threshold (sleep deprivation, caffeine, abuse
substance, etc.), previous head injury and the presence of metallic
implants in the cephalic region (e.g., aneurysm clips, shunts,
stimulators, cochlear implants, electrodes) with the exception of
dental fillings and the presence of cardiac pacemakers, neuro-
stimulators, surgical clips or other electronic equipment, the
presence of an acute or chronic cardiac disease, deafness or hearing
loss, metabolic or systemic diseases, comorbidity with some
neurological disorders: increased intracranial pressure, space-
occupying lesion, history of stroke or transient ischemic attack,
brain aneurysm.

Although studies present in the literature showed that deep
TMS is generally safe and tolerable, some side effects have been
reported (Table 2): a number of patients reported scalp discomfort
and episodes of drug responsive migraine, two patients experi-
enced dizziness self-limiting within a few days, two patients
reported the onset of a state of insomnia, one patient experienced
the sensation of foul smell, bad taste and repulsive smell during
and after treatment, one patient experienced numbness in the
right temporal and right cervical zone and three patients had a
brief tonic-clonic seizure during treatment. In fact, high stimula-
tion intensities used in deep TMS can overstimulate cortical



Table 2
Side effects of deep transcranial magnetic stimulation (TMS).

Side effect Number of

patients

Reference

Generalized seizures 3 Harel et al., 2011

Levkovitz et al., 2011

Isserles et al., 2011

Insomnia 2 Rosenberg et al., 2010

Dizziness 1 Rosenberg et al., 2011

Dizziness associated with nausea 1 Rosenberg et al., 2010

Sensation of foul smell, bad taste

and repulsive smell

1 Rosenberg et al., 2010

Numbness in the right temporal

and right cervical zone

1 Rosenberg et al., 2010

Transient headache Frequent

Scalp discomfort Frequent
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regions and facial nerves leading to epileptic seizures and other
undesirable side effects [52]. Moreover, the patients who experi-
enced seizures were in treatment with high doses of antidepressive
drugs, which represent per se a potential risk factor for the onset of
seizures [60].

5. Deep transcranial magnetic stimulation (TMS) as treatment
for major depressive disorder (MDD)

With a prevalence in the general population of 10–15%, MDD is
one of the most common diseases [45,62]. Huge strides have been
made in order to understand the biological substrates of MDD:
molecular studies in psychiatry led to the identification of a wide
range of molecules involved in the pathophysiology of this disease,
such as monoamines, B-adrenergic receptors, alpha-1 and 2
adrenergic receptors, the dopamine system, the corticotropin
Realising Factor, corticosteroids, cytokines, neurotrophins
[39,43,81]. These discoveries led to the production and use of a
wide range of antidepressants that represent a valuable therapeutic
tool. However a large number of depressed patients are resistant to
drug therapy and need other treatments. Deep TMS is a valid
candidate to become a new treatment for drug-resistant depressed
patients or those patients who, for various reasons (allergies, side
effects, liver or kidney diseases) cannot be treated with medications.
To date, major depression is the psychiatric condition in which deep
TMS achieved the greatest therapeutic efficacy.

The prefrontal cortex is the brain region, which is most involved
in the modulation of mood and emotional behavior. Several
functional neuroimaging studies have shown, in depressive
disorder, the presence of alterations of a wide range of brain
areas that are part of the prefrontal cortex or closely related to it
(anatomically or physiologically), including the dorsolateral
prefrontal cortex, the dorsomedial prefrontal cortex, amygdala,
hippocampus, nucleus accumbens, the pregenual anterior cingu-
late cortex, the subgenual anterior cingulate cortex and the
posterior orbital cortex [6,22].

A large number of studies using standard TMS have been
performed in order to analyze the effect of this therapy when
applied to different areas of the prefrontal cortex. The greatest
efficacy was obtained by excitatory stimulations applied to the left
dorsolateral prefrontal cortex [11]. Indeed it has been shown that
this region is hypoactive (in terms of reduced metabolism and
reduced blood flow) during episodes of declined mood and that
this hypoactivity often disappears concurrently with the symp-
tomatic remission. The functional hypoactivity of this area has
been demonstrated in many neuroimaging studies that have been
reviewed by Drevets et al. in 2000 [21].

Another system that has gained increasing focus in the study of
MDD is the reward circuit. The main component of the reward
system is the mesolimbic dopaminergic pathway consisting of the
nucleus accumbens and the ventral tegmentum area, both
interconnected with the dorsal and ventral lateral prefrontal
cortices. Previous studies indicate that the nucleus accumbens
and the ventral tegmentum area contribute significantly to the
pathophysiology and symptomatology of depression [57]. Al-
though standard TMS has been shown to be effective in
stimulating the prefrontal cortex, the size of the magnetic field
generated by this technique is not sufficient to reach the deeper
cortical, subcortical and limbic areas. For this reason, despite the
fact that superficial TMS has proved to be moderately effective in
treating drug-resistant depression, it is hypothesized that deep
TMS stimuli, which reach a much greater depth, may be more
effective.

So far, seven clinical trials have been published where deep TMS
was used to treat pharmaco-resistant patients with MDD.

The study of Levkovitz et al. of 2009 was the first in which the H-
coil was used [47]. They studied 65 treatment-resistant MDD
patients treated by three different deep TMS H-coils (H1, H2, and
H1L). Three groups differed in stimulation laterality (H2-coil, H1-
coil and H1L-coil), whereas a fourth group differed solely in
stimulation intensity (110% of MT rather than 120%). The patients
received 20 daily treatment sessions at a frequency of 20 HZ; each
deep TMS session consisted of 42 two-second trains, with an
intertrain interval of 20 seconds (i.e., a total of 1680 pulses
delivered during a 15-minute daily session). Response was defined
as a decrease of 50% or more in the Hamilton depression rating
scale-24 (HDRS-24) score and remission was defined as an
absolute HDRS-24 score of 10 or less. 47% (9/19) of the patients
treated with the H1-coil, 30% (6/20) of the patients treated with the
H2-coil, 60% (6/10) of the patients treated with the H1L-120% coil,
and none (0/8) of the patients treated with the H1L-110% coil
reached the defined response criteria. Remission rates at 5 weeks
for the H1, H2, and H1L-120% treatment groups were 42% (8/19),
10% (2/20), and 50% (5/10), whereas in the H1L-110% treatment
group no patients remitted (0/8). These differences were statisti-
cally significant, showing evidence of better efficacy of higher
intensity treatments over the more superficial stimulation induced
by the H1L-110% coil, in which no patients responded or remitted,
and the tendency for greater response rates and remission rates
induced by left rather than bilateral stimulation. In agreement
with these results, the only factor associated with successful
treatment was patient’s age. Surprisingly, deep TMS seemed to
enhance responsiveness in older patients, the mean age of the
responders was 48 years versus 44 for the non-responders.

The result of the study, offers some interesting implications
about deep TMS and depression. Firstly, the strong antidepressant
effect of deep TMS was assessed: 21/57 patients, in fact,
successfully responded to the treatment. It is important to note
that these patients had already failed to benefit from prior
medications. Secondly, this study assessed the higher efficacy of
unilateral stimulations than bilateral and the higher efficacy of
stimulations at 120% of MT than at 110%. As the electric field
decreases rapidly as a function of tissue depth [52], the higher
efficacy of more intense stimulation can be explained by the direct
stimulation of deeper neuronal regions such as reward-related
pathways. Finally, this study suggested that age between 49 and 65
could be a factor associated with successful treatment.

Rosenberg et al. in 2010 performed a clinical trial where seven
pharmaco-resistant drug-free patients with MDD were treated
with H1-coil [67]. Patients were treated with the same parameters
as the previous study. Five patients completed 20 sessions; among
these, one attained remission; three patients reached a reduction
of more than 50% of HDRS and one patient achieved a partial
response (the HDRS score dropped from 21 to 12). Even though the
study was conducted on a small sample, it supported the
antidepressant effects of H1-coil previously investigated.
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Isserles et al. in 2011 assessed the safety and efficacy of the H1-
coil as an add-on in treating resistant unipolar depressed patients.
In addition, the effect of cognitive-emotional reactivation on the
outcome of deep TMS treatment was evaluated [38]. Prior to
treatment subjects were randomly allocated to one of three
treatment groups: (A) No cognitive-emotional reactivation group
(n = 25), in which the stimulation was administered without any
directives; (B) Positive cognitive-emotional reactivation group
(n = 17); in this group a short structured questionnaire was
administered by the psychiatrist at the receiving session asking the
patient to describe factors and emotions causing and accompa-
nying his/her depression and then describe situations when the
patient feels better and which positive hopes he/she may have for
the future. A short directive paragraph was written based on this
questionnaire, which was given to the patient to read before and
during each treatment, oriented for facilitating positive cognitive-
emotional themes throughout the stimulation session. (C) Nega-
tive cognitive-emotional reactivation group [51]; in this group a
similar process was followed but focused on the negative thoughts
and emotions associated with the patient’s depression. In this case,
the page given to the patient to read before and during each
treatment aimed to facilitate negative cognitive-emotional themes
throughout the stimulation session. The treatment parameters
were similar to those used in the previous studies. Overall, 21 out
of 46 patients (46%) achieved the response criteria (defined as an
improvement of 50% or more in the HDRS-24 score) and 13 (28%)
achieved the remission criterion (defined as HDRS-24 of 10 or less).
In the treatment group that was directed to concentrate on the
positive themes during stimulation, 6/14 (43%) patients achieved
both response and remission criteria. On the other hand, in the
treatment group that was directed to concentrate on the negative
themes during stimulation, only 3/12 (25%) achieved response, one
of them achieving remission. In the group that received stimula-
tion with no cognitive–emotional directives 12/20 patients (60%)
achieved response and six of them (30%) achieved remission. The
only parameter found to be correlated with response and
remission was the stimulation intensity: patients who achieved
remission or response were treated with significantly higher
stimulation intensities than patients who did not respond to the
treatment.

The results of the study are interesting. Firstly, the study
showed that deep TMS utilizing the H1-coil is effective also as an
add-on to medications, and not only in drug-free patients. Using
deep TMS as an add-on instead of monotherapy might be preferred
when medications achieve a partial effect or when the clinical
judgment is that taking the patient off medication might be unsafe.
On the other hand, magnetic stimulation of medicated patients can
increase the risk of inducing a seizure, especially when high doses
of antidepressants that increase neural excitability are used.
Indeed in this study, one patient suffered from a brief transient
seizure. Since this patient had received markedly high dosages of
various antidepressants, it is recommended that in cases where
patients are on high dosages of psychoactive medications that are
known to increase convulsive vulnerability, extra caution should
be exercised. In such cases, the medication dosages should be
lowered or deep TMS should be avoided. Secondly, neither the
positive, nor the negative directives induced a significant beneficial
effect on the clinical outcome (relative to the no cognitive group),
the negative directives caused a significant reduction in the
antidepressant outcome. In this group, the improvement in
depression rating scales was significantly smaller. From a clinical
point of view, this finding suggests that some clinically important
questions that may be ‘‘painful’’ for the patient should not be asked
during the treatment.

Rosenberg et al. in 2010 performed a study aimed at exploring
the possible efficacy of deep TMS H1-coil in patients with resistant
depression, who previously underwent ECT [68]. Six patients who
previously underwent ECT were treated with 120% power of the
MT at a frequency of 20 Hz. Patients underwent five sessions per
week, up to 4 weeks. Two of six patients responded to the
treatment including one who achieved full remission (HDRS-24
below 10 points). The study suggests that the largest part of
patients that do not respond to ECT treatment is also resistant to
deep TMS; however, a subgroup of these patients may benefit from
deep TMS treatment.

The same research team preliminarily investigated the impor-
tant issue of the duration of deep TMS therapeutic effect [69]. They
explored the effectiveness of a second antidepressant course of
deep TMS in eight depressive patients who relapsed after a
previous successful deep TMS course. In all patients the second
course of treatment (after first relapse) induced significant
reductions in psychometric scale scores. The magnitude of
response in the second course was smaller relative to that
obtained in the first course of treatment.

Levkovitz et al. in 2011 performed a data re-examination of the
2009 experiment; they evaluated the differential effects of deep
TMS over the prefrontal cortex on apathy and other aspects of
depression in patients suffering from MDD [49]. Fifty-four
treatment-resistant patients were treated with H1, H2 or H1L-
coils. Apathy was measured using a 4-question subset of HRSD
(ApHRSD), whereas depression was measured using the balance of
questions from HRSD (DepHRSD). At the screening visit, there was
no correlation between ApHRSD and DepHRSD, suggesting that
apathy and depression were independent. One week after the last
deep TMS treatment ApHRSD and DepHRSD were highly correlat-
ed. The study suggests that for those patients for whom apathy
reached remission, depression also dropped dramatically, mostly
reaching remission. For those patients for whom apathy did not
reach remission, depression mostly also stayed high. The reverse
was also true: patients who reached depression remission also
reached low apathy, and patients who did not reach depression
remission did not reach apathy remission. This suggests that deep
TMS of the PFC affects both apathy and depression similarly.

Harel et al. examined the safety and feasibility of repetitive
deep TMS continuation treatment for MDD over the course of
18 weeks, following 4 weeks of acute treatment [34]. A total of
29 MDD patients were enrolled in the study. Deep TMS sessions
(20 Hz) were given for a total of 22 weeks, divided into: 4 weeks of
acute daily treatments, followed by 18 weeks of continuation
treatments. Clinical evaluations were performed weekly through-
out the study. A significant decrease from baseline in HDRS score
was found at the end of the acute phase, and maintained
throughout the study. The procedure was well tolerated and no
adverse events were reported. This study suggested that deep TMS
administered continuation treatment could help maintain an
antidepressant effect for 18 weeks, following 4 weeks of acute
treatment.

Minichino et al. wrote a comparative review to investigate and
compare the efficacy and tolerability of ECT, deep TMS and
standard TMS in drug-free patients with pharmaco-resistant MDD
[55]. Nine studies were reviewed involving 211 standard TMS-
treated patients, 58 deep TMS-treated patients and 160 ECT-
treated patients. The clinical response (defined as a percentage
improvement of HDRS) was evaluated at three different times: pre-
treatment, after 2 weeks of treatment and after 4 weeks of
treatment. The results indicated that after 4 weeks of treatment
(20 sessions of standard TMS and deep TMS, 12 sessions of ECT)
ECT was more effective than deep TMS and standard TMS, even if
after 2 weeks of therapy deep TMS seemed to be more effective
than ECT. The percentage of remitted patients (HDRS < 11)
obtained with ECT treatment was the same obtained in the deep
TMS group. Both techniques showed a percentage of remitted
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patients two times higher than standard TMS. However, ECT
necessitates administering general anesthetic, induces a seizure,
and causes significant memory and learning impairments
[50,63,84].

Interesting results emerges from this study: firstly, deep TMS
showed its greatest therapeutic potential within the first two
weeks of treatment; if this finding were confirmed in other studies,
it would be reasonable to shorten the standard period of deep TMS
treatment from 4 to 2 weeks, which may reduce the number
patients who dropout and thus optimizing the treatment outcome.
Secondly, standard TMS seems to be less effective than deep TMS
and ECT for treating MDD pharmaco-resistant patients. Finally, this
investigation confirmed the great therapeutic power of ECT;
nevertheless this technique has different drawbacks such as
possible cognitive impairments. Deep TMS instead seemed to
provide a substantial improvement of both depressive symptoms
and cognitive performance.

6. Deep transcranial magnetic stimulation (TMS) as treatment
for auditory hallucinations of schizophrenia

Hallucinations are defined as a perceptual experience in the
absence of external stimuli. They can involve all sensory
modalities, although visual and auditory hallucinations are the
most common in psychiatric disorders. Auditory hallucinations are
present in 50–70% of patients diagnosed with schizophrenia;
although the typical and atypical antipsychotic medications work
effectively on this disorder, about 25% of patients are refractory to
treatment [7,75]. This disorder is very disabling for patients and
can generate stress, depression, anxiety, delusions, decreased
social functioning, lack of control of behavior and violent behavior.

Studies using functional neuroimaging techniques have estab-
lished that the hallucinations are accompanied by transient
hyperactivity in specific brain areas. The first functional study
aimed to investigate the neural substrate of auditory hallucina-
tions was made by Matsuda et al. in 1988, in which they studied a
patient of 45 years dependent on alcohol with the help of Single
Photon Emission Computerized Tomography (SPECT) [53]. The
images, obtained while the patient was having hallucinations
showed the highest degree of radioactive accumulation at the of
the left superior temporal gyrus, corresponding to the primary and
secondary auditory cortex. Dierks et al. in 1999 used the technique
of Blood Oxygen Level-Dependent (BOLD) to analyze the change in
levels of oxygenated blood during hallucinations in three patients
with schizophrenia [19]. The results of this study showed
activation of primary auditory cortex (temporal lobe) in the
dominant hemisphere during auditory hallucinations, and bilater-
ally during acustic stimulation. In particular, the specific area
within the auditory cortex that is more activated is the Heschl’s
gyrus, that has also been demonstrated to be involved in other
more complex activities such as having talent for music [73].
McGuire et al. in 1993 and Lennox et al. in 2000 analyzed the
auditory hallucinations of 16 schizophrenic patients using 99mTc-
HMPAO SPECT and fMRI [44,54]. In these studies it was shown that
auditory hallucinations were associated with increased activity of
anterior cingulate cortex, Broca’s area, amygdale, left superior
temporal gyrus, the right superior temporal gyrus, the left middle
frontal gyrus and inferior parietal cortex. Since it was shown that
auditory hallucinations are accompanied by hyperactivity of the
functional areas dedicated to the perception and processing of the
speech of the temporal, frontal and parietal lobes, it is conceivable
that treatment with inhibitory deep TMS can at least partially
block the their pathophysiological process.

Some studies have already been published about the use of
standard TMS to treat pharmaco-resistant patients with auditory
hallucinations. Hoffman et al. reported an improvement in
auditory hallucination severity in those patients, as rated on a
visual analogue scale (VAS) [35] and in 2003 they detected
improvement primarily in frequency and attentional salience of
hallucinations, which were also associated with modest overall
clinical improvement, but with no negative effects of standard TMS
on cognition [36].

Only one study [70] has been published to date on the
treatment of auditory hallucinations with a deep TMS inhibitory
stimulation applied over the left temporo-parietal cortex. However
the fact that the standard TMS is already shown to be moderately
effective in the treatment of auditory hallucinations [77] suggests
that the deep TMS may be even more effective because of the
greater depth of the stimuli and the possible fewer side effects. The
study conducted by Rosenberg et al., 2011 showed the results of
open-label deep TMS treatment of 8 patients diagnosed with
schizophrenia or schizoaffective disorder, with auditory hallucina-
tions at least five times a day and under treatment with
antipsychotic drugs for at least 1 month [70]. In this study, the
patients daily underwent 10 minutes of stimulation (600 pulses)
with H1-coil applied to the left temporo-parietal cortex, at a
frequency of 1 Hz and intensity equal to 110% of MT for 10 or
20 days (five patients received therapy for 10 days, and three
patients for 20 days). The change in the hallucinatory symptoms
was assessed using the auditory hallucinations rating scale (AHRS)
and the scale for assessment of positive symptoms (SAPS). In the
group of patients who received 10 sessions (n = 5), although the
AHRS was improved by 34.5% and the SAPS by 23.1% at the end of
the tenth treatment, the symptoms gradually worsened during the
follow-up until to return to the starting condition. In the group of
patients who received 20 sessions (n = 3) the AHRS improved by
27.8% and the SAPS by 13.75% at the end of the twentieth treatment
and these improvements were partially confirmed during the
month of follow-up. In fact, at 1 month follow-up after the end of
treatment 2 of the three patients showed an average improvement
of 42.6% of the scale AHRS and an average improvement of 17.9% of
the SAPS scale, while the third patient did not attend the last
follow-up visit. In conclusion, seven out of eight patients have
benefited from deep TMS therapy, even if temporarily.

7. Deep transcranial magnetic stimulation (TMS) as treatment
for negative symptoms of schizophrenia

The term negative symptoms refers to decline or disappearance
of some skill or experience of the normal subject. Negative
symptoms may include emotional and affective flattening,
flattening of gestures and facial expressions, alogia, apathy,
anhedonia and asociality. Negative symptoms were once consid-
ered an exclusive characteristic of schizophrenia; nowadays, an
increasingly widespread opinion is that such symptoms can be
present also in other pathological conditions, such as melancholic
MDD [30], Parkinson’s disease [37,61], Alzheimer’s disease [64,65]
and epilepsy [32].

Several brain areas have been studied for the definition of
biological substrates of these symptoms. The major experimental
evidence has identified in the frontal cortex [1] and anterior
cingulate cortex [66] as those areas whose hypoactivity underlies
negative symptoms.

With regard to schizophrenia, a therapy focused on improving
negative symptoms would be of enormous importance; in fact,
even if positive symptoms are the most striking manifestation of
the disease, the negative symptoms are often more intrinsically
linked to the social and functional disability of these patients. In
addition, while most of the positive symptoms can be successfully
treated with medication, only a few new-generation antipsychotic
medications have been demonstrated to be moderately efficient in
the treatment of negative symptoms.
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Recent reviews reported a moderate improvement of negative
symptoms treated with standard TMS [9,28,78]. Based on these
assumptions, Levkovitz et al. conducted a clinical trial in which the
H1-coil was placed at the level of left dorsolateral prefrontal cortex
at a frequency of 20 Hz and an intensity of 120% of MT [48]. Ten out
of all 15 enrolled patients underwent the entire 4 weeks treatment.
A significant change throughout the study period was observed in
the participants’ SANS scores: there was a mean decrease of 16.82%
after 4 weeks, Seventy percent of the subjects who completed the
entire course of treatment responded to the treatment. The SANS
subscale scores over time, and all subscales except for ‘alogia’
reached a level of significance by end of treatment.

8. Deep transcranial magnetic stimulation (TMS) as treatment
of bipolar depression

Bipolar disorder is a common condition with a lifetime
prevalence of 1.2–1.6% [59,83]. Two small randomized controlled
trials [20,56] and one open study have tested the efficacy of
standard TMS in BPD, as have a few case studies [25,79,80]. All
these studies showed a moderate efficacy of standard TMS, for this
reason, given the deeper magnetic field and the less frequent side
effects, it is expected that deep TMS can be more effective to treat
this disease than standard TMS.

The study of Harel et al. is the only clinical trial present in
scientific literature so far where deep TMS was used to treat BPD
[33]. Nineteen patients diagnosed as having BPD and under
treatment with psychotropic medication were enrolled in the
study. They received daily prefrontal deep TMS with H1-coil every
weekday for four consecutive weeks; all pulses were delivered in
trains of 20 Hz at 120% of the measured MT. Each session consisted
of 42 trains with a 2 seconds duration for each, and a 20 seconds
intertrain interval (a total of 1680 magnetic pulses delivered per
session). The response was a 50% decrease of the HDRS score one
week after the last treatment session; remission was considered a
HDRS score less than 10. 63.2% (12/19) of patients achieved
response, 52.6% (10/19) remission. The current study has several
limitations: small sample of enrolled patients, concomitant
medications, lack of placebo stimulations. Nevertheless, this study
suggested a higher efficacy of deep TMS than standard TMS for
bipolar depression; in the study of Dell’Osso et al. where standard
TMS was used, the response was achieved by 54% of patients and
the remission by 36,3% [17].

Our research team wrote a case report (article submitted)
where the efficacy and safety of add-on deep TMS in drug-resistant
BPD as well as its ability to protect from subsequent episodes of
any polarity was assessed [8]. The patient completed a cycle of
deep TMS treatment consisting of five consecutive session days for
four consecutive weeks, for a total of 20 consecutive sessions. Since
the patient showed a significant response to treatment, the patient
continued the treatment with fortnightly deep TMS sessions for
the first three months after the 20th application, with the same
parameters used in the acute phase (18 Hz for 2 sec for 55 trains, at
120% of the MT). During continuation sessions the patient was free
from depression. He showed no depressive relapses and no
(hypo)manic switches. This case suggested that deep TMS added to
medication could lead to complete symptom remission in a
treatment-resistant BD episode; moreover, it gives preliminarily
evidence that continuation treatments of deep TMS can be helpful
in maintaining euthymia.

9. Deep transcranial magnetic stimulation (TMS) as treatment
of autism spectrum disorders (ASD)

Autism and Asperger’s disorder are characterised by social,
communicative, and behavioural impairments. The social relating
impairments are usually the most debilitating and obvious aspect
of autism and Asperger’s disorder and for these reasons are seen as
the defining feature of ASD. A dominant and widely supported
theoretical model of ASD suggests that many of these social deficits
directly result from neuropsychological dysfunction in a series of
abilities that are collectively referred to as theory of mind (ToM)
[3].

ToM refers to the ability to use environmental cues to infer
others’ mental and emotional states; in other words, knowing
about how other people think and feel. ToM is crucial to effective
social functioning, allowing us to predict others’ behaviour and
gain an appreciation of their perspective, thereby facilitating
effective social interactions. The brain basis of ToM is increasingly
well established; functional magnetic resonance imaging (fMRI)
studies utilising cognitive ToM tasks indicate widespread fronto-
temporal activity [29,74]. Activation is also typically found in the
temporo-parietal junction, which may reflect processing related to
the distinction of self and other. It is activation within the medial
prefrontal cortex, however, that is thought to reflect a unique
contribution to ToM. Gallagher and Frith [29] suggest that a
distinct area within the mPFC, the bilateral anterior paracingulate
cortex, is the crucial region for ToM ability. Additional research
consistently indicates that this region is of paramount importance
when inferring mental states during social interactions [12,31,82].
While the medial prefrontal cortex is therefore strongly implicated
in cognitive ToM, neural networks recruited during affective ToM
are somewhat different (although overlapping), and involve the
amygdala, orbitofrontal cortex and ventromedial frontal lobes in
addition to temporal regions. Impaired ToM in autism, both
cognitive and affective, is among the most well-established
findings in the ASD literature. Individuals with ASD consistently
demonstrate delayed or impaired performance on both cognitive
and affective ToM tasks [4,5,40]. This raises the possibility that
social impairments in ASD will be best targeted by an intervention
that specifically addresses ToM and its underlying neural
mechanisms. From a neurobiological perspective, fMRI studies
indicate that individuals with ASD display significantly reduced
bilateral activation of the anterior paracingulate cortex when
completing theory of mind tasks, such as the inference of mental
states from simple animations [13,41]. Thus, dysfunction within
the medial prefrontal cortex (anterior paracingulate cortex)
appears to underlie (at least in part) impaired ToM in ASD, and
is therefore a promising target for intervention.

For these reasons, after a preliminary single blind study, the
team of the Monash Alfred Psychiatry Research Centre is running a
double-blind clinical trial where the Haut-coil is used on the
medial prefrontal cortex to improve ToM and social functioning
among adults with ASD (specifically, high-functioning autism and
Asperger’s disorder). The study is still not completed and the
results are still not available. However, a case report was published
about one of the first patients involved in the study [24]. The case
report is about a 20-year-old woman with a diagnosis of Asperger
disorder who undertook the full deep TMS treatment. The patient
was assessed using standardized self-reported measures of autism
symptoms before the first treatment, immediately after the last
treatment, and 1-month after the last treatment. Self-report scales
administered after the treatment and at 1-month follow-up all
revealed a lessening of symptoms and symptom intensity. The
patient was interviewed approximately 6 months after the last
deep TMS treatment. She felt that deep TMS had been associated
with a number of improvements to her social functioning. The
patient felt that she could now more easily make eye contact, was
more aware of others’ feelings, and was more comfortable in social
situations. These improvements were corroborated by family
members, who reported noticing marked changes beginning
around 2 weeks after the end of treatment.
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10. Effect of deep transcranial magnetic stimulation (TMS) on
cognitive functions

Cognitive functions are those abilities that allow human beings
to interpret and manage information correctly. They are frequently
affected in several psychiatric pathological conditions; in particu-
lar, some of the cognitive functions most commonly affected in
psychiatric disorders are memory, attention, language and
executive functions. The effect of deep TMS on cognitive
performance is an essential element to analyze its usefulness.
Firstly, a very effective somatic therapy from a clinical point of
view that has mild cognitive side effects already exists, and it is
ECT. Any somatic therapy adopted in the treatment of drug-
resistant psychiatric symptoms should be necessarily better than
ECT, and if not, there would be no reason to use it in place of ECT,
which has proven effectiveness. Secondly, cognitive symptoms are
often a chronic component of psychiatric disorders, they are
disabling in terms of social functioning and they are often not
susceptible to drug treatment. A therapy that simultaneously acts
on the cognitive and psychopathological symptoms, could repre-
sent a formidable weapon to support the health of patients.

To date five studies have evaluated the effect of treatment of
deep TMS applied to the prefrontal cortex on cognitive perfor-
mance of the patients [38,42,46–48] using the Cambridge
Neuropsychological Test Automated Battery (CANTAB), the Mind-
streams cognitive tests and different ToM tasks to examine specific
cognitive abilities including short-term memory, working memo-
ry, attention, concentration, affective ToM, cognitive ToM, the
ability to temporarily maintain and use information during
execution of tasks, the ability to select and organize external
information to provide appropriate responses, cognitive flexibility
and the ability to plan strategies for solving tasks. Four studies
reported improvements, none of the studies reported worsening.
Interestingly, cognitive improvements were present both in
patients who also improved from a psychopathological point of
view and in those patients who did not. In the comparative review
of Minichino et al. [55] the modifications induced by deep TMS,
standard TMS and ECT in neuropsychological performances of
drug-resistant drug-free patients with MDD were compared. Deep
TMS was the only technique that generated clear affective and
cognitive improvements in the different CANTAB tasks performed:
+ 2.29% in sustained attention, + 15.72% in visuospatial memory,
+ 6.17% in cognitive planning, + 15.89% in spatial memory.

11. Conclusion

A number of recent studies have investigated the efficacy and
safety of deep TMS. This therapy has been shown to be generally
safe and tolerable, but presenting some minor side effects.

The largest number of patients treated with deep TMS were
affected by unipolar depression. Summarizing the results of the
reported studies (Section 4), some final considerations can be
made:

� deep TMS is effective to treat pharmaco-resistant MDD patients
both as a monotherapy and as an add-on treatment;
� negative cognitive-emotional directives cause a significant

reduction in the antidepressant outcome;
� a cycle of deep TMS can be effective both in patients that did not

respond to previous ECT treatment and in patients that relapsed
after a previous deep TMS treatment;
� patient’s age of 48–65 and stimulation intensity higher than 64.6

seem to be factors associated with successful treatment.

Even if these results are encouraging, there is still a lack of
important data. In particular, double-blind placebo-controlled
studies (using the sham coil) are necessary; clinical trials
comparing deep TMS with other brain stimulation techniques
such as ECT, transcranial Direct Current Stimulation (tDCS), Vagus
Nerve Stimulation (VNS) or standard TMS need to be performed.
More factors associated with successful treatment should be
identified. The efficacy of the treatment should be assessed not
only through psychometric scales but also through biological
markers.

Concerning the other diseases where deep TMS was used, it is
clear that a larger number of studies will be necessary before
reaching definitive conclusions about its effectiveness. However, the
results are definitely encouraging; deep TMS seems to represent a
valid way to help patients that do not respond to classical
medications or that for several reasons cannot take medications.

The case report about Asperger’s disorder has no statistical
importance; it represents anyway a very new interesting issue; in
fact, no type of pharmacological or biological treatment improves
the social symptoms of ASD. Adult patients with these disorders
often do not receive any medical treatment unless they present a
neurological or psychiatric acute complication.
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